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Abstract
HIV/AIDS is the world’s biggest infectious cause of death and Sub-Saharan
Africa being most affected. Although ART has significantly reduced AIDS related
deaths in recent years, the development of drug resistance remains a major obstacle
in the success of HIV treatment especially in countries from Sub-Saharan Africa
such as Malawi, where ART started relatively recently. As there is scale up of ART in
such countries in recent years, the limited availability of drug choice and drug
resistance tests may expand the problem of drug resistance in the near future. Thus
monitoring the genotypes HIV-1 infected individuals is necessary in order to monitor
the presence, emergence and transmission of drug resistance. Genotyping is
common in the western world and a well-established drug resistance profile for
subtype B is available, however, limited data were available for subtype C, which
predominates the epidemic in the Sub-Saharan Africa. Various genotypic and
phenotypic methods are used to monitor drug resistance, however the most
commonly used methods such as bulk sequencing are unable to detect minor drug
resistant variants.
This work aimed to monitor the emergence and transmission of drug
resistance in HIV-1 in Karonga District, Malawi and to study the diversity of HIV-1 in
the Karonga population by using the sequences generated in this study. The initial
results of bulk sequencing of proviral DNA showed that polymorphisms associated
with drug resistance were present in 15 % of the drug naïve HIV-1 infected
individuals. Further clonal sequencing revealed more DRMs in some individuals
where initial bulk sequencing failed to detect DRMs. Furthermore, bulk sequencing of
RT from HIV-1 infected individuals on ART revealed that some individuals showed
DRMs at baseline but no DRMs at subsequent timepoints pointing to the limitations
of bulk sequencing.
Subsequently, the work was then focused use of UDPS technology to resolve
the discrepancy in DRMs found by bulk sequencing in the RT gene. Although a good
sequence depth was yielded which helped in identifying minor DRMs that were
undetected by bulk sequencing, further discrepancies in the presence and
prevalence of DRMs were found. Furthermore, low abundance resistance mutations
against current first line therapy were identified. In order to maximize diversity of

iii

templates subjected to UDPS, multiple primary and secondary (nested) PCRs were
carried out. It was found that it is the quality of the initial amplification of templates
that is of major importance for characterizing genetic diversity rather than the
number of PCR steps.
Phylogenetic analysis of RT and Protease sequences showed that subtype C
is the predominant subtype

(97% of the sequences) in the Karonga District

extending the previous findings subtypes A1 and G were also found at lower
percentages. Studies on selection pressure analysis revealed that the RT gene in
Karonga dataset is not driven by the antiretroviral therapy (yet at least).
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1.1 Human Immunodeficiency Virus (HIV)
Human Immunodeficiency Virus (HIV) is the causative agent of Acquired
Immune Deficiency Syndrome (AIDS), one of the deadliest diseases of modern era.
Almost 38 years after its discovery (Barre-Sinoussi et al. 1983), the search for a cure
is still going on. HIV is a problem of pandemic proportions. More than 25 million
people have died from HIV infection. At the end of 2010, it was estimated that 34
million people had been infected with HIV, with 1.8 million new infections in 2010
(Figure 1.1, (UNAIDS 2011b). The highest prevalence of HIV is within Sub-Saharan
Africa, especially in the southern region, compared to the other regions in the world
(Figure 1.2), while the prevalence appears low in Northern Africa and the Middle
East, although such figures may represent underreporting or lack of data (Figure
1.2). The prevalence within countries may vary, in particular between rural and urban
areas. For example the prevalence in Urban Malawi, Lilongwe was 25 % in 2001
(NACO 2001), while the prevalence in the Karonga District in Northern Malawi,
where this project is based was between 10 and 15% (Glynn et al. 2001). AIDS
related deaths have dropped in recent years due to the introduction of more potent
drug cocktails and greater access to antiretroviral therapies (Figure 1.3).
Furthermore, new HIV infections have dropped due to key behavioural changes. For
example, in Cambodia, from 1994 to 2000, new HIV infections in adults dropped
from an estimated >50,000 to approximately 9,000, due to condom use by sex
workers (Figure 1.4, (UNAIDS 2011b). However, despite a drop in AIDS related
deaths and new infections in recent years, AIDS related illnesses are still a major
cause of death worldwide.

Figure 1.1: The state of the AIDS epidemic: number of people living with HIV (UNAIDS
2011b).
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Figure 1.2: A global view of HIV infections: The prevalence of HIV infections in different
regions of the world (UNAIDS 2011b).

Figure 1.3: Global estimate of the number of AIDS-related deaths from 1996-2008 with and
without antiretroviral therapy (UNAIDS 2009a).

HIV infections have been recorded as early as 1959 - 1960 (Zhu et al. 1998;
Worobey et al. 2008), however, the first case of AIDS was reported in 1981, when a
few opportunistic infections such as Kaposi’s Sarcoma and Pneumocystis
Pneumonia were discovered in homosexual men (CDC 1981a; CDC 1981b). In each
patient, it was found that the humoral immunity was intact, while, cellular immunity
was impaired with depression in absolute lymphocytes and T cell counts, allowing
the infections to occur (Gottlieb et al. 1981; Masur et al. 1981). Later, in 1983, it was
discovered that this depression in cellular immunity, was caused by a “micro
organism” that was transmitted by sexual contact and blood products, this condition
was named as AIDS (Francis, Curran, and Essex 1983). In the same year, the
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detection of reverse transcriptase activity was reported in a cell culture from lymph
nodes taken from patient with pre-AIDS symptoms. This, along with the morphology
of the viruses from cell culture and visualised by electron microscopy indicated that
the causative agent might be from the retrovirus group (Barre-Sinoussi et al. 1983;
Levy et al. 1984).

Figure 1.4: An example of Cambodia depicting the comparison of estimated new HIV
infections with actual adult infections (UNAIDS 2011b).

In parallel, a retrovirus was isolated, propagated and characterized from
various AIDS patients (Popovic et al. 1984). Later studies proved that the virus
isolated by both these studies was same, and this virus, named as HIV-1, was
unambiguously the causative agent of AIDS. A growing number of researchers
focused on HIV research and in 1985, the first HIV genome was cloned and
sequenced (Wain-Hobson et al. 1985).
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1.2: HIV structure and replication cycle
HIV is a member of the genus Lentivirus from the family Retroviridae (Coffin,
Hughes, and Varmus 1997).The HIV virion is spherically shaped with a diameter of
between 100-250 nm (Figure 1.5). The outer coat of the virus – the viral envelope consists of two layers of lipids, which are derived from the host cell membrane. The
envelope also contains different proteins forming “spikes”. There are approximately
72 spikes; each spike is composed of surface units (gp120, SU) that are linked with
trans-membrane units (gp41, TM). The inner surface of the lipid bi-layer is lined with
matrix proteins (MA). The matrix protein p17, is attached to the internal face of the
envelope. Inside the viral envelope, a cone shaped nucleocapsid is present. The
capsid surrounds two copies of RNA genome with the reverse transcriptase (RT)
molecules (Figure 5) (Briggs et al. 2003). The nucleocapsid protein, p9, is noncovalently attached to the viral RNA. Other viral enzymes, protease (PR) and
integrase (IN) and some accessory and regulatory proteins (p6, Nef, Vif and Vpr) are
also found in the nucleocapsid (Zanetti et al. 2006; Zhu et al. 2006).

Figure 1.5: An illustrated diagram of single, infective particle of HIV virus.
Source: http://www.niaid.nih.gov/topics/HIVAIDS/Understanding/Biology/Pages/hivVirionLargeImage.aspx. Jan
2009

The HIV replication cycle can be subdivided broadly into seven steps (Figure
1.6) from entry into the host cell to the release of the mature virion outside the cell.
The first step is binding and fusion, which starts with interaction between the viral
envelope protein (gp120), and the CD4 receptor located on the membrane of T
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lymphocytes and macrophages. This process is followed by additional interactions
with the CXCR4 or CCR5 chemokine co-receptors, located on the cell surface
(Reviewed in (Doms and Trono 2000) (Step 1, Figure 1.6). These interactions lead to
a conformational change in the trans-membrane units leading to the fusion of the
viral lipid bi-layer and the host plasma membrane. At this step, the viral core
penetrates the cell (Cladera, Martin, and O'Shea 2001)(Step 2, Figure 1.6).
Following the fusion, the viral nucleoprotein complex, which consists of MA, RT, IN,
Vpr and RNA, is exposed. (Step 3, Figure 1.6). The viral RT then reverse transcribes
the viral RNA into complementary DNA (cDNA) with the help of a cellular lysine
tRNA molecule as a primer (Cen et al. 2001) (Step 3, Figure 1.6). The RNAse
activity of RT degrades the viral RNA template. The newly synthesized cDNA
(double-stranded) along viral and cellular proteins make a protein complex called the
pre-integration complex (PIC). This PIC is transported to the nucleus by the nuclear
targeting action of Vpr (Andersen and Planelles 2005). As the size of the PIC is
larger than a nuclear pore, an active cellular transport mechanism is used for its
nuclear import (Reviewed in (Suzuki and Craigie 2007) (Step 4, Figure 1.6).
Once inside the nucleus, the viral cDNA is integrated into the host DNA (Figure
6, Step 4) with the help of viral integrase. Integrase processes the cDNA and
attaches to the double stranded staggered cut in the chromosomal DNA with the
help of cellular proteins (Vandegraaff and Engelman 2007). After integration, lowlevel spliced mRNA transcripts are produced with the help of cellular transcription
factors. These transcripts encode the regulatory proteins Tat, Rev and Nef. Tat
encodes a trans-activating protein, which increases the viral transcription rate
(Emerman and Malim 1998). These transcripts are transported from the nucleus to
the cytoplasm with the help of the Rev Response Element (RRE) protein encoded by
rev. The RRE also permits the expression of structural proteins Gag, Pol and Env
(Emerman and Malim 1998).
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Figure 1.6: An overview of the HIV replication cycle. Image source:
http://www.niaid.nih.gov/topics/HIVAIDS/Understanding/Biology/Pages/hivReplicationCycle.aspx. Dec 2011

The mRNA inside the cytoplasm is translated by host cellular mechanisms
resulting in the formation of the large pre-proteins Pr55 Gag, Env precursor and
Gag-Pol precursor (Figure 1.6, Step 5 and 6). Gag Pr55 and Gag-Pol are the results
of two reading frames; first encoding pr55 and second for Gag-Pol. (Jacks et al.
1988). The Env precursor is produced by an mRNA of intermediate length, which, is
cleaved during virion maturation to form other regulatory proteins, Vpr, Vpu and Vif
along with gp41 and gp120, the envelope proteins. These proteins along with
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membrane proteins from the host cell are added into the plasma membrane to make
a viral envelope around the capsid containing the viral genome (Figure 1.6, Step 6).
The virions emerge from the infected cells by a budding process. These virions are
immature, non-infectious virus particles in which intact Gag polyprotein (Briggs et al.
2006). Eventually viral proteases cleave the Gag polyprotein, with the assistance of
Vif, resulting in morphological rearrangements that lead to the formation of mature,
infectious virus particles (Figure 1.6, Step 7). This completes a single replication
cycle starting with one virion, leading to formation of several virions, of which
approximately 5 to 11 go on to infect subsequent cells (Ribeiro et al. 2010).
1.3 HIV genome organization, proteins and their functions
The HIV-1 genome is linear, single stranded, plus-sense RNA, which is 9.2 kb
in size, (Figure 1.7). Two copies of the RNA genome are present in the virus making
the virus diploid. The two copies form a dimer, which is non-covalently linked near
the 5’ end of both strands. The RNA genome consists of a single protein-coding
region, containing the genes gag, pol, and env that encode the major structural,
enzymatic and envelope poly-proteins respectively. In addition to these proteins, six
additional proteins are encoded by HIV-1 RNA namely Tat, Rev, Nev, Vif, Vpr and
Vpu. On the both sides of the protein-coding region, two un-translated regions
(UTRs) consisting of a 5’ and 3’ unique region (U5 and U3) flanked by two identical
repeat regions (R). U5 and U3 are copied during reverse transcription to form the
long terminal repeats (LTRs) of the proviral DNA. The protein-coding region of the
genome also encodes important RNA structural elements, such as the rev response
element (RRE) and the frame- shift sequence that are essential for viral replication
(Malim et al. 1989; Watts et al. 2009).

