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Issues on the correlation of viral genetic diversity and treatment response to the hepatitis C infection remain un-
certain. The bottleneck effect dictates the characteristics of the viral population thatwill establish the infection in
a new host and is related to how the immune system and treatment will be effective against the virus. Here we
evaluated the phylogenetic characteristics of quasispecies population and the treatment response pattern of a
HCV infected couple. We also analyzed whether the viral population of these patients indicated that they were
exposed to the same source for primer infection. This study included two patients (P10 and P11) HCV genotype
1b infected. The couple presented horizontal transmission. Viral RNAwas isolated from serum samples collected
before, during and after treatment, at specific time points. The HCV NS5A gene sequence was amplified, cloned
and sequenced. Genetic and evolutionary analyses were performed to compare the quasispecies population of
these two patients and local control patients. Genetic distance and diversity were calculated. Phylogenetic anal-
yses were performed by using maximum likelihood and Bayesian methodologies. The analysis of the baseline
samples showed that the genetic distance of the viral populations of patients P10 and P11 was significantly
lower than when these patients and the control group based on sequences from local patients were analyzed,
supporting the horizontal transmission hypothesis. Phylogenetic analysis with sequences from all the time
point samples also demonstrated two patterns of evolution depending on the treatment response. The Bayesian
analysis showed that one isolate corresponding to the baseline sample of P10 was grouped into the P11 clade,
suggesting a way of infection and a bottleneck effect. Our data suggests that the patient P11 viral population
may be originated from variants from P10 patient and consequently showing that clinical differences between
treatment responses can emerge from the bottleneck effect on viral populations.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The hepatitis C virus (HCV) is the major etiological agent related to
chronic hepatitis. It is estimated that approximately 130–150 million
people worldwide are currently chronically infected (WHO, 2015).
The treatment of HCV infection was previously based on weekly
peguilated interferon (pegINF) plus daily ribavirin (RBV) doses. This
treatment induced sustained virological response (SVR) in 40% to 50%
of the patients infected with HCV genotype 1, most widely prevalent
on world population (Fried et al., 2002; Manns et al., 2001). The avail-
ability of new direct-acting antivirals (DAAs) targeting the NS3
o@butantan.gov.br (I.M.V.G. de
protease, NS5B polymerase and NS5A protein have improved therapeu-
tic options (Pawlotsky, 2014). The addition of DAA's to the interferon-
based therapy increased the SVR rates up to 80%, for patients infected
with HCV genotype 1 (Osinusi et al., 2015; Reesink et al., 2006).

TheHCV is classified into genotypes 1 to 7 and 67 subtypes (Smith et
al., 2014). It circulates in the infected hosts as a population of distinct
but closely related viral variants denominated quasispecies. The high
genetic variability is due to the high viral replication levels and to the
RNA-dependent RNA polymerase that lacks a proofreading mechanism
(Domingo and Gomez, 2007).

There is a positive correlation between treatment response and the
HCV viral genetic diversity (Bittar et al., 2013; El-Shamy and Hotta,
2014; Jardim et al., 2009a). The high viral population complexity and
the restricted availability of techniques to achieve minor viral popula-
tion still make these studies hard to make (Qiu et al., 2015).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.meegid.2016.11.012&domain=pdf
http://dx.doi.org/10.1016/j.meegid.2016.11.012
mailto:isabel.mello@butantan.gov.br
http://dx.doi.org/10.1016/j.meegid.2016.11.012
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/meegid


88 R.A. da Silva et al. / Infection, Genetics and Evolution 47 (2017) 87–93
Specific studies have investigated factors related to INF treatment re-
sistance (Afzal et al., 2011; Pawlotsky, 2003; Zhou et al., 2011). While
the resistance to DAA's treatment is caused by the described amino
acid alterations related to the interaction sites between drugs and
viral proteins (Alves et al., 2013; Cento et al., 2012; Lin et al., 2004),
the resistance to the INF plus RBV therapy seems to be a multifactorial
process that includes baseline viral population, host genotype of IL28B,
immune factors, presence or absence of comorbidities as renal disease
and coinfection (Angelo et al., 2013; Del Campo et al., 2013; Toyoda et
al., 2011). Using techniques that are suitable to detect minor viral vari-
ants, we demonstrated previously that lower genetic diversity repre-
sents higher rates of sustained virological response. Therefore,
homogeneous HCV populations are more susceptible to the immune
system and INF pressures, before the IFN-based treatment (Bittar et
al., 2010, 2013; Jardim et al., 2009b).