Figure 1.7: Schematic of the HIV-1 genome: (source: http://www.hiv.lanl.gov)

The HIV-1 genes are split into three main categories based on the function of
the resulting proteins, structural (gag, pol and env), regulatory (tat and rev) and
accessory (vif, vpr ,vpu and nef).
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1.3.1 Structural Proteins
Gag: The gag gene (approx 1500 nucleotides) is translated into the 55-kDa
Gag precursor protein (p55) from unspliced genomic RNA (Adamson and Freed
2007). This protein is associated with the host cell membrane and recruits the other
viral proteins and RNA to the site. The continuous addition of p55 to the site of
budding results in an outgrowth of the cell membrane, which, later makes part of HIV
particle. When this particle is free of the host cell, p55 is cleaved by the viral
protease (PR) during maturation into the virion structural proteins matrix (MA),
capsid (CA) and nucleocapsid (NC) in addition to the C-terminal p6 domain and the
spacer peptides SP1 and SP2. The matrix protein is responsible for targeting of p55
to the plasma membrane, incorporation of the PIC into the nucleus and also in the
incorporation of the viral envelope into the virion surface (Bieniasz 2009). The capsid
forms the shell of the virion core, which encapsulates the viral RNA, associated
enzymes and nucleocapsid (Gelderblom 1991; Morikawa 2003). The nucleocapsid
plays a vital role in viral RNA packaging to make a functional particle (Morikawa
2003). The p6 is responsible for the detachment of the virion from the cell surface
and incorporation of Vpr into the virus particle (von Schwedler et al. 2003)
Pol: The pol gene encodes the enzymatic proteins: protease (PR), reverse
transcriptase (RT) and integrase (IN), in addition to the transframe protein (TF/p6).
The pol gene overlaps with the 3’ end of gag and is translated from a -1 reading
frame as a fusion protein with Gag. This fusion protein is known as Gag-Pol
(Pr160Gag-Pol). Translation of Gag-Pol requires a heptanucleotide slippery
sequence (UUUUUUA) and a stable RNA structure, which mediates a ribosomal
frame-shift event (Mazauric et al. 2009). The protease enzyme is involved in the
cleavage of the gag -pol precursor into the structural products of gag and enzymatic
products of pol (Ross et al. 1991; Pettit et al. 2004). Reverse transcriptase is integral
to transcribing viral RNA into cDNA during the HIV life cycle (Sarafianos et al. 2009).
RNase H subsequently removes the RNA template after reverse transcriptase has
finished DNA synthesis (Schultz and Champoux 2008). The last enzyme produced
by pol is integrase, which is involved in the insertion of proviral cDNA into the host
chromatin and also plays a part in the transport of the PIC through the nuclear
membrane (Chiu and Davies 2004).
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Env: The env gene is translated into the Env 160-kDa glycoprotein precursor
(gp160) from a singly spliced RNA by ribosomes associated with the rough
endoplasmic reticulum (ER). Envgp160 is cleaved by a cellular furin-type protease
into the mature gp120 and gp41 Env subunits (Moulard and Decroly 2000). These
two proteins are present on the cell surface as a trimeric complex consisting of three
gp120 monomers with three gp41 monomers known as the envelope spike (Liu, Liu,
and Fu 2008). The primary function of gp120 is the binding of host receptor CD4 on
the cell surface followed by interaction with a coreceptor, either CCR5 or CXCR4
(Wang et al. 2008). The gp41, a glycoprotein, plays an important role in the
membrane fusion and viral entry (Lay et al. 2011).
1.3.2: Regulatory proteins:
HIV-1 encodes two essential regulatory proteins, regulator of virion expression
(Rev) and trans-activator of transcription (Tat), which mediate their effects through
conserved RNA structures. The Rev protein is responsible for the nuclear export of
the viral mRNA in the correct unspliced form to the cytoplasm (Dayton 2004). This
protein contains both a nuclear localization sequence (NLS) and a nuclear export
sequence. The Rev response element (RRE) of the env gene binds to the RNA
binding motif of Rev, helping the export of the HIV genome from the nucleus (Malim
et al. 1989; Dayton 2004). The Tat protein helps in promotion of the transcription of
proviral DNA in order to ensure the full length transcripts are produced (Debaisieux
et al. 2011).
1.3.3: Accessory proteins: HIV-1 also encodes four accessory proteins: Nef, Vif,
Vpr, and viral protein U (Vpu). The accessory proteins are not absolutely required for
infectivity in cell culture but are critical virulence factors in vivo. The Nef protein
interacts with host kinases resulting in arrested cell growth and increased infectivity
(James et al. 2004). Nef is responsible for the reduction of the immune response to
HIV infection (Hung et al. 2007), an increase in the efficiency of reverse transcriptase
(Fournier et al. 2002) and reduction of the levels of CD4 on the cell surface
(Schwartz et al. 1995; James et al. 2004). Vif prevents APOBEC3G from blocking
HIV replication (Sheehy et al. 2002). As APOBEC3G is present only in peripheral
blood lymphocytes and macrophages, the Vif function is limited to those cells only
(Navarro and Landau 2004). Vpr is responsible for several roles which include,
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ensuring the accuracy of the reverse-transcription, nuclear import of the viral DNA
(part of PIC), cell cycle progression (Le Rouzic and Benichou 2005).
The Vpu helps the release and prevents endocytosis of retroviral particles from
the cell membrane (Neil et al. 2006). It also down regulates the CD4 on the cell
surface thus reducing the incidence of CD4-Env complexes hence increasing the
processing of gp160 (Willey et al. 1992a; Willey et al. 1992b). In addition, Vpu also
interacts with the invariant chain of MHC-II, which decreases its cell surface
presentation and thus interferes with the immune response. (Hussain et al. 2008).
Vpu also inhibits the host protein tethrin (Neil, Zang, and Bieniasz 2008), which helps
the release of the viral particles from the cell surface without associated cytopathicity
(Klimkait et al. 1990).
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1.4 Immunopathogenesis of HIV infection
The rate of progression of HIV disease may be different among HIV-infected
individuals. The time from initial infection until progression to AIDS in normal
progressors is eight to ten years. However some (10 to 15%) progress to AIDS
within two to five years (rapid progressors) and less than 5% remain asymptomatic
for at least 10 years (long term non-progressors) (Levy 2007). Disease progression
following HIV infection includes broadly three phases; primary infection, clinical
latency and AIDS.
The primary phase of infection lasts for a few weeks. Most of the HIV-1 infected
individuals show flu-like symptoms during this phase, however, some HIV-infected
patients remain asymptomatic during the primary infection phase (Schacker et al.
1996). A burst of viremia (up to 107 HIV RNA c/ml of plasma) and a high level of
infected peripheral blood mononuclear cells (PBMCs) are associated with the
primary phase of infection (Clark et al. 1991; Graziosi et al. 1993) and at the
immunological level, CD4+ T cells rapidly decrease. Six to eight weeks after the
appearance of symptoms, the HIV specific immune responses appear and the acute
viral syndrome resolves. The virus-expressing cells are eliminated by HIV specific
cytotoxic T lymphocytes and antibodies against different HIV proteins are produced
thus contributing to the down regulation of viremia (Clark et al. 1991; Daar et al.
1991) These antibodies form immune complexes, trap the virus in the reticuloendothelial system, while neutralizing antibodies are only detected several months
after the seroconversion (Koup et al. 1994).
The second phase, the clinical latency phase, involves a temporary rise in
numbers of CD4+ T lymphocytes and the down regulation of viremia. A persistent
decline in the immune system is observed due to the lack of ability to completely
regenerate the CD4+ T lymphocytes, while virus replication is still ongoing at a
baseline level. When the CD4+ T cell count falls below 200 cells/!l the immune
system is no longer capable of controlling the virus and other pathogens, and the
patient becomes vulnerable to opportunistic infections. This is the onset of the AIDS,
the final stage of HIV infection (Levy 2007), The pathogenesis and evolution of HIV-1
infection is depicted in Figure 1.8.
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Figure 1.8: The Immunopathogenesis of the HIV-1 infection. (Fauci et al. 1996).
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1.5 Classification and Diversity of HIV
HIV is classified as member of the family Retroviridae due to the ability of its
RNA genome to be reverse transcribed into DNA (Barre-Sinoussi et al. 1983). HIV is
further classified as belonging to the genus Lentivirus due to its long asymptomatic
period within its host (Buchen-Osmond 1997). HIV is distinguished from other types
of retroviruses due to the presence of accessory gens (tat, rev, nef, vpr, vif and
vpu/vpx), which promote viral infectivity and the modulation of host cell functions.
While lentiviruses were known to infect sheep, goats, cows and horses, HIV was the
first

lentivirus

found

in

primates

along

with

its

closest

relative

Simian

Immunodeficiency Virus (SIV) (Buchen-Osmond 1997).
The reverse transcriptase enzyme of HIV is error-prone, i.e. it lacks
proofreading activity. This confers a mutation rate of approximately 3.4"105
mutations per base pair per replication cycle (Nowak 1990). As the genome size of
HIV-1 is an estimated 104 base pairs in length and the rate of viral production is
approximately 1010 virions per day (Perelson et al 1996), a large number of viral
variants are produced within an infected person per day. Viral diversity also occurs
due to recombination events when reverse transcriptase transfers between the two
RNA templates within a single virus, generating a daughter DNA that is a
recombinant of the parental genomes (Negroni and Buc 2001). Recombination
between two separate viruses can lead to further viral diversity when one person is
co-infected with two separate strains of the virus. This genetic diversity has
significant clinical and public health consequences such as the development of drug
resistance and in significantly hampering vaccine development (Butler et al. 2007).
The globally circulating strains of HIV-1 are classified into several major
phylogenetic groups: M (main), N (Non-M-Non-O), O (outlier) and P (Plantier et al.
2009). Group M is responsible for the global epidemic, which is widely accepted to
be the result of a zoonotic transmission of SIVcpzPtt from chimpanzees (Pan
troglodytes troglodytes) to humans (Gao et al. 1999; Korber et al. 2000).
Comparative sequence analysis suggests that this transmission event occurred at
the beginning of the 20th century (Korber et al. 2000; Worobey et al. 2008). Despite
it’s relatively recent evolutionary history, Group M is so diverse that it can be further
subdivided into nine genetically associated subtypes which are equidistantly related
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(A, B, C, D, F, G, H, J and K) (HIV Sequence Compendium 2011). Some groups can
be further divided into sub-subtypes: F (F1 and F2) and A (A1 and A2). The genetic
distance between the subtypes depends on the region of the genome analysed, as
different regions of the genome have different rates of evolution. The coding
sequences of the envelope protein (Env) are separated by 25-35%, whereas the
coding sequences of the structural components (Gag) are more conserved and are
separated by approximately 14%, across subtypes (Janssens, Buve, and
Nkengasong 1997; Thomson, Perez-Alvarez, and Najera 2002). Nevertheless, the
diversity of HIV-1 is so great that even isolates that form the same subtype will be
significantly different at both the RNA and protein level.
It was subsequently realized that for some isolates, the difference in their
placement on phylogenetic topologies generated from different genomic regions was
the result of recombination between viral isolates of different subtypes. These
isolates are termed circulating recombinant forms (CRFs)(Robertson et al. 2000).
CRFs play an important role in the pandemic and it is estimated that around 20% of
global infections are recombinants (Hemelaar et al. 2011). Thus, the HIV-1 epidemic
is highly dynamic and continues to rapidly evolve. Figure 1.9 depicts the global
distribution of HIV-1 subtypes. We can see that subtype C is almost exclusively
responsible for all infections in Southern Africa, Horn of Africa and Southern Asia
(Ariën, Vanham, and Arts 2007), including Malawi, where this project is based. The
greatest diversity of subtypes is found in the African continent where, along with
subtype C, other subtypes such as A1, D, B and various circulating recombinant
forms (CRFs) and Unique Recombinant Forms (URFs) are found (Figure 1.9).
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Figure 1.9: The breakdown of subtype prevalence in the worldwide epidemic. Subtype C is
the most predominant subtype in the epidemic among all other subtypes and is prevalent in
southern Africa, Horn of Africa and South Asia. (Ariën, Vanham, and Arts 2007)
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1.6 Antiretroviral therapy and drug resistance
In 1987, the first approval of zidovudine (AZT) was made by the US Food and
Drug Administration (FDA) leading to the first breakthrough in antiretroviral therapy.
It was soon discovered that HIV quickly developed drug resistance when AZT was
given (Larder, Darby, and Richman 1989; Larder and Kemp 1989). Although other
RT inhibitors became available in next few years, a major breakthrough trial that was
announced by (Gulick et al. 1996) showed the potent antiretroviral activity of the
triple combination of two RT inhibitors and a protease inhibitor. Since then it has
been shown that this triple therapy, also known as highly active antiretroviral therapy
(HAART) can reduce viral load below the detection limit of current assays (less than
50 RNA copies/ml) and restore the number of CD4+ T cells back to normal levels
(Gulick et al. 1997; Hammer et al. 1997). This therapy was immediately introduced in
clinics and had a big impact on anti-HIV treatment. By the end of 2008, more than 20
antiretroviral drugs had been approved by the FDA. These can be divided into five
classes (Figure 1.10) (Palmisano and Vella 2011).

Figure 1.10: Antiretroviral drugs approved by US FDA as of 2008. They are divided into five
classes on the basis of their mode of action.

The Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIs) compete
with natural dNTPs to bind the RT enzyme. The NRTI acts as chain terminator due
to the lack of a 3’ hydroxyl group. Currently eight NRTIs are approved by US FDA
(Figure 1.10) (Palmisano and Vella 2011). However, despite their central role in HIV
therapy, NRTIs have been associated with severe side-effects, especially related to
mitochondria damage and dysfunction (Cherry and Wesselingh 2003). The second
class of antiretroviral drugs, the NNRTIs (Non-Nucleoside Reverse Transcriptase
Inhibitors), inactivate the RT enzyme by binding to the hydrophobic pocket. These
inhibitors are HIV-1 specific and will therefore not bind HIV-2 RT or cellular DNA
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polymerase (Sluis-Cremer, Arion, and Parniak 2000). Currently there are four
NNRTIs approved by the US FDA (Figure 1.10) (Palmisano and Vella 2011). The
third class of ARV drugs, the protease inhibitors (PIs), bind to the PR cleavage site
and inhibit the enzyme using two different mechanisms: They can bind to the active
site, or mimic the transition state during peptide cleaving (Vazquez et al. 1995).
These drugs are mainly synthetic analogues of the phenlalanine-profile cleavage site
in the gag -pol polyprotein (Flexner 1998). A total of ten protease inhibitors were
approved by US FDA by 2008 (Figure 1.10) (Palmisano and Vella 2011). Only these
three classes of drugs are available in Malawi to date (Health 2007).
Additional antiretroviral drugs available are integrase inhibitors (INIs), fusion
and entry inhibitors. The integrase inhibitors target the point of the HIV life cycle
where viral DNA is incorporated into the host DNA. By blocking the function of
integrase, these drugs block viral genome integration and thus halt the HIV life cycle
at this point. Integrase inhibitors bind directly to the active site of integrase and make
multiple contacts with the protein in order to inactivate its function (Goldgur et al.
1999).Only one integrase inhibitor (INI) (Raltegravir) is approved by US FDA. One
other INI (Elvitegravir) is currently in late stage clinical trials(Palmisano and Vella
2011). Fusion and entry inhibitors work by preventing the virus from infecting a cell,
by either inhibiting fusion between the virus and the host cell or by blocking the coreceptors. Only one fusion inhibitor (Enfuvirtide) has been approved by the FDA
(Palmisano and Vella 2011). The binding of gp120 to CD4 and CCR5, leads to
conformational changes in gp41, which leads to the fusion of viral and cellular
membranes. ENF inhibits this fusion by preventing gp41 to undergo a fusogenic
conformation (Matthews et al. 2004). Recently, the first co-receptor blocker,
Maraviroc, was approved by the FDA (Palmisano and Vella 2011). This drug makes
the CCR5 receptor unavailable for ‘R5 tropic’ HIV, whereby the virus cannot engage
with the CD4+ T-cell to initiate an infection (Dorr et al. 2005). A new approach of
using the gag gene as a target is being studied as the products of this gene are
involved in assembly, maturation and release. However, these proteins have not yet
been successfully exploited in the development of antiviral therapies (Waheed and
Freed 2012).
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1.7 The Importance of Drug Resistance Testing
Despite the success of antiretroviral therapy in HIV management and control of
spread, resistance to antiretrovirals has emerged in all regions. Similar to developed
countries, with increasing access to antiretroviral drugs, the problems involving drug
resistant virus have begun to occur in developing countries (Hirsch et al. 2008). It
has been found that approximately 8.4% of the infections in Europe are with
transmitted drug-resistant HIV (Vercauteren et al. 2009). If new infections in
developing countries where HIV prevalence is high occur at similar proportions, it will
have serious consequences by the rapid spread of drug resistant viruses in the
population. A resistance test can provide information regarding the presence of
resistance mutations, when clinical, immunological or virological parameters indicate
that a specific regimen does not have the desired effect of viral suppression
(Langford, Ananworanich, and Cooper 2007). With the help of this information,
clinicians choose to alter the drug regimen or decide the most appropriate new
regimen. As antiretroviral therapy was introduced to resource-limited settings more
recently, the experience with the therapy is limited. Because NRTI regimens were
standard practice in Europe and the US for many years before the approval of first PI
in 1996 (Palmisano and Vella 2011) drug resistance to NRTIs had a longer time to
develop. The more recent introduction of ARVs, which includes PIs as well as NRTIs
and NNRTIs, to developing countries, may mean that drug resistance will not
develop in the same way.
Although antiretroviral therapy was introduced in resource limited settings more
recently; the development of drug resistance in inevitable. Resistance testing is not
strictly necessary when a first-line regimen is failing if new drugs can replace all
drugs in the regimen without possible cross-resistance with the drugs from failing
regimen, i.e. drugs from a different class. However, in resource-limited settings,
alternative drugs for second line treatment are limited and drugs from a different
class are not always available (Keiser et al. 2009). However, drug resistance testing
in these countries might be indicative from the first line failure onwards. Furthermore,
resistance testing can be a useful tool to prevent unnecessary treatment switches in
patients with extremely low adherence. In such patients, virologic failure can be
experienced with no evidence of resistance, in which case a switch to an expensive
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second-line regimen can be prevented by focusing on the improvement of the
patient’s adherence (Macias et al. 2005).
Transmitted drug resistance (TDR) is significantly prevalent in countries with
established ART programs (Murillo et al. 2010; Wheeler et al. 2010; Avila-Rios et al.
2011) and resistance testing prior to the administration of ARV drugs can thus be
useful. The highest prevalence of TDR is seen in the US and Western Europe (6.0%
to 24.1%) and some parts of South- America (3.1% to 22.2%) (Rahim et al. 2009).
Since ART became more readily available in resource- limited settings, a low TDR
prevalence has also been detected in some Sub-Saharan countries (Geretti 2007).
These regions are even more at risk because therapy switches are often based on
clinical criteria allowing prolonged virus replication under drug pressure, hence
promoting the development of drug resistant strains. However, an excellent
virological and immunological response is seen in TDR patients when the first-line
regimen was based on the baseline resistance results (Oette et al. 2006; Shet et al.
2006) thus underlining the importance of resistance testing. Resistance testing is not
only useful before initiation of treatment at an individual patient level, it can also be
used in population-based studies to monitor the success of treatment initiatives and
the effectiveness of HIV transmission prevention programs between HAART treated
patients (Gilks et al. 2006). In countries such as Malawi, where the antiretroviral
treatment program started in 2004 (Zijlstra and van Oosterhout 2006), very little data
was available on drug resistance. Therefore, monitoring the genotypes of treatment
naïve and individuals receiving treatment is necessary in order to monitor the
presence, emergence and transmission of drug resistance. One of the aims of this
study is to monitor the emergence of drug resistance to first line therapy in Karonga
District Malawi.
1.7.1 Types of Drug Resistance Testing
Three major approaches are used to measure drug resistance in HIV-1 against
antiretroviral drugs. The most direct method is the one that measures the phenotypic
susceptibility of the virus to drugs by directly culturing virus in the presence of
increasing concentrations of the drugs of interest. The second type determines the
sequence of the genes targeted by the drug. This is the most commonly used
method because it is relatively less laborious and time consuming. A third method,
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the virtual phenotyping assay, is a mixture of first two methods. In this method the
virus is sequenced and changes that are identified are matched to a large dataset of
genotype-phenotype pairs of viruses that are previously sequenced and for which
the phenotype is known (Clavel and Hance 2004).
1.7.1.1 Phenotypic resistance testing
Phenotypic drug resistance testing measures the susceptibility of the virus to
the drug in an in vitro culture assay. Initially this test was done by enzyme-based
assays (Japour et al. 1993), as they were very expensive and laborious, a new,
replication-based assay, was developed. Briefly, the PCR (Polymerase Chain
Reaction)-amplified gene of interest is incorporated in a HIV backbone or vector,
which lacks the gene that is sequenced from the patient sample. (Hertogs et al.
1998; Petropoulos et al. 2000; Zhang et al. 2004; Garcia-Perez et al. 2007). The
susceptibility of the viruses to drugs is measured by the fold difference in drug
concentration that is needed to inhibit the recombinant virus compared to the wildtype. Results are expressed in IC50 or IC90 where the IC50 and IC90 are the drug
concentrations needed to inhibit 50% and 90% of the virus replication respectively.
The interpretations of the test employ the biological and clinical cut-offs. The clinical
cut-offs allow better interpretation of results to guide the clinical decisions (Harrigan
et al. 2001; Swanstrom et al. 2004). The biological cut-off defines the fold changes at
which the virus can be assumed to be resistant in vitro compared to the wild-type
virus.

The clinical cut-off is based on clinical observations from various drug

resistant patients in clinical trials and cohorts. Because clinical cut-offs are only
available for a limited number of drugs, the clinician depends on ‘biological cut-offs’
that are derived from in vitro susceptibility experiments with clinical isolates from
drug naïve patients. These values cannot directly link in vitro resistance information
with the actual phenotype of the virus (Hirsch et al. 2003). Another disadvantage of
the phenotypic assay is the lengthy time scale, with analysis taking up to four weeks
to complete, further more, the method is expensive. Phenotypic assays were not
available for this project and so resistance testing involved the genotypic approach.
1.7.1.2: Genotypic resistance testing:
A genotypic resistance testing identifies mutations in protease, reverse
transcriptase and gp41 at amino acid positions that are related to resistance to
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antiretroviral drugs. A list of detected mutations is generated and frequently updated
(Johnson et al. 2011). The drug resistance mutations (DRMs) are represented by a
code, e.g. M41L, whereby the number refers to the amino acid position in the
respective genes, the first letter is the amino acid present in the wild-type amino acid
and the letter at the end is the mutated amino acid. Genotypic assays are the most
commonly used methods of testing drug resistance because of their relatively low
cost (at least in developed countries) and low turnaround time. However, these
assays have the disadvantage of just producing a list of mutations. A correlation
between a single mutation and resistance towards a specific drug is not always
straightforward. Characteristics such as hyper- susceptibility, cross-resistance and
re-sensitization are difficult to take into account when interpreting the results of
genotypic assays (Vandamme, Van Laethem, and De Clercq 1999). Different
algorithms for the interpretation of mutational patterns have been developed (De
Luca et al. 2003). Most commonly used are the Rega Institute (Rega) algorithm (Van
Laethem

et

al.

2002),

Antiviral

Drug

Resistance

Analysis

(ADRA)

(http://www.hiv.lanl.gov/content/sequence/ADRA/adra.html), and the HIV & Protease
Sequence

Database

(HIVDB)

algorithm,

Stanford

University

(http://hivdb.stanford.edu/index.html). The first two algorithms describe specific
mutational patterns associated with a particular antiretroviral drug/s, whereas the
HIVDB gives a score to each of the observed mutations in the sequences. The last
approach takes patterns of mutations into consideration. Here, the mutation scores
are based on published literature with links of specific antiretroviral drugs and
mutations. This includes correlations between the genotype and treatment, genotype
and phenotype, and genotype and clinical outcome (Rhee et al. 2003; Shafer 2006).
It was considered that this latter approach was the best and so was the approach
employed throughout this project.
Two major techniques are used to detect DRMs: bulk sequencing and single
point mutation assay. Bulk sequencing uses a viral population-based sequencing
method that produces a single sequence from the viral pool that is present in the
PCR reaction. This method is most commonly used because as it is relatively quick,
less laborious and less time consuming. However, it only produces list of mutations
and is not able to detect minor variants. Several sequencing methods are
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commercially available, though a number of laboratories have developed their own
in-house methods to reduce costs (Hoffmann et al. 2007). The single point mutation
assays such as LigAmp (Shi et al. 2004) or LiPA (Derdelinckx et al. 2003) are more
sensitive for minor variant detection compared to bulk sequencing. These assays
use specific probes to detect the single point mutations. But the disadvantage of this
test is the limited number of mutations that can be detected (Stuyver et al. 1997) and
new probes which need to be designed whenever a new mutation is found.
Various other methods are used to detect DRMs such as selective PCR, which
is carried out by performing two separate PCR reactions, one to amplify the wild-type
sequence and the other to amplify the mutant sequence. The primers are specifically
designed to hybridize with either the mutant or wild-type sequence and amplification
will only take place when the primer perfectly matches the target sequence
(Anderson et al. 1994). Selective PCRs for specific mutations were used to detect
minor mutant variants (Bergroth, Sonnerborg, and Yun 2005; Descamps et al. 2006).
Another method, oligonucleotide ligation assay uses two differently labeled
oligonucleotides, which are hybridized to a template. Only the oligonucleotide with
the perfect match can be detected (Stuyver et al. 1997; Edelstein et al. 1998;
Derdelinckx et al. 2003).
All the genotypic assays (except the single point mutation assay) are unable to
detect minor variants that represent <20% of the viral population but that can be
clinically significant (Johnson et al. 2008; Paredes et al. 2010). Several other
methods are used to identify minor drug resistant variants, such as sequencing of
multiple clones, sequencing after single genome amplification (Palmer et al. 2005),
allele-specific real time PCRs (Roquebert et al. 2006) and microarrays (Kozal et al.
1996). However these methods are time consuming and labour intensive. Recently a
new approach, based on pyrosequencing –next generation sequencing, has been
used in a number of studies to detect minor drug resistant variants within viral
populations (Simen et al. 2009; Hedskog et al. 2010; Delobel et al. 2011). This
approach can produce large numbers of sequences from multiple samples in a
single run and has been found to be very efficient in detecting drug resistant variants
present only up to 0.1% of the viral population (Jabara et al. 2011). Although this
approach is currently at a development stage, in future, it can be very useful to
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reduce cost and labour, and also to increase the sensitivity of minor variant
detection. This project began by using bulk sequencing to monitor the prevalence of
DRMs in a HIV-1 positive population in rural Malawi and to monitor the development
of resistance in patients receiving ART. Clonal sequencing was also employed for
detection of intra-individual variation and moved towards employing the ultra-deep
pyrosequencing approach for the identification of minor DRMs in this resourcelimited setting.
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1.8 HIV/AIDS and access to treatment in resource-limited countries
The number of people living with HIV and the number of AIDS-related deaths
continues to rise despite the efforts to counter the epidemic. Unfortunately, resourcelimited settings continue to carry the burden of the epidemic with 68% of all HIVinfected adults living in Sub-Saharan Africa. Sub-Saharan Africa also accounted for
70% of the new infections in the year 2010 with the epidemic continuing to be most
severe in southern Africa (UNAIDS 2011b).
1.8.1. Increasing access to antiretroviral therapy
In the last decade, access to ART in low and middle-income countries has
expanded significantly. When WHO (World Health Organization) and UNAIDS (Joint
United Nations Program on HIV/AIDS) started the “3 by 5” initiative of ART in
December 2003, only 400, 000 people in these countries received ART at the time
(UNAIDS/WHO 2007). By the end of 2010, the percentage of people in need of ART
in low and middle-income countries increased from 7% to 47% with a 20% increase
between 2009 and 2010. The increase was most dramatic in sub-Saharan Africa
resulting in more than 6.7 million people with access to ART today. (UNAIDS 2011b).
Figure 1.11 shows the rapid scale up of ART in Africa from 2002 to 2005, but also
indicates the differences in progress between countries.

Figure 1. 11: People in sub-Saharan Africa receiving antiretroviral therapy as a percentage
of those in need, 2003-2007 (WHO 2006b; UNAIDS/WHO 2007)
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1.8.2 Access to laboratory tests to monitor the drug resistance
In resource-limited settings such as countries in Sub-Saharan Africa,
understandably, more financial resources were made available for the prevention
and treatment of diseases (Bates and Maitland 2006). Thus, very little funding was
made available to improve laboratory capacity in order to support the services to
monitor these patients (Petti et al. 2006). Viral load tests, CD4+ T cell counts and
even resistance tests are considered a standard part of the care in the Western
world (DHHS 2006). These assays can help the clinicians to decide when to start
ART and when to switch a failing ART regimen to an alternative regimen. However,
in some resource-limited settings, the combined cost of a commercial viral load
assay and a CD4+ T cell count test exceeds twice the cost of one month ART
(Stephenson 2002). According to the WHO guidelines to scale up ART in resourcelimited countries, a CD4+ T cell count is expected at baseline and every 6 months
when on treatment (DHHS 2006). The CD4 T cell tests are becoming more
commonly available although the supply of reagents remains challenging in most
places (Steegan 2007). It has been shown that there is a significant imbalance of
therapeutic

responses

based

on

clinical

and

immunological

criteria

only

(Hosseinipour, van Oosterhout, and Weigel 2007), therefore monitoring of viral load
can be used as a parameter to access treatment responses and to monitor patients’
adherence to ART (Boulle et al. 2006). But due to poor lab infrastructure and lack of
trained personnel, viral load assays in resource-limited settings are not always
possible. Performance data of HIV viral load assays in resource-limited settings are
still limited.
In the case of treatment failure, WHO advises to change all components of
the regimen (WHO 2006a). However, due to the limited availability of second-line
ARV drugs in resource-limited settings, replacing all components of the first-line
regimen is very difficult and recycling of drugs for a second-line regimen remains the
only option. In this case, the efficiency of the second-line regimen will definitely
improve if the choice of drugs can be guided by resistance testing. The need for drug
resistance assays will increase even more when the number of available ARV drugs
in resource-limited settings increases and third-line regimens become an option.
Along with the technical, logistical and economical obstacles to implementing
treatment-monitoring assays in resource-limited countries, sample collection,
transportation and storage remain as additional challenges. Many sites lack a stable
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electricity supply, hence it is often difficult obtain high quality samples that were
appropriately processed and stored. In this respect dried blood spots (DBS) are an
ideal medium to collect samples in the field (Steegen et al. 2007).
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1.9 HIV/AIDS in Malawi
Malawi is a landlocked country in southeast Africa, which is bordered by
Zambia, Tanzania and Mozambique. (Figure 1.12) Malawi is over 118,000 KM2 with
an estimated population of 13,900,000. HIV-1 prevalence in Malawi currently stands
at approximately 11% (UNAIDS 2010) and Subtype C is the predominant subtype
however, two other subtypes (A and D) and three recombinant forms (AC, AD and
DC) were also found in the Malawian population (McCormack et al. 2002;
McCormack et al. 2003; Petch et al. 2005; Hosseinipour et al. 2009). Although
prevalence is higher in urban areas, 80% of the population lives in rural areas, where
the epidemic remains a concern and access to treatment more problematic.
Approximately 250,000 (49-57% of ART eligible individuals) are currently on
treatment (UNAIDS 2011a). Around 95% of them are on first-line therapy, 4% are on
alternative first-line therapy, and less than 1% are on second-line therapy (Health
2007).
The Malawi national ART program includes only reverse transcriptase inhibitors
as first line therapy (Health 2008). Briefly, a generic fixed-dose combination
treatment (Triommune®) is given which consists of: stavudine (d4T) and lamivudine
(3TC), which are both Nucleoside Reverse Transcriptase Inhibitors (NRTIs), and
nevirapine (NVP) which is Non-nucleoside Reverse Transcriptase Inhibitor (NNRTI).
An alternative first line therapy is available for those having unacceptable side
effects to Triommune, which entails replacement of d4T with Zidovudine (AZT – a
NRTI) and NVP with efavirenz (EFV- NNRTI). If an individual is considered to have
failed first line treatment, second line treatment is available on a limited namedpatient basis which includes protease inhibitors (lopinavir/ritonavir) and tenofovir,
Zidovudine (AZT) (Health 2008).
The Karonga District is the northernmost district of Malawi and is largely rural
with the presence of one small town, Karonga. It is bordered by Lake Malawi on the
east, bordering Tanzania on the north and the Nyika Plateau to the south and west
(Figure 1.12). The district was isolated until 1981, until the national highway was
extended to connect Tanzania from the south. The district is the site of the Karonga
Prevention Study whose project headquarters are approximately six hours drive from
Malawi’s capital Lilongwe. The population of Karonga district is approximately
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270,000. Mostly it is rural, and dependent upon subsistence agriculture and fishing.
Health-wise, pneumonia, diarrhoea and malaria are highly prevalent and HIV is the
principal killer of young adults (Glynn et al. 2001; Gordon and Stephen 2006).
Tuberculosis incidence increased since the introduction of HIV in the 1980s with
about two thirds of TB arising from recent infection (Crampin, Glynn, and Fine 2009).
HIV was present by 1983, and approximately 10 % of adults are infected (Crampin,
Glynn, and Fine 2009). Government health services are basic, with one District
Hospital in Karonga town with two doctors and six clinical officers. There are two
rural hospitals (in Chilumba and Kaporo) and ten health centers throughout the
district (McGrath et al. 2007).

Figure 1.12 Map of African continent showing Malawi and Karonga district. The Study site
(KPS-Chilumba) is located at southern part Karonga.
Sources:http://www.map-of-africa.co.uk, http://www.infoplease.com/atlas/country/malawi.html
and http://www.lshtm.ac.uk/eph/ide/research/kps/district/index.html

A large research project named the Karonga Prevention study or KPS in brief
(originally named as LEPRA) was initiated in 1979 on the epidemiology of
mycobacterial infections in the Karonga district. Later, a decline in Leprosy and an
increase in HIV and TB infections was observed. The project’s focus then diverted
towards TB, HIV and other infectious diseases. The work included molecular
epidemiology, vaccine and treatment trials as well as demography, immunology and
genetics (Crampin, Glynn, and Fine 2009). Thus over the last three decades, the
KPS has made major contributions to the understanding and control of infectious
diseases in this area.
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The KPS includes demographic surveillance of a population of 32,000 in a
continuous registration system that started in 2002, involving 135 km2 near the KPS
campus in Chilumba (Figure 1.12). In this surveillance area, there is a continuous
registration of births and deaths and demographic changes to whole households. A
sexual behavior questionnaire, counseling and testing of HIV (HIV Sero-surveyHSS) is carried out for all adults at baseline and after 4 years, but it is carried out
annually for younger age groups i.e. those groups at greatest risk.
Full ART first became available at Karonga district hospital in June 2005. Since
then ARV delivery clinics have been established at four smaller health centers in the
district. ARV delivery has been largely based on clinical assessment with CD4
counting becoming available in January 2008 at one clinic (McGrath et al. 2007).
Viral load assessment and routine drug resistance testing are not available and the
base line genotype of the genes, which are the targets for ARVs are unknown. As
part of a larger study investigating how the availability and use of ART may change
the HIV epidemic and its socio-demographic impact in a rural African population, an
ART research cohort was established from a proportion of those individuals
attending the ART clinic at Chilumba Rural Hospital (McGrath et al. 2007). The study
aimed to study the population level impact of ART along with monitoring the
emergence and transmission of drug resistance among the population. The cohort of
individuals attending the ART clinic was followed up by KPS every month. Blood
samples from HIV-1 infected individuals who were taking ARV were collected and
stored every 3 months. There was a need to establish the baseline genotyping of
HIV-1 infected individuals (both treatment naïve and those who started the
treatment) in Karonga district in order to monitor the presence and transmission of
drug resistance. Furthermore, no information on the antiretroviral drug resistance in
Malawi was available, until recently (Petch et al. 2005). In this project, along with
baseline genotyping, the emergence of drug resistance in the individuals who are on
ART is also monitored.
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Full ART became available in Karonga district in 2005 resulting in improvement
of quality and length of life for majority of ART recipients. However, this benefit can
be counter-balanced by survival, prolonging the time available for transmission and
increase in risky behavior leading to increase in the number of sexually active HIV
infected adults. If drug resistance develops in treated individuals and may thus lead
to the transmission of drug resistant viruses. Hence there is a need to monitor the
baseline genotyping of HIV-1 infected individuals in Karonga district. Baseline
genotyping of treatment naïve individuals and those who are beginning treatment will
be monitored by the current ART study. This will provide information of primary drug
resistance in the Karonga population. The primary drug resistance in HIV-1 infected
individuals can be used to estimate the transmission from ART-treated individuals.
Proviral DNA from approximately 1000 blood samples will be extracted from
individuals from HSS. Proviral DNA will also be extracted from individuals on ART at
baseline and every three months after the start of ART. The HIV-1 RT gene will be
amplified using PCR and will be sequenced by conventional bulk sequencing in
order to study drug resistance. As protease inhibitors were not part of the current
National ART delivery program and second line treatment, protease genotyping will
be carried out on a small sample (50 individuals chosen at random). Therefore the
overall aim of my work was to monitor the emergence and transmission of drug
resistance in HIV-1 in Karonga and to study the diversity of HIV-1 in Karonga
population by using the sequences generated in this study.
The specific objectives of my work were:
1)

To investigate the presence of polymorphisms associated with drug resistance
in reverse transcriptase and protease gene regions in drug naïve HIV-1 infected
individuals in Karonga to establish the baseline genotype in this population.

2)

To explore the intra-patient diversity of HIV-1 in these gene regions at a time
when most individuals seen are drug naïve and transmission of drug resistance
from ARV treated individuals is uncommon.

3) To investigate the presence and emergence of drug resistance mutations in
HIV-1 infected individuals who were enrolled in the ART study by using a
traditional consensus sequence genotyping approach (bulk sequencing).
4)

To optimize the Ultra Deep Pyrosequencing (UDPS) approach for detecting
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minor variants in RT, by a) optimising the PCR protocol to maximize the diversity
of the input templates for UDPS, and b) to study the effect of the PCR approach
on the number and diversity of the sequences returned from UDPS.
5) To use UDPS:
a. To investigate drug resistance mutations in longitudinally collected blood
samples from patients on ART.
b. To gain deeper knowledge of the discrepancy in the presence and DRMs
at various timepoints found by conventional bulk sequencing.
c. To identify DRMs against the drugs other than first line therapy in Malawi.
6)