Considering that an infection event is a process associated with a
bottleneck effect, the genetic diversity of the new host's viral popula-
tions are drastically decreased and can evolve according to specific ge-
netic characteristics (Bull et al., 2011; Domingo and Holland, 1997).
The way that bottleneck events can change treatments outcomes is
still unanswered.

This study aimed to analyze the genetic features using phylogenetic
analysis of the HCV quasispecies populations of two individuals who
presented horizontal transmission and investigate if the viral popula-
tion of these patients indicated that they were exposed to the same
source of prior infection.

2. Methods

2.1. Patients

The patients included in this study (P10 and P11) were married,
chronically HCV genotype 1b infected, and presented no concomitant
liver diseases [hepatitis B virus (HBV) or other hepatotropic virus infec-
tions, alcohol abuse, autoimmune hepatitis and hereditary liver dis-
eases]. This study was approved by “The Ethics Committee of the
School ofMedicine of São José do Rio Preto, FAMERP”. Written informed
consent was obtained from both patients who consented to their indi-
vidual data being included in this manuscript.

Plasma samples were collected before, during and after the end of
the treatment for 48-week, receiving PEG-IFN-α-2b (according to
body weight) subcutaneously once a week and daily RBV, taken orally
at a dose of 600–1200 mg (according to body weight). Patients P10
and P11 were considered end-of-treatment responder and non-re-
sponder, respectively, as defined by the presence or absence of HCV
RNA in plasma at the end of therapy and after six months.

2.2. NS5A amplification, cloning and sequencing

Serum samples of Patient 11were submitted to the total RNA extrac-
tion using the commercially available QIAamp Viral RNA Kit (Qiagen,
Uniscience). RNA was reverse-transcribed into cDNA using a High-Ca-
pacity cDNA Archive kit (Applied Biosystems, Foster City, CA, USA)
and random primers according to the manufacturer instructions. For
amplification of the entireNS5A region of theHCVgenome, a nested po-
lymerase chain reaction (PCR)was performed using the primers and re-
actions previously described (Jardim et al., 2009b).

PCR products of approximately 1.7 kb were purified and ligated into
the pCR-XL-TOPO-vector using the TOPO XL PCR cloning kit (Invitrogen
TM Life Technologies, Carlsbad, CA, USA). The ligation products were
transformed into competent cells (Invitrogen TM Life Technologies,
Carlsbad, CA, USA). Fifteen transformants were randomly chosen for
further analysis, and DNA plasmids were isolated from a 3.0-ml broth
culture using the GeneJET plasmid Miniprep Kit (Fermentas). Recombi-
nant pCR-XL-TOPO-NS5A clones were sequenced using dideoxy termi-
nator automated sequencing (ABI Prism Ready Reaction Mix; Applied
Biosystems, Foster City, CA, USA) using an ABI Prism 377 and ABI
3130XL sequencers, according to the manufacturer's instructions (Ap-
plied Biosystems Inc., Foster City, CA, USA.). Eight to ten sequencing re-
actions were performed for each clone as previously described (Jardim
et al., 2009b).

2.3. Genetic and phylogenetic analysis

Nucleotides sequences corresponding to the HCV strains of P10 and
patients of the control group (P05, P42 and P44) were obtained from
GenBank (accession number EU309511–EU309525, EU309586–
EU309599, EU309600–EU309614, HQ823765–HQ824349). These se-
quences were generated by our research group and analyzed in a previ-
ous study (Jardim et al., 2009b, 2013). Patient's characteristics are
represented on Supplementary Table 1.

Sequences from this workwere analyzed for chromatograms quality
using Phred-Phrap algorithm (de la Bastide and McCombie, 2007;
Ewing and Green, 1998; Lee and Vega, 2004; Machado et al., 2011). All
contigs were aligned using ClustalX 2.0 (Larkin et al., 2007).

Genetic distance was evaluated by the number of base substitutions
per site from estimation of net average between groups of sequences
using the Maximum Composite Likelihood model using JModeltest pa-
rameters and MEGA 6.0 software. The analysis involved 75 nucleotide
sequences (15 sequences for each baseline sample).