By using sequences generated during this study
a. To study the diversity of HIV-1 Karonga population by using the
sequences generated in this study
b. To study the selection pressure operating on RT gene in Karonga
population.
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Malawi has an HIV-1 prevalence of around 11 % (UNAIDS 2009b). Although
the prevalence is higher in urban areas, 80% of the population lives in rural areas,
and the epidemic in these areas remains a concern and access to treatment more
problematic. Over 250,000 people in Malawi have been on antiretroviral therapy
(ART) and approximately 147,000 are currently on treatment (Health 2007). Around
95% of them are on first-line therapy, 4% are on alternative first-line therapy, and
less than 1% are on second-line therapy (Health 2007). A fundamental concern of
antiretroviral drug delivery programs is the avoidance of the development of
widespread drug resistance. Drug resistance mutations (DRMs) have been primarily
characterized for subtype B, which is predominant in America, Europe, and Australia
where ART has been available for a decade and half, and where approximately 10%
of new HIV infections are with drug-resistant isolates (Hemelaar et al. 2006). Fewer
studies have characterized drug resistance in subtype C, which is responsible for
more than 50% of worldwide infections. However, minor mutations associated with
drug resistance have been reported in HIV-1 subtype C-infected drug-naive patients
in a number of African locations including Malawi, and the percentage of drug-naive
individuals harboring HIV with DRMs thus far has been shown to vary between 2%
and 10% (Handema et al. 2003; Petch et al. 2005; Bessong et al. 2006; Kassu et al.
2007). Further characterization of drug resistance mutations in subtype-C HIV-1 and
monitoring for transmission of drug- resistant strains are extremely important both
given the more recent wide-scale availability of ART in countries in which subtype C
is predominant, and as the prevalence of non-B HIV-1 increases in countries in
which antiretroviral drugs are widely used.
Karonga District is the northernmost district of Malawi and HIV-1 subtype C has
been reported to be the most predominant subtype in this District (McCormack et al.
2002). ART drugs were introduced in Malawi first in the context of prevention of
maternal-to-child transmission (PMTCT) through antenatal clinics (using a mother
and child nevirapine regime, which is ongoing). Full ART first became available at
public clinics in the two major cities in Malawi in 2003, in the regional capital in 2004,
and at Karonga district hospital in June 2005, at which time Karonga residents who
had been seeking care outside the district were transferred to local services. ART
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delivery has been largely based on clinical assessment with CD4 counting becoming
available in January 2008 at one clinic. Viral load assessment and routine drug
resistance testing are not available and the baseline genotype of the genes, which
are the targets for ART, are unknown. The objective of this study was to investigate
the presence of polymorphisms associated with drug resistance found in the reverse
transcriptase (RT) and protease (PR) regions and to explore the intra-patient
diversity of HIV-1 in these gene regions at a time when most individuals seen are
drug naive and transmission of drug resistance from ART- treated individuals should
be uncommon.
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DNA was extracted from blood samples from 71 individuals living in Karonga
District, Malawi using the QIAamp DNA Blood Mini Kit (QIAGEN Ltd). Extracted DNA
was subjected to nested polymerase chain reaction (PCR) amplification of the HIV-1
PR and RT genes employing the primers previously described (Handema et al.
2003). The PCR mixture contained 1.5 mM MgCl2, 1.5 units of Taq (Roche Expand
High Fidelity PCR system), 0.8 mM each dNTP, and 5 pM primers (Eurofins MWG
Operon). The cycling conditions were as follows: ‘‘hot-start’’ at 980C for 1 min,
primary denaturation at 940C for 2 min followed by 35 cycles with 1 min denaturation
at 940C, 1 min annealing at 420C, 4 min extension at 720C, and final extension for 7
min at 720C. For each gene region from 10 samples two PCR amplifications were
pooled and the mixture cloned using the TOPO Cloning Kit (Invitrogen). Colony PCR
and sequencing were carried out on 30 colonies per sample. Sequences obtained
were edited in SeqMan (Lasergene, DNASTAR, Inc) and aligned using MacClade
4.0 (Sinauer Associates).
Preliminary phylogenetic analyses were first carried out to identify the subtype
status of all sequences generated. Subsequently all consensus and clonal
sequences that were subtype C were assembled into multiple alignments for each
gene region using MacClade 4.0. Phylogenetic trees were reconstructed using the
LANL (www.hiv.lanl.gov/content/index) subtype C ancestral sequence as outgroup
under the GTR + gamma model of DNA substitution implemented RAxML 7.0.3
(Stamatakis 2006) with all parameters optimized by RAxML. Confidence levels in the
groupings in the phylogeny were assessed using 1000 bootstrap replicates as part of
the RAxML phylogeny reconstruction. To evaluate the effect of DRMs on clustering
of individual sequences, analyses were also carried out with all sites showing the
presence of DRMs removed. Sequences were submitted for analysis of DRMs to the
Stanford Database (http://hivdb.stanford.edu).
Permission for this study was received from the National Health Sciences
Research Committee, Malawi and the Ethics Committee of the London School of
Hygiene and Tropical Medicine, UK.
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Of the 71 DNA samples, amplification and sequencing were successful from 62
for RT and from 53 for PR. Three RT and six PR sequences were excluded from
analysis because of poor quality and four individuals were infected with non-subtype
C virus (no DRMs were present in these non-C sequences). For both gene
fragments from subtype C strains phylogenetic analyses with and without DRMs
present showed identical tree topologies indicating that sharing the same DRM was
not, by itself, responsible for individual sequences clustering together. Figure 2.1
shows the relationships between sequences with DRMs included.
2.3.1 Reverse Transcriptase: Reverse transcriptase sequences included
sequences from 40 individuals who were drug naive and from 17 who had been on
ART. None of the drug-exposed individuals showed any DRMs, however, five (5/40)
drug-naïve individuals showed nucleoside reverse transcriptase inhibitor (NRTI)
resistance mutations and four (4/40) showed non-NRTI (NNRTI) resistance
mutations with both types of drug resistance mutations found in one individual (Table
2.1). The NRTI mutations found were V75LV (one individual) and V118I (four
individuals) with five NNRTI mutations identified (A98G, K101Q, V106LV, E138A,
and G190R) (Table 2.1).
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Figure 2.1: Maximum likelihood trees generated from reverse transcriptase (a) and protease (b)
genes from HIV-1-positive individuals from Malawi. Branches in color represent sequences from
multiple clones of different individuals. Branches in bold are those showing drug resistance mutations.
The numbers on the branches are bootstrap values. *(a) Two consensus sequences showing the
presence of drug resistance mutations grouping together with high support. *(b) Consensus
sequences from a husband and wife pair that group together with high bootstrap support.
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Table 2.1: Mutations associated with antiretroviral drug resistance found in consensus sequences
from HIV positive individuals from Karonga District Malawi. Mutations involved in resistance to NRTI
and NNRTI drugs and minor mutations involved in resistance to protease inhibitors are shown. The
first four individuals in the table (shown in bold) were previously drug exposed prior to enrolling in the
study.

Sample No
Drug exposed
54302
53972
53278
53974
Drug naive
54208
53394
53436
53733
53900
54434
53977
54023
54117
54357
Cloning of reverse

Reverse Transcriptase
NRTI
NNRTI

None
None

No sequence
No sequence
None
None

Protease
T74S
L76S
T74S
L10V, T74S

No sequence
T74S
V118I
None
None
V118I
None
No sequence
V118I
None
No sequence
V118I
None
None
V75LV
V106LV
None
None
None
T74S
None
K101Q, E138A
T74S
None
G190R
None
None
A98G
No sequence
transcriptase was successful for seven samples (Table 2.2).

From individuals whose consensus sequence showed neither NRTI nor NNRTI drug
resistance mutations, none of the clonal sequences generated showed drug
resistance mutations (Table 2.2). All cloned sequences obtained from individual
53733 contained the NRTI V118I mutation that was found in the consensus
sequence and one clonal sequence showed an additional L74K NRTI-resistant
mutation. The consensus sequence retrieved from individual 54117 showed a
G190R (NNRTI) mutation and also had four stop codons at positions 71, 88, 212,
and 239 (according to HXB2 RT gene). All clones obtained from this individual
showed the same four stop codons and the same G190R mutation (Table 2.2). The
phylogenetic relationships of the RT sequences from most individuals were
straightforward with both the clonal and consensus sequences grouping together in
monophyletic groups, with high bootstrap support (Fig. 2.1a). The clones and the
consensus sequence from 53733 appear to be ancestral to the virus infecting
individual 53900 with both of these individuals infected with viral strains containing
the same NRTI DRM (V118I).
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Table 2.2. Summary of amino acid diversity in multiple sequences retrieved from individuals showing evidence of NRTI and NNRTI resistance
mutations in the original consensus sequence and from those that did not. The first four individuals in the table (shown in bold) were previously drug
exposed prior to enrolling in the study.
* Consensus sequence was different from each of the clones.
** All clones and consensus contained four stop codons.

Sample
No.

Mutation in
Original Seq
NRTI NNRTI

No of
cloned
Sequences
obtained

53277
53213

None
None

None
None

1
27

53218

None

None

26

53889*

None

None

27

53733

V118I

None

20

None
G190R

24
13

53900 V118I
54117** None

No. Of New
Amino Acid
Variants (n)

Variants (Vn)
[number of
clones in that
variant]
Drug Exposed
1
V1[1]
27
V1-27 [All are
different]
2
V1[1]
V2[1]
1
V1[27]
Drug Naive
2
V1 [1]
V2 [1]
None
None
10
V1-10 [All 10
are different]
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NNRTI mutations
found in clones

None
None

None
None

None
None
None

None
None
None

V118I
L74K,V118I
V118I
None

None
None
None
G190R
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2.3.2 Protease:
Of 45 subtype C protease sequences, 16 were from drug-exposed individuals
and 29 were from drug-naive individuals. Seven consensus sequences showed
minor PI mutations including three from drug-naive individuals (Table 2.1). Cloning
was successful for eight samples, three for which the consensus had shown minor
resistance sites and five for which the consensus showed no drug resistance
mutations. Three drug-exposed individuals (53278, 54302, and 53974) showed
minor PR resistance mutations in clonal sequences that were not seen in the
consensus sequences, whereas 53278 also showed evidence of major PR
resistance mutations in the sequenced clones (Table 2.3). Furthermore, this pattern
was repeated among the drug-naive individuals with major and minor DRMs present
in clones that were not present in the consensus sequence (Table 2.3). Clones of
53278 showed major mutations D30N, M46I, and I84T.
For most individuals phylogenetic relationships between the sequences were
uncomplicated; however, while 10 clones and the consensus sequence from
individual 53278 clustered closely and all showed the T74S minor PI mutation,
sequences of three variants clustered together in the tree with sequences retrieved
from a different individual with whom she has no known epidemiological links (Fig.
2.1b) rather than with other 53278 sequences. These three sequence variants were
those that showed major PR inhibitor resistance mutations. Furthermore, None of
these three variants showed the original T74S mutation but did show another minor
PI mutation (G48R). One additional clone sequence was found clustering with clonal
sequences from another female, 54023, again with whom she had no known link.
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Table 2.3: Summary of amino acid diversity in multiple sequences retrieved from individuals showing evidence of Protease inhibitor resistance
mutations and from those that didn’t. Drug exposed individuals are highlighted in bold.
Sample No.
Mutation in Original Seq
No of cloned
No of new
Variants (Vn)
PI resistance
PI resistance
Sequences
amino acid
[number of
major mutations
minor mutations
clones in that found in clones
obtained
variants (n)
found in clones
variant]
Major
Minor
Drug Exposed
53278

None

T74S

14

4

V1 [1]

D30N,M46I

G48R

V2 [1]

D30N,M46I

G48R

V3 [1]

D30N,M46I,I84T

G48R

V4 [1]

None

T74S

54302

None

T74S

1

1

V1[1]

None

L10F

53354

None

None

9

2

V1 [1]

None

None

53974

None

L10V,
T74S

29

4

V1[1]

None

L10V, T74S

V2[1]
V3[1]

None
None

L10V,G48R,T74S
None

V4[1]

None

None

V2 [1]

None

None

V1 [1]

None

M46T,T74S

V2[1]

None

T74S

Drug Naive
54023

None

T74S

29

3

V3[4]

None

None

53394

None

None

28

1

V1[9]

None

None

53431

None

None

30

1

V1[15]

None

None

53843

None

None

30

5

V1 [1]

None

None

V2[1]

None

None

V3[1]

None

None

V3[7]

None

None

V4[14]

None

None

V1[1]

I47M

None

V2[1]