To investigate the genetic relationship among HCV quasispecies of
P10, P11 and the local patients, phylogenetic reconstructions were per-
formed with all NS5A sequences corresponding to samples of P10, P11
and controls patients. TheMaximum Likelihood trees were reconstruct-
ed usingGTR+G+ I evolutionarymodel (General TimeReversible plus
gamma variation and Invariant sites) as placed by JModeltest (Darriba
et al., 2012; Tamura et al., 2013; Waddell and Steel, 1997). A thousand
replicates were used to test the support given by the data to the clusters
of the tree topology with Bootstrap resampling technique (Brown,
1994).

After data inferred strong relationship between P10 and P11
quasispecies, further phylogenetic reconstructions were performed
using maximum likelihood and Bayesian algorithms in MEGA 6.0 and
MrBayes3.2 (Ronquist et al., 2012; Tamura et al., 2013) respectively.
Bootstrap pseudo-replicates and posterior probabilities were used to
support clades.

3. Results

3.1. HCV variants from P10 and P11 are more closely related

Phylogenetic analysis was first performed using sequences corre-
sponding to before, during and after treatment samples of P10, P11
and three non-related patients of control group (P04, P42 and P44).
This data was assessed in order to evaluate the degree of genetic rela-
tionship among those variants by analyzing clades patterns. HCV vari-
ants from P10 and P11 grouped in a monophyletic cluster separated
from the cluster with variants from the control group, showing that
they are more closely related than with isolates from other patients
(bootstrap values = 100). Sequences from P10 and P11 presented a
more recent common ancestor than control group based on the lower
genetic distance observed by branch length separation for its clades
(Fig. 1).

The closer relationship among variants from P10 and P11 could sug-
gest either hypothesis: they were exposed to the same source of con-
tamination or one was previously infected and transmitted the virus
to their partner. To further investigate these assumptions, genetic dis-
tance among isolates from baseline sample of P10, P11 and control
group patients was further investigated. The results demonstrated
that lower genetic distancewas observed between P10 and P11 variants
(0,030 SD 0,004) than between their variants and the isolates of control
patients (e.g. P44 an P10 = 0.078 SD 0.009) (Fig. 2).



Fig. 1. A. Phylogenetic tree reconstructed using the maximum-likelihood (ML) method, a heuristic search with Nearest Neighbor Interchange (NNI) branch-swapping algorithm, with
general time reversible plus gamma rate and invariable site as evolutionary model (GTR + G + I). B. The same phylogenetic tree presenting 1000 Bootstrap pseudo replicates values
represented on the branches and sequences collapsed for better visualization.
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3.2. The isolate P10btc17 is as an out group for P10 and P11

Next, the impact of interferon and ribavirin on viral populations of
patients 10 and 11 was analyzed. Genetic distance calculations deter-
mined the impact of therapy on viral populations by using nucleotide
substitutions between before and after treatment variants. The results
demonstrated different profiles of genetic distance over time for P10
and P11 quasispecies. Isolates of baseline and post-treatment from
P10, an ETR patient, demonstrated lower genetic distance (b vs
2 m = 0.002; b vs 6 m = 0.005) than from P11 variants, a NR patient
(b vs 2 m = 0.016; b vs 6 m = 0.022) (Fig. 3).
Fig. 2. The number of base substitutions per site from averaging over all sequence pairs betwee
GTR + G evolutionary model was used and 1000 Bootstrap pseudo-replicates were made for S
local patients. B. Genetic distance among variants from baseline samples of P11 and control loc
The phylogenetic reconstruction (ML and Bayesian) clearly showed
two different clades for patient P11 variants, sustained by a bootstrap
value higher than 90, one with variants from baseline and 12 weeks of
treatment samples and another with post-treatment isolates (Fig. 4).
Additionally, P11 viral load was higher than 4.0 log UI/ml all over time
including the sample collected at 12 weeks of treatment. This profile
for NR patients raises questions about the genetic characteristics of the
resistant population. In contrast, variants isolated from baseline and
post-treatment samples of P10 grouped together showing a higher ho-
mogeneity (Fig. 4). This patient viral load was undetected by the end of
the treatment, recovering to detectable levels two months after. The
n groups are shown in bar graphs. Standard error (SD) estimates are shown as errors bars.
D calculation. A. Genetic distance among variants from baseline samples of P10 and other
al patients.