None

None

54094

None

None

23

2
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In this study, we showed that in 2008, 3 years after antiretroviral therapy was
introduced into the Karonga district, Malawi, a greater than expected number of
drug-naïve individuals have been infected with HIV-1 subtype C virus harboring
major and minor DRMs. From a sample size of 40 RT sequences from drug naïve
individuals, five individuals showed NRTI and four showed NNRTI mutations with
one individual showing both. From 29 PR sequences, again from drug naïve
individuals, we found evidence of minor DRMs in three. Additional major and minor
DRMs were found in clonal sequences from a number of individuals that were not
present in the original consensus sequences. This study illustrates the importance of
sequencing multiple HIV-1 variants from individuals to fully assess drug resistance.
In reverse transcriptase, both NRTI and NNRTI resistance mutations were
observed in drug naïve individuals. V118I occurs in 2% of untreated persons infected
with subtype C and with increased frequency in persons receiving multiple NRTIs
(Rhee et al. 2003). It causes low-level resistance to 3TC and possibly to other NRTIs
when present with other mutations (Rhee et al. 2006). This was the only mutation
found in both previous studies of drug resistance mutations in Malawi, being present
in 4 of 21 individuals studied by (Petch et al. 2005) and 15 of 96 individuals with
confirmed virologic failure by (Hosseinipour et al. 2009). Of the other drug resistance
mutations found, K101Q minimally reduces susceptibility to each of the NNRTIs,
whereas mutation at position 75 (V75T/M/A/I) is associated with reduced NRTI
susceptibility (http://hivdb.stanford.edu). According to the Stanford database G190R
is a highly unusual mutation and is flagged as an NNRTI resistance mutation. Little
seems to be known about the effects of this mutation as yet in subtype C but
G190A/S/E/Q/T/V/C are NNRTI resistance mutations. Similarly, although V106A
causes high-level resistance to NVP and DLV and low to intermediate resistance to
EFV, V106L is a rare polymorphism and its association with NNRTI resistance is less
clear; E138A is responsible for decreased ETR response and A98G reduces NVP
susceptibility by two- to threefold (http://hivdb.stanford.edu).
In protease, all DRMs found in consensus sequencing were minor DRMs as per
Stanford database. However, some major mutations were found in clones generated
from protease gene. D30N causes high-level resistance to NFV and potential lowlevel resistance to ATV. M46I decreases susceptibility to IDV, NFV, FPV, LPV, and
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ATV when present with other mutations. I84V causes intermediate to high-level
resistance to various PIs. Minor mutations at position 10 (L10I/V/F/R/Y) are
associated with resistance to most PIs when present with other mutations and
mutation at this site occurs in 5–10% of untreated persons including subtype Cinfected individuals in Africa (Bessong et al. 2006; Kassu et al. 2007; Vidal et al.
2007; Hosseinipour et al. 2009). Mutation at position 74 (T74S) is associated with
reduced NFV susceptibility whereas mutation at position 76 (L76V) reduces
susceptibility to FPV, IDV, LPV, and DRV and increases susceptibility to SQV, ATV,
and TPV (Vidal et al. 2007; Somi et al. 2008).
This study utilized proviral DNA to generate RT and PR sequences due to the
difficulty of working with RNA in this context (i.e., getting samples from a large
population study in rural Africa). HIV-1 with a G–A hypermutation at positions 88 and
212 has previously been found in resting CD4 cells and the resulting DNA is reported
to be degraded or defective (Goff 2003; Kieffer et al. 2005). It is possible that the
plasma of this individual would yield functional HIV- 1. It is also possible that the
individual may be infected with a defective virus and that this might affect disease
progression. There is no known epidemiological link between these individuals. The
laboratory work on these samples was carried out by different people and therefore
contamination is not likely in this case. Of the individuals for whom the PCR products
were not cloned there is only one instance of clustering of sequences containing
DRMs with high bootstrap support (see the asterisk in Fig. 2.1a). One of these
individuals is a male and the other is a female. These individuals are in the same
reporting group and thus may live geographically close together.
This work clearly shows the presence of both NRTI and NNRTI drug resistance
mutations and the presence of minor and major PR resistance mutations in a
number of drug-naive individuals in rural Malawi in 2008, 3 years after ART became
widely available in the district. We have also shown the importance of sequencing
multiple HIV-1 variants from individuals to fully assess drug resistance, as a number
of individuals have shown major and/or minor drug resistance mutations in
sequenced clones that were not present in the consensus sequences. Sequencing
multiple clones of RT and PR from 16 individuals showed that one of them (female,
aged 52, 53278 in Fig. 2.1b) was dual infected and showed evidence of being
infected with viruses containing DRMs. The dual infection was confirmed by
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sequencing of multiple clones of the gag gene as part of another project, which
showed a similar pattern of multiple lineages for this individual (Seager,
unpublished). In terms of identifying possible transmission events involving HIV-1
with DRMs, apart from the dually infected individual mentioned above, there are very
few cases of clustering of sequences from individuals with DRMS. Our analyses
showed that the presence of DRMs alone was not responsible for the pattern of
relationships shown on the trees indicating common ancestry rather than
convergence. However, given the short length of gene fragments used to explore
drug resistance and in many cases having sequence evidence from only one gene,
such results are not reliable reports of transmission and sequencing of additional loci
is underway to confirm transmission in each case. The presence of drug-resistant
mutations in drug-naive individuals may prevent successful treatment of certain
individuals. This knowledge may also inform policymakers in planning future therapy
strategies as this indicates that additional therapy combinations may be required.
Although antiretroviral drugs were made more widely available in Karonga District in
June 2005, prior to this NVP was available for the PMTCT in antenatal clinics and full
ART would have been available to a number of individuals elsewhere in Malawi in
2002. Thus, it is also possible that some individuals assumed to be drug naïve did
not disclose (or in the case of PMTCT were not aware of) ART exposure, and did not
appear in the ART study cohorts. Furthermore, the presence of DRMs in drug-naive
persons may represent natural polymorphisms and may not be suggestive of
transmission of DRMs. The impact of such natural polymorphisms on the
development of drug resistance in those people at commencement of ART is
unknown and such individuals need to be monitored. Indeed the impact of such
polymorphisms on the HIV-1 subtype C-infected population and the speed of more
widespread drug resistance are also unknown. Therefore it may be important to
further examine some of the individuals and mutations found during this study in
view of a long-term treatment strategy in the district.
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3.1 Introduction:
It has been estimated that in sub-Saharan Africa, approximately 3.9 million
people have started antiretroviral treatment (ART) since its introduction (UNAIDS,
2010). Given the large population on treatment, viral diversity coupled with low
adherence could lead to the emergence and large-scale transmission of drug
resistant strains. Rates of drug resistance among patients who received ART in subSaharan Africa range from 3.7%–49% after 24–163 weeks of HAART (Hamers et al.
2008). Various factors contribute to this large range in resistance among African
cohorts such as variation in available healthcare systems and practices, adherence,
and access to monitoring (Shafer, Rhee, and Bennett 2008). Development of DRMs
to Trioimmune®, the drug combination used as first line therapy in Karonga District,
Malawi, has been reported in Zambia (Gupta et al. 2010), South Africa (Hoffmann et
al. 2009), Cameroon (Burda et al. 2010), Kenya (Steegen et al. 2009) and Uganda
(Weidle et al. 2003). Previous studies on drug resistance in Malawi showed various
DRMs to both NRTIs and NNRTIs in both drug naïve individuals (Bansode et al.
2011a) and those failing therapy (Hosseinipour et al. 2009). However, very little data
are yet available on the emergence of drug resistance to ongoing treatment and the
transmission of drug resistant variants in subtype C infected countries (Weidle et al.
2003; Steegen et al. 2009; Burda et al. 2010; Gupta et al. 2010; Towler et al. 2010).
The Malawi antiretroviral treatment (ART) program started in 2004, and between
then and the end of June 2010 over 225,000 patients had initiated first-line
antiretroviral therapy (ART) through 396 ART clinics (Ministry of Health 2010). As
part of the Karonga Prevention Study (KPS), investigating how the availability and
use of ART may change the HIV epidemic and its socio-demographic impact in the
rural Karonga District, (northern Malawi), an ART research cohort was established
from those attending the ART clinic at Chilumba Rural Hospital. HIV-1 subtype C is
the predominant subtype in this District (McCormack et al. 2002). The objective of
this overall study was to investigate the success of the current ART delivery
programme in a rural population, and, as a component of this, to investigate the
evolution of drug resistance using a traditional consensus sequence genotyping
approach.
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3.2 Materials and Methods:
3.2.1 Study Participants and Treatment schedules:
At the Ministry of Health ART clinic at Chilumba Rural Hospital all those
attending for screening for ART suitability and who are resident in a geographically
defined area adjacent to the clinic, are invited to take part in an observational cohort
study. Every three months participants are clinically assessed by KPS research staff.
Blood samples are collected at the their first visit (baseline) and at every follow-up
visit. A CD4 count is performed at baseline, 6, 12 and 24 months or at the time of a
clinical failure, defined by a new WHO stage 3 or 4 event after six months of therapy
(WHO, 2006). First line therapy is a generic fixed-dose combination treatment
(Triommune®), which consists of: stavudine (d4T), lamivudine (3TC), and nevirapine
(NVP). All individuals were on first line therapy only.
DNA Extraction, PCR and Sequencing:
Whole blood samples were collected in 4.5 ml vacutainer tubes. Samples
were centrifuged and plasma and cell pellet were stored separately at -700C. DNA
was extracted from whole blood cell pellet samples using the QIAamp DNA Blood
Mini Kit (QIAGEN ltd). Extracted DNA was subjected to nested PCR amplification of
the HIV-1 reverse transcriptase as described in Bansode et al (Bansode et al. 2010).
All PCR amplicons were gel purified and automatically sequenced.
3.2.2 Sequence Analyses:
Sequence chromatographs were edited in SeqMan (DNASTAR, Inc) and all
sites that showed ambiguities (two or more peaks of equal, or almost equal, height)
were noted.

Multiple alignments were assembled of all subtype C sequences

generated with the 57 reverse transcriptase sequences generated from (Bansode et
al. 2010) using MacClade 4.0 (Sinauer Assoc). Sequences were submitted for
analysis of DRMs to the Stanford Database (Rhee et al. 2003). To check for
transmission of DRMs, phylogenetic trees were reconstructed using the LANL
subtype C ancestral sequence as outgroup under the GTR + gamma model of DNA
substitution implemented RAxML7.0.3 (Stamatakis 2006) with all parameters
optimised by RAxML. Confidence levels in the groupings in the phylogeny were
assessed using 1000 bootstrap replicates as part of the RAxML phylogeny
reconstruction.
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Permission for this study was received from the National Health Sciences
Research Committee, Malawi and the Ethics Committee of the London School of
Hygiene and Tropical Medicine, UK.
3.3 Results
One hundred and forty nine subtype C sequences were generated from 75
individuals, 65 of which were from blood samples collected at baseline (and reported
to be ART naïve). DRMs were found in sequences from 15 individuals (20%) overall,
and for 10 individuals (15.4%) the mutations were found in sequences from baseline
samples (drug naïve). Details of observed drug resistance mutations are
summarized in Table 3.1. Seven individuals showed DRMs (or ambiguities that
suggest the presence of DRMs) to NRTIs used in Karonga with 6/7 showing the
mutation V118I. While ten individuals showed the presence of DRMs to NNRTIs only
five showed DRMs against therapies used in Karonga, the most common being
Y181C and G190AE.
Some individuals showed a discrepancy in the presence and type of DRMs
over time. Three patients (Pt2, Pt12 and Pt66) did not show any DRMs at baseline
but showed DRMs at subsequent time points (Table 3.1). Patient 2 also showed a
significant drug resistance-related ambiguity (K103KN) in the consensus sequence
at 8 months while a different DRM was seen at 11 months (Y181C). No DRM was
seen in the sequence from the 14-month sample. Patient 12 showed a similar
pattern, where an NNRTI associated mutation (Y181NY) was present in the
sequence collected at 5 months, while the sequences at baseline and 7 months did
not show any DRMs (Table 3.1). Both individuals (patient 2 and patient 12) showed
immune failure (their CD4 count did not rise over 200 cells/mm3 after 12 months on
ART). Three patients (Pt32, Pt61 and Pt76) showed DRMs at baseline but different
DRMs at later time-points (Table 3.1) with patient 32 showing a high variation of
DRMs across timepoints. The baseline sequence from patient 61 showed V118I and
K219R, the latter of which was not found in the sequence at 9 months. In Patient 76,
the baseline sequence showed the ambiguity Y181CY, with two additional NNRTI
mutations (V90IV and H221HY), the 6 months sequence showed the full DRM at
position 181 while sequences retrieved from 3 month and 9 month samples showed
no DRMs (Table 3.1).
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Table 3.1: Mutations associated with antiretroviral drug resistance found in sequences from HIV-1
subtype C infected individuals from Karonga District Malawi. Mutations in bold are against current
ART drugs in use in Karonga District.
* Patients showing discrepancies in DRMs between different timepoints
Patient

Patient 2 *

Comments

Immune Failure

Patient 5
Patient 12 *

F

F
Immune Failure

Patient 14
Patient 20

Sex

F
M

Immune Failure

F

Time point
(month)
0
8
11
14
0
13
0
5
7
12
0
3
6
9
0

NRTI

NNRTI
No DRMs
K103KN
Y181C
No DRMs
E138A
E138A
No DRMs
Y181NY
E138A
E138A
E138A
E138A
E138A
E138A
V90I

14
16
24
0
0
5

No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
No DRMs
M41MR,
T215ST
No DRMs
No DRMs
No DRMs
No DRMs
V118IV
V118I

0

No DRMs

8

No DRMs

0
9
0
9

V118I, K219R
V118I
No DRMs
V118IV

0

No DRMs

3
6
9
0
12
0
7
10
0

No DRMs
No DRMs
No DRMs
V118I
V118I
V118I
V118I
V118I
No DRMs

7
Patient 32 *

M

Patient 42 *

M

Patient 45

F

Patient 61 *

F

Patient 66

M

Patient 76 *

M

Patient 77

F

Patient 91
Patient 93
Patient 95

M
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No DRMs
No DRMs
V108AV
No DRMs
No DRMs
No DRMs
No DRMs
V106I, E138A,
G190A
V106I, E138A,
G190A
No DRMs
No DRMs
No DRMs
No DRMs
V90IV, Y181CY,
H221HY
No DRMs
Y181C
No DRMs
No DRMs
No DRMs
No DRMs
E138A
E138A
E138A
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There was no evidence of transmission of drug resistant HIV between the
individuals examined here. Sequences retrieved from each individual grouped
monophyletically in all cases. Few individuals showed their sequences clustering
with other patients with high bootstrap support but DRMs were not present in both
individuals, e.g. sequences from patient 47 and 77 formed a cluster together and are
from the same geographical area but while patient 77 showed DRMs, patient 47 did
not (data not shown).
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3.4 Discussion:
Through genotyping RT from HIV-1 subtype C infected individuals on ART
using a consensus sequencing approach, we have shown the presence of mutations
associated with drug resistance to the therapy used in Karonga District. Drug
resistance to Trioimmune® occurred at an overall rate of 20% of individuals (both
drug naïve and drug exposed), which is comparable to rates found in other African
countries (Weidle et al. 2003; Laurent et al. 2005; Seyler et al. 2007; Hoffmann et al.
2009; Johannessen et al. 2009; Steegen et al. 2009; Burda et al. 2010) but, as
expected, greater than that described in our previous study (7.5%) (Bansode et al.
2011a) which did not include individuals currently on therapy.
Patients 2 and 12, both females, had immune failure prior to ART initiation
and continued to exhibit immune failure while on ART (i.e. their CD4 counts did not
rise above 200 cells/mm3 after 12 months on therapy). While neither showed DRMs
from baseline samples they subsequently showed the DRMs Y181C and Y181NY
respectively, which is responsible for high-level resistance to NVP, the NNRTI used
in 1st line therapy in Karonga. Patient 2 also showed a DRM (K103KN), after 6th
months of ART, which also causes high-level resistance to NVP. For these, and a
third individual who also exhibited immune failure, it will be important to monitor the
individuals and DRMs at subsequent timepoints in case of continued immune failure
and development of clinical failure.
Three drug-naïve individuals (Pt 61, Pt 77, Pt 91) showed V118I while another
(Pt 42) showed an ambiguity at this position (V118IV). According to the Stanford HIV
drug resistance database, V118I is responsible for low-level resistance to 3TC and
possibly to other NRTIs when present with other mutations. The mutation has been
reported to occur in ~2% of untreated persons infected with subtype C and with
increased frequency in persons receiving multiple NRTIs (Pillay et al. 2002) and so it
may not be unexpected to find it in this cohort. It was the only DRM found in all three
previous studies of drug resistance in Malawi (Petch et al. 2005; Hosseinipour et al.
2009; Bansode et al. 2010) and was also reported in subtype C infected drug naïve
patients from Zambia (Handema et al. 2003), Zimbabwe (Kantor et al. 2002) and
South Africa (Pillay et al. 2002). However, considering the fact that this mutation is
naturally present in untreated individuals infected with subtype C, presence of this
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mutation does not seem to affect drug resistance in this cohort. It has been
suggested that along with drug resistance, the V118I mutation alone is a marker of
advanced HIV infection and disease progression (Zaccarelli et al. 2007). As no
associated mutations were found in the three individuals, and they all had a
satisfactory response to treatment, this mutation is probably not significant but may
become important if a second mutation were to arise.
Mutation G190A (shown in a female patient 45) according to the Stanford
drug resistance database, causes high-level resistance to NVP and intermediate
resistance to EFV. The mutation was present at baseline in this individual and could
indicate acquisition of drug resistant HIV. However, although all individuals
participating in the ART cohort study were reported to be ART naïve, we cannot
exclude the possibility that some individuals had received some form of ART
previously, (e.g. received prevention of mother to child transmission treatment) and
did not disclose this fact. The DRM does not appear to have had any major effect on
treatment to date, as this individual also has had a satisfactory response.
Drug resistance mutations were found to emerge in some individuals during
ART. Patient 32 showed a number of NNRTI mutations and a number of ambiguities
at sites important in susceptibility to NRTIs (e.g. the mutation T215S is one of many
transitions between wild type and the mutations Y and F (Bennett et al. 2009)). Most
of the ambiguities do not reduce NRTI susceptibility but their presence may suggest
that the DRM may also be present (Shafer et al. 2007). This patient had made
additional visits to the clinic outside of the routine ART cohort study because of
diabetic complications. Additional sequences produced from samples taken at those
additional visits showed further mutations associated with drug resistance to NVP
and AZT (M41L, M184I, G190E- data not shown), however he has had a satisfactory
response to treatment to date.
This study was based on a consensus sequencing approach from provirus
due to the difficulty of amplifying HIV RNA from individuals on ART. While provirus
may not provide as clear picture of the genotype of the circulating virus as would be
retrieved from RNA in individuals who have been infected for long periods of time, it
has been shown in patients with virological failure that archived resistance mutations
previously detected in the proviral DNA were observed in the sequences obtained
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from the plasma viruses at the time of virological failure (Boucher et al. 2005). When
the selective pressure provided by ART compromises the current plasma population,
archived viruses can re-emerge (Joos et al. 2008).

Therefore documenting the

proviral population is also important in monitoring the emergence of drug resistance.
Despite the presence of DRMs to current therapy in some individuals, and immune
failure in three, no signs of clinical failure were seen during this study. This cohort
will continue to be monitored as part of the Karonga Prevention Study so that the
long-term impact of these mutations can be assessed.
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4.1 Introduction
An accurate and sensitive detection of drug resistant HIV strains is important
for the treatment of HIV infection. Antiretroviral therapy (ART) failure can occur if a
person is infected with drug resistant HIV strains (Menendez-Arias 2010). This can
be prevented by early detection of resistant HIV strains in an individual (Hoffmann et
al. 2007). Various genotypic and phenotypic methods are commonly used to detect
antiretroviral resistance in clinical settings. Phenotypic methods rely on cloning the
Reverse Transcriptase (RT) and Protease (PR) coding regions into a standard HIV
plasmid backbone which allows viral stock generation and functional analysis of viral
drug sensitivity in short-term culture (Clavel and Hance 2004). The genotypic
methods include conventional bulk sequencing of RT and PR, which report
predominantly circulating viral variants (Hoffmann et al. 2007). The resistance
profiles of HIV-1 to the commonly used drug classes (Protease inhibitors-PI,
Nucleoside Reverse Transcriptase Inhibitors – NRTI and Non Nucleoside Reverse
Transcriptase Inhibitors- NNRTI) are well characterized (Soriano and de Mendoza
2002; van Maarseveen and Boucher 2006). Such characterization allows predicting
the probable resistance patterns in HIV-1 and helps in planning the current and
future treatment strategies. However, conventional bulk sequencing methods have
limitations in their inability to find the low abundance drug resistance mutations (with
less than 20% prevalence) (Korn et al. 2003). An ideal method to detect low
abundance drug resistance mutations would yield many sequences and allow
analysis of many samples of HIV populations in a single experiment.
Very little genotype data were available, until very recently, for the targeted
genes of first and second line antiretroviral therapies in Malawi (Petch et al. 2005;
Hosseinipour et al. 2009; Bansode et al. 2011a; Bansode et al. 2011b). As described
in chapter 2 and 3, two hundred and six consensus sequences were produced from
the RT gene from subtype C infected individuals, 105 of which were from drug naïve
individuals. Fifteen of these 106 drug naïve individuals (14%) showed DRMs while
five (5%) drug exposed individuals showed DRMs (Bansode et al. 2011a; Bansode
et al. 2011b). In chapter 2, it has also been shown that when multiple variants were
sequenced from selected individuals, via molecular cloning, additional drug
resistance mutations in protease and reverse transcriptase were present in drug
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naïve individuals. This underlined the importance of cloning to reveal a better picture
of viral variants within individuals, which maybe helpful to detect minor drug resistant
variants (Bansode et al. 2011a). It was also found in chapter 3 that while some
individuals appeared to develop DRMs over time on treatment, some individuals
showed DRMs at baseline but no DRMs at subsequent timepoints (Chapter 3). This
discrepancy further points to the limitations of bulk sequencing for determining drug
resistance. Bulk sequencing is likely to produce a sequence only from the dominant
circulating virus. However, it is also possible due to the Polymerase Chain Reaction
(PCR) method that a consensus sequence produced in bulk sequencing is not from
the dominant viral population but rather from a minor variant from the population.
Either way only one virus is sequenced, thus limiting studies to consensus
sequences is likely to miss the viral diversity, which influences fitness and drug
resistance.
Resistant viruses that make up as little as 1% of viral population are clinically
important as they can grow rapidly under the selective pressure introduced by drugs
(Johnson et al. 2008; Paredes et al. 2010). Although consensus/bulk sequencing
approaches have been a major advancement in the understanding and management
of HIV drug resistance in clinical practice, a major limitation is the inability to detect
low abundance drug resistant mutations at levels <20% of the viral quasispecies
(Korn et al. 2003). Various methods are used to identify multiple drug resistant
variants, such as sequencing of multiple clones, sequencing after single genome
amplification (Palmer et al. 2005), allele-specific real time PCRs (Roquebert et al.
2006), and microarrays (Kozal et al. 1996). However, these methods can be labor
intensive, expensive and time consuming.
A new approach, the use of pyrosequencing was used for detection of minor
DRMs in the protease gene. This pyrosequencing approach was not enough as it
was able to detect upto 100 nucleotides in length and could identify the minor
variants present in 25% of the viral population. Later, based on pyrosequencing,
various sequencing platforms were available commercially which were used obtain
better coverage of the gene (Reviewed in (Metzker 2010; Barzon et al. 2011). An
adapted version of the pyrosequencing approach was used to characterize rare
DRMs in many samples in parallel (Hoffmann et al. 2007). This method used a DNA
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bar coding system (Binladen et al. 2007) combined with pyrosequencing (Margulies
et al. 2005) to produce 118,093 sequences from ~100 bp segments of the PR and
RT coding regions from seven viral populations. This study identified minor drug
resistant alleles in patient samples, which were of potential clinical significance, and
demonstrated the feasibility of using pyrosequencing for efficient DRM analysis.
Since then several other studies used this method employing the next generation
sequencing (NGS) platform, the Genome Sequencer 20 (GS20) from 454 Life
Sciences (Margulies et al. 2005). Since the release of GS20, several other NGS
platforms have been introduced and, in addition, several updates have been
released, which have increased the throughput and length. The major platforms
used today include the 454 FLX and 454 Titanium platforms from Roche, the SOLID
platform from Applied Biosystems and the Solexa platform from Illumina. The SOLID
and Solexa approaches produce reads that are 50- 100 bp long; the FLX and
Titanium approaches produce reads up to 500 bp (Mardis 2008) while newly
released Roche FLX Plus can produce reads upto 1000 bp (Roche 2011). The
advantage of amplicon sequencing on 454 platform is the capacity to sequence
many individual template molecules to study minority sequence variants and
haplotype composition with longer read lengths.
This ultra-deep pyrosequencing (UDPS) technology has wide range of
applications in the field of genetics such as the study of microbial diversity within a
heterogeneous population (Andersson et al. 2008), in the field of cancer biology to
study cancer-associated genes in humans (De Grassi et al. 2010) or in the field of
virology to study low frequency variants within a single host (Hoffmann et al. 2007;
Margeridon-Thermet et al. 2009) or within a population of individuals (Ji et al. 2010).
UDPS has also been used to study viral quasispecies in order to determine low
abundance drug resistant viral variants in Hepatitis B Virus (Margeridon-Thermet et
al. 2009). The UDPS technology is now being used in the study of HIV minority
variants within population including drug resistance (Wang et al. 2007; Mitsuya et al.
2008; Le et al. 2009; Simen et al. 2009; Varghese et al. 2009; Hedskog et al. 2010;
Ji et al. 2010; Delobel et al. 2011), co-receptor use (Archer et al. 2009; Rozera et al.
2009; Tsibris et al. 2009), co-evolution in the nef gene (Poon et al. 2009) and to
reconstruct the date of HIV infection (Poon et al. 2011).
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PCR is widely used in the UDPS approach. Template amplification by PCR
increases the number of available molecules for sequencing but can introduce
random errors, which can complicate HIV genotyping (Kozarewa et al. 2009). An
additional problem in the amplification and detection of HIV proviral DNA is the
presence of high amounts of human DNA in the sample where non-specific
annealing of primers can result in increased background amplification leading to
suppressed amplification of actual target sequence (Boni et al. 2004). While
amplifying low copy number templates, the PCR error problem worsens because, if a
mutation arises in an early PCR cycle it can lead to a high proportion of mutated
reads. On the other hand, some variants can be missed if sequence reads are all
derived from one allele compared to alternate alleles due to bias in PCR
amplification. The initial PCR step is crucial, as it needs to amplify each genome
variant present. It is important to maximize the amplification of initial templates. This
can be attempted by performing multiple primary and secondary (nested) PCR
amplifications, which are then combined to help avoid the PCR bottleneck . Up to 40
amplification cycles and a sufficient amount of the initial DNA template is required to
amplify low abundance (less than 1%) genotype templates (Simen et al. 2009;
Solmone et al. 2009; Tsibris et al. 2009). The number of DNA sequences generated
by the first PCR defines the sensitivity of UDPS for low abundance amplifications
and approximately 10,000 reads per amplicon are necessary to detect amplification
products presenting 0.1-1% of the initial template (Eriksson et al. 2008).
The aim of this study was to use UDPS to study the discrepancies in
presence and absence of DRMs found in bulk sequences (Chapter 3, (Bansode et
al. 2011b) from patients on ART. As PCR is widely used in UDPS, the initial PCR
reactions play crucial role in the detecting the viral diversity present within
population. Various other studies on HIV drug resistance using UDPS used different
approaches such as use of one (Hoffmann et al. 2007), three (Codoner et al. 2011)
or five (Hedskog et al. 2010) initial PCR reactions on the viral template. We sought
to increase heterogeneity by avoiding PCR bottleneck, by optimizing the
methodology at PCR stage. The specific aims of the present study were,

59

Chapter 4
1)

4.1 Introduction
To optimize the PCR protocol to maximize the diversity of the input
templates for UDPS.

2)

To study the effect of PCR on the number and diversity of the
sequences returned from UDPS
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4.2 Materials and Methods
4.2.1 Patients
Five individuals were selected on the basis of discrepancies in drug
resistance mutation patterns from blood samples collected at different time points.
The individuals and the patterns of DRMs in the bulk consensus sequences are
described in chapter 3 and are summarized in Table 4.1. From these five individuals,
fifteen samples were taken for further PCR and deep sequencing.
Table 4.1. Samples subjected to ultra-deep pyrosequencing. Consensus sequencing of reverse
transcriptase from five patients had previously revealed discrepancies in the presence/absence of
DRMs. Baseline describes the sampling timepoint prior to ART initiation with subsequent samples
being described as the number of months post ART initiation. Mutations shown in the table are those
observed in the consensus sequencing of each sampling timepoint. Samples selected for subsequent
ultra-deep pyrosequencing are highlighted. The remaining samples were excluded due to low success
in further multiple PCR reactions.

Patient
Patient 2

Patient 32

Patient 42
Patient 45
Patient 76

Month
Baseline
8 Months
11 Months
14 Months
Baseline
7 Months
14 Months
16 Months
16 Months
19 Months
24 Months
Baseline 1 (2008)
Baseline 2 (2009)
5 Months
Baseline
8 Months
13 Months
Baseline

NRTI

NNRTI
K103KN
Y181C
V90I

M41MR, T215ST
M41I, M184I
G190AE
V108AV
V118IV
V118I
V106I, E138A, G190A
V106I, E138A, G190A
Sequence Failed
V90I, Y181CY,
H221HY

3 Months
6 Months
9 Months

Y181C
Sequence Failed
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4.2.2 DNA extraction and PCR amplification for ultra deep sequencing:
Whole blood cell pellets, which had been stored at -70oC were re-suspended
in 1 ml of sterile Phosphate Buffered Saline (PBS). In each case 45 !l of this volume
was transferred to a new eppendorf and a further 155 !l of PBS added to bring the
volume up to 200 !l. DNA was extracted from each sample using the QIAamp DNA
Blood Mini Kit (QIAGEN ltd) as per manufacturers instructions.
First round PCR amplifications were carried out as described in chapter 2; for
the second round of PCR, each primer was modified to include 5’ extensions. These
extensions included, directional GS FLX Titanium Primers A and B (which included
a four base ‘key’ sequence) for forward and reverse directions respectively, followed
by a 10-base Multiplex Identifier (MID) sequence (Figure 1).