Fig. 3. Genetic distance among quasispecies from baseline and post-treatment samples
(2 months and 6 months) of P10 and P11. The number of base substitutions per site
from averaging over all sequence pairs between groups is shown in bar graphs. The
evolutionary model GTR + G was used as indicate by JModeltest 2.0.
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differentiation of ancestral clades among different samples was not sig-
nificantly sustained by bootstrap and clades did not presented a unique
pattern.

Despite the similar evolutionary pattern,MCMCphylogenetic recon-
struction (Fig. 4B) showed that one sequence from patient P10 present-
ed a higher genetic similarity with P11 patient. Using a variable
molecular clock already optimized for HCV, the MCMC tree showed
that the sequence P10btc17 was grouped with P11 patient sequences
(Fig. 4B). On ML phylogenetic method, the isolated P10btc17 was pre-
sented in the reconstructed tree as an ancestral out group sequence of
P10 clade (Fig. 4A). This fact, associated with the ancestral branch
length in P10 clades, suggests a way of infection going from patient 10
to patient 11.
4. Discussion

The genetic diversity of HCV population is high even when a single
infected patient is considered. The concept of quasispecies is applied
to better understand the complexity of viral populations and its impact
on both virus evolution and resistance to the current treatments
(Domingo and Gomez, 2007). Considering that point mutations into
the NS5A region of HCV have not been related to resistance to the inter-
feron based therapy, the interference of viral genetic diversity of this re-
gion on HCV infection must be considered.

The baseline HCV genetic diversity has been related to treatment re-
sponse. Genetic heterogeneity seems to be an advantage for HCV to es-
cape from treatment and host selective pressures (El-Shamy et al.,
2011; Jardim et al., 2013). Our group previously evaluated viral isolates
from genotype 1 HCV infected patients and demonstrated that genetic
heterogeneity of viral populations at baseline samples may influence
on treatment outcome (Jardim et al., 2013). However, issues on the di-
versity and heterogeneity of viral populations under selective pressure
of interferon-based treatment are still unclear.

Despite the correlation between genetic diversity and treatment re-
sponse, several questions about the genetic complexity of HCV popula-
tions, immunologic response, treatment outcome and quasispecies
evolution still have to be answered. Bottleneck events have a major
role in determining the evolution of host's new viral population, and
specific genetic characteristic's to cause escapes of treatments and im-
munological pressures.

Here we investigated the genetic and phylogenetic features of the
HCV populations of two individualswhopresented horizontal transmis-
sion risks. Patients P10 and P11 responded differentially to the PEG-IFN
and ribavirin therapy despite of either a possible common source of con-
tamination or the virus transmission from each other.

The divergence of viral populations during and after therapy pres-
sure is an important factor that can influence the treatment outcome.
How virus mutates determines the immune system recognition of spe-
cific epitopes and the therapy outcome (Petrovic et al., 2012; Timm and
Walker, 2015). As an ETRpatient, P10 demonstrated undetectable levels
of viral load by the end of the treatment, but the response was not
sustained later. The continuous heterogeneity of viral populations at
baseline and after treatment for P10 observed by the closer phylogenet-
ic relation of variants infers that the decrease of viral load during the
treatment did not interfere in the viral population diversity. There are
some hypotheses for this finding. As observed in our previous data,
the viral load decrease was not enough for viral clearance and the vari-
ants that remained were able to recover population diversity similar to
the levels observed at baseline. Alternatively, a resistant variant that
rose bymutation,was able to escape the treatment and diversify the ge-
netic population two months after the end of treatment (Bittar et al.,
2013; Jardim et al., 2013). For P11, a non-responder, the treatment
only reduced the viral load. The clade's profile among variants across
the timemay suggest that the virus needed to adapt its genetic informa-
tion as an alternative to overcome the pressure of treatment. The con-
stant genetic modifications were observed by the clear separation of
clades and the higher genetic diversity between before and after treat-
ment sequences.

By performing genetic distance and phylogenetic analyses, our data
demonstrated that HCV variants from P10 and P11 are more closely re-
lated thanwith isolates fromother local patients. The evidence of a clos-
er genetic relationship among variants of these patients could suggest
either hypothesis: they were exposed to the same source of contamina-
tion or one was previously infected and transmitted the virus to their
partner.

Additionally, the sequence P10btc17 presented as an out group for
P10 isolates on ML analysis and for P11 variants on Bayesian analysis
suggested a way of infection going from P10 to P11. This data is rein-
forced by the higher sensibility of the Bayesian algorithm and priors
used to analyze genetic viral characteristics. The presence of one single
population in a clade origin position can indicate that the hypothesis of
horizontal transmission is more reliable than same source infection.

Sexual transmission of HCV is a contradictory issue. Since the HCV
identification in 1989, prospective studies have been inconclusive and
have lacked the consensus of data (de Carvalho-Mello et al., 2010;
Tahan et al., 2005; Vandelli et al., 2004). In addition, the household
risks by sharing razors or other personal hygiene materials for example
can be an evenmore effective source of HCV infection than sexual trans-
mission. The hypothesis of theHCV transmission fromP10 to P11 is sup-
ported by the closer genetic distance between these patients'
quasispecies aswell as the presence of the out groupP10btc17 sequence
on the major clade of sequences from P11. Patients from this study
consented to fill forms concerning the risk factors for the HCV acquisi-
tion and stated to experience some conditions considered as a risk
such as surgeries, medical and dental procedures, unprotected sexual
relations, razor sharing etc. Particularly, patient 10 has declared to
have performed an induced abortion and curettage with a midwife in
1963. Another occurrence was an acupuncture treatment using collec-
tive needles. Both patients also declared to maintain sexual relationship
after the HCV positive diagnosis. Acupuncture needles have already
demonstrated to carry HCV (Lemos et al., 2014) and the abortion proce-
dure before the identification of HCV could also suggest a strong source
of infection to P10 with posterior transmission to P11. However, the in-
fluence of this data on HCV acquisition and transmission between P10
and 11 could not be clearly addressed.

The phylogenetic position of the sequence associated to the P11 in-
fection origin (P10btc17) demonstrates no clear genetic similarity to
the post treatment sequences from P10, in both analyses. Considering
the NR patient profile, the hypothesis that the HCV population with



Fig. 4. Phylogenetic reconstructions of all cloned variant sequences from Patient P10 and P11 pre and post treatment. A. Phylogenetic reconstructions using themaximum-likelihood (ML)
method, a heuristic searchwith Nearest Neighbor Interchange (NNI) branch-swapping algorithmusing general time reversible plus gamma rate and invariable site as evolutionarymodel
(GTR+G+ I). A thousand replicateswere performed as bootstrap and represented above the branches. The highlighted box shows the isolate P10btc17 as a patient out group sequence. B.
Phylogenetic reconstruction by Bayesian Markov Chain of Monte Carlo (MCMC) method. The tree was obtained after 50 million generations under a relaxed lognormal uncorrelated
molecular clock and using general time reversible plus gamma rate. Invariable site as evolutionary model (GTR + G + I) and posterior probabilities are represented above the
branches. Convergence values obtained were N200. The highlighted box shows the isolate P10btc17 as a patient P11 out group sequence.
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treatment resistance on P10 patient was the population transmitted
thought a bottleneck effect can be corroborated by the closer genetic re-
lationship in both phylogenetic analyses.

The transmission of the HCV population between patients could be
contested by differences observed in the treatment response presented
by each one after the selective pressure imposed by the same PEG/RBV
treatment regimen. Factors as the host's immune genetic characteristics
could be the cause of the different treatment outcomes, but, considering
the importance of the genetic diversity the bottleneck effect can be at
least partially responsible for that difference. Despite published data al-
ready supporting spouse-to-spouse transmission, (Caraballo Cortes et
al., 2016; Njouom et al., 2011; Tahan et al., 2005) our work is the first
to report the transmission of a HCV population from two patients with
different treatment responses and phylogenetic evidence of a bottle-
neck event.

5. Conclusion

Our data suggests that the P11 viral population may be originated
from variants from P10 patient. In the new host (P11) these isolates
were not able to restore a population as diverse as the one observed at
the source of contamination, but was efficient to escape from the im-
mune system and IFN-based therapy pressures.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2016.11.012.
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