Figure .1 The Forward and Reverse primers (with A and B Key) sequences used for 454 sequencing.
The MID sequence and template specific sequences for each patient are listed in Appendix Table 1.
Reproduced from 454 Sequencing Technical Bulletin: 2009, No. 013-2009

The multiplex identifier assures the correct identification of each sample by
automated software after pooling and sequencing. The primers were designed as
per the guidelines of amplicon fusion primer design guidelines for GS FLX Titanium
Series Lib-A chemistry (Roche Diagnostics) with the list of MIDs provided by LGC
Genomics (Germany). The nucleotide sequences of both forward and reverse
Titanium Fusion Primers with MID and forward and reverse PCR primers that were
designed are listed in Appendix Table 1
The designed primers were ordered from Eurofins MWG Operon (Germany).
The lyophilized primers obtained were rehydrated in nuclease free water to make a
stock of 100 pm/!L. As the second round PCR primers were modified (extended
length), affecting melting temperature, a temperature gradient reaction was carried
out with an annealing temperature range from 55 to 70 oC. Amplification was optimal
at 57.5 oC, which was chosen as the annealing temperature in subsequent PCRs.
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Considerable effort was invested in optimization of the PCR amplification with
the aim of maximizing the genetic heterogeneity sequenced. While the standard
PCR volume employed for both primary and secondary PCR is 100 !L; various
combinations of 10 !l, 25 !L and 50 !l amplification reactions were attempted for
first and second round PCR, to enable multiple start points for PCR. Only reaction
volumes of 100 !l were successful routinely and thus this volume was retained. For
each sample, 10 parallel first round PCR reactions were carried out using 5 !l of the
template. Five !l of the product of each first round was used as starting material for
two second round reactions, giving a total of 20 amplification reactions to be used for
sequencing (Figure 4.2).

Figure 4.2: Workflow of optimized protocol per sample. Viral DNA was extracted and subjected to 10
primary PCR amplifications followed by two secondary amplifications from each primary. The PCR
products from secondary were pooled in equimolar concentrations and subjected for 454 sequencing.
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4.2.3 Sample preparation for ultra deep sequencing: Five micro liters of the 20
PCR products obtained from each DNA sample were run on 1% agarose gels
alongside the Hyperladder 1 molecular marker (Bioline) to enable quantification and
an assessment of the quality of amplification. All 20 PCR products were then mixed
to yield a fixed amount of product (1400 ng). A volume yielding 67 ng of the mixed
products arising from each DNA sample were then electrophoresed side by side for
comparison and further confirmation of quality and quantity, then the combined PCR
products from all samples were pooled in equimolar amounts and sent to LGC
Genomics (Germany) for deep sequencing. The deep sequencing was carried out in
both forward and reverse direction on one half of a picotiter plate, on a GS FLX
Titanium Platform by LGC Genomics (Germany).
4.2.4 Data processing and cleaning
The region targeted for amplification was 760 nucleotides in length, covering
amino acids positions 13 through 257 of RT (HXB2 Numbering). The sequence
reads obtained were separated based on their MIDs and quality control and
subsequent analyses were performed independently for the reads corresponding to
each sample. The reads obtained were in the Standard Flowgram Format (SFF, files
containing flowgrams), which shows the intensity of the light signal when a
nucleotide is incorporated (Figure 4.3). To qualify of being a ‘high quality’ read, each
sequence has to pass through diverse filters where poor quality reads are removed
on the basis of Phred score (Ewing et al. 1998). The data was trimmed using the
modified-Mott algorithm implemented in Geneious 5.4.3 (Drummond et al. 2011) with
an 0.01 error probably limit.
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Figure 4.3: Example of Standard Flowgram Format (SFF). The four based “key” sequence identifies
the well and calibration, the intensity of light signal is showed when a nucleotide is incorporated.
Reproduced from http://mammoth.psu.edu/howToSeqMammoth.html

The data cleaning strategy was designed to remove reads with probable
sequencing errors as follows:
a) The identity of the resulting reads to their corresponding consensus
sequence was determined and all reads with low similarity to the corresponding
consensus sequence were removed. A modified BLAST word matching tool
implemented in Segminator 1.3.2 (Archer et al. 2010) with a word size of five and a
read quality of two was used to assemble the sequence reads to their corresponding
template consensus sequence (the consensus sequence for each timepoint). For
two timepoints (Pt45_13 and Pt76_9), the consensus sequences were not available
in which case a consensus sequence from a previous timepoint (Pt45_8 and Pt76_6
respectively) from same individual was used. During this analysis, the reads that did
not cover the region of interest (Amino acids 13 to 257 in RT) were removed
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b) The reads with significant identity to their corresponding consensus
sequence were aligned. The alignment excluded any reads less than 22 nucleotides
in length.
c) The reads containing ambiguous bases and reads with out-of-frame indels
or stop codons were removed. A subset of reads (6,323 of 14,609) removed for low
identity with their respective template from one sample (Pt 42_0_09) were subjected
to BLAST analysis to compare their identity with a consensus subtype C genome.
4.2.5 Analysis of viral variants:
The datasets obtained after data cleaning were separated on the basis of
forward and reverse directions. The length of sequences that were retained ranged
from 22 bp to 350 bp. Therefore each set (forward and reverse) was separated into
six categories namely <50 bp, 50-100 bp, 100-150 bp, 150-200 bp, 200-250 bp and
>250 bp by using an in-house python script (Developed by Conor Meehan). Forward
and reverse sequence reads that were >250 bp were assembled into two alignments
using MacClade 4.08 (Sinauer assoc). An amino acid alignment was created from
both nucleotide alignments obtained from above. Both nucleotide and amino acid
alignments were subjected to an analysis that determines the number of unique
nucleotide or amino acid variants. An in-house Python script was used to perform
this analysis (Developed by Conor Meehan), which recognizes unique sequences
within an alignment and counts the number of each unique sequence.
DNA quantity in each of the 15 amplicon samples was compared to the
number of reads returned after quality control by using linear regression.
Furthermore, the numbers of variants obtained were correlated with the number of
primary PCR reactions by performing linear regression analysis. Similarly the reads
returned after quality control, were compared with the numbers of nucleotide variants
obtained.
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4.3 Results
All fifteen DNA samples from the cell pellets of five HIV-1 positive individuals
on ART yielded PCR amplicons of the RT gene. The UDPS approach was
successful generating an average of 24,742 RT sequences per sample. The number
of successful PCRs and the quality of amplicons varied, as did the numbers of
quality RT sequences produced by UDPS. The number of sequence variants within a
sample showed direct correlation to PCR success.
4.3.1 PCR Amplifications:
For optimization of smaller volume PCR reactions, five samples were
subjected to 10, 25 and 50 !L reactions (both primary and nested secondary). None
of the five samples subjected to small volume reactions, showed successful
amplification. Furthermore, of five samples from 10!L and 25!L reactions, which
stemmed from 100 !L primary reactions, three showed successful amplifications, but
the PCR success was sporadic hence it was decided not to use these reaction
volumes. A distinct amplification band was observed at an annealing temperature of
57.5oC. Although brighter bands were observed at lower annealing temperatures,
because of the presence of non-specific amplification bands, the annealing
temperature of 57.5 was considered to be optimal and used in subsequent
secondary PCR amplifications.
The number of successful PCR amplifications for primary and secondary PCR
reactions are shown in Table 4.2. For six of 15 samples, all ten primary amplicons
were positive in subsequent secondary amplifications, while the remaining nine
samples showed amplifications from fewer than 10 primary amplicons, (especially all
samples from patients 32 and 42 (Table 2). Of the 15 samples included, 10 showed
successful amplification in all 20 secondary PCR reactions while for the remaining
five, amplification was less successful, with one sample from patient 42 showing only
6 successful secondary PCR reactions stemmed from two primary reactions.
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Table 4.2: Number of successful primary and secondary PCR amplifications of the samples subjected
to ultra deep sequencing.

Patient

Month

Number of
Primary amplicons

Number of
Secondary amplicons

Patient 2

Baseline
11 Months
14 Months
Baseline
7 Months
16 Months
24 Months
0 (2008)
0 (2009)
Baseline
8 Months
13 Months
Baseline
6 Months
9 Months

9
10
3
2
2
3
2
2
5
9
10
10
10
10
10

9
20
20
8
20
20
20
6
20
20
20
20
20
15
19

Patient 32

Patient 42
Patient 45
Patient 76

The PCR amplification products for patient 2 are shown in Figure 4.4. DNA
quantity was the same in all PCR products from secondary reactions that stemmed
from a single primary PCR, while the concentration of DNA differed in the secondary
PCRs that originated from different primary reactions. Similar results were observed
in all samples from patient 32 and the first baseline sample from patient 42 (Figure
4.5, Figure 4.6). However, two samples from patient 32 (Pt32_7; Figure 4.5b and
Pt32_16; Figure 4.5c) and all 20 amplicons from the second baseline sample from
patient 42 showed very weak amplification (Figure 4.6b). All 20 amplicons from this
second baseline sample from patient 42 stemmed from same primary amplicon.
However, in samples from patients 45 and 76, there was also variation in the
quantity of DNA in amplicons stemming from the same primary PCR (Figure 4.7 and
Figure 4.8)
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Figure 4.4: 1% agarose gel of secondary PCR amplifications from three samples of patient 2. Each
number represents the primary PCR from which secondary PCR product/s were generated.
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Figure 4.5: 1% agarose gel of secondary PCR amplifications from four samples of patient 32. Each
number represents the primary PCR from which secondary PCR product/s were generated.

Figure 4.6: 1% agarose gel of secondary PCR amplifications with modified primers from two samples
of patient 42. In a. the number represents the primary PCR from which the secondary PCR products
were generated, In b. all 20 secondary PCR amplifications stemmed from one primary PCR.
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Figure 4.7: 1% agarose gel of secondary PCR amplifications from three samples of patient 45. Each
number on the top of the band represents the primary PCR from which secondary PCR product/s
were generated
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Figure 4.8: 1% agarose gel of secondary PCR amplifications from three samples of patient 76. Each
number on the top of the band represents the primary PCR from which secondary PCR product/s
were generated
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For equimolar pooling of PCR products, visual inspection of each band was
carried out. Each band was assigned a quantity based on comparison with the
standard molecular marker. Due to the amount of combined product required by
LGC Genomics for the pyrosequencing reaction (20!g) appropriate amounts in !L of
each amplicon was combined to make 1400 ng DNA per sample. An appropriate
aliquot of each pooled sample was then taken in such a way that it will contain 67 ng
DNA (leaving 1333 ng for the sequencing reaction).

Each 67 ng aliquot was

visualised on a 1% agarose gel, with same molecular marker. As shown in Figure
4.9, band intensity was not equal across the fifteen sets of pooled amplicons. The
amount of product was much lower in the wells containing the pooled amplicons from
the second baseline sample from patient 42 (Pt42_0_09) and the baseline sample
from patient 45 (Pt45_0). Pooled amplicons from Pt45_8, Pt45_13 were also
relatively weak while those from Patient 76 were among the brightest.

Figure 4.9: 1% agarose gel electrophoresis of all 15 samples from five patients loaded after equimolar
pooling. Representative bands from hyper ladder I are labeled with the quantity of the DNA (ng)
(Source: Bioline Reagents Ltd, UK). The assigned amount of DNA as per the Hyperladder I (Bioline)
(in ng) to each pooled sample is given below each band
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4.3.2 Deep Sequencing and data cleaning
A total of 372,169 sequence reads were returned from ultra deep sequencing
from the 15 samples from 5 patients, of which 1038 reads could not be sorted on the
basis of their MIDs, hence 371,131 reads were taken for further analysis, where, the
number of reads per sample ranged from 12,926 to 38,514 (Table 4.3, Figure
4.10A). The average length of reads obtained prior to quality control analysis was
541 bp. Further processing of reads included trimming on the basis of quality with a
0.01 error probability limit. This means each trimmed read had an average base call
accuracy of 99.9%. This trimming step did not result in the removal of any reads (as
no minimum length requirement was imposed in this step), however the average
length of all reads was significantly decreased from 541 bp for reads before trimming
to 176 bp reads following trimming (Figure 4.10B). Furthermore, all reads less than
22 nucleotides were excluded, which resulted in the removal of 22,607 reads (range
677 to 3007) and between 1,324 and 14,609 reads per patient (total 68,894) were
excluded because of low identity with template (Figure 4.10A).
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Table 4.3. : Numbers of reads obtained from deep sequencing and number and percentage of
reads obtained after data cleaning from 15 samples from 5 patients. The highlighted figures
represent the three samples where highest numbers of reads were removed

Patient

Month

Reads
Before data
cleaning

Reads
retained

% Of
reads
retained

Reads
Remov
ed

% Of
reads
removed

Too
short
Reads

Patient 2

0
11
14
0
7
16
24
0 (2008)
0 (2009)
0
8
13
0
6
9

33022
22000
31034
20565
23961
12926
23902
17614
24452
24509
20516
23418
32563
38514
22135

26493
18053
25496
16314
19866
4987
19862
15160
8471
19782
15438
13359
23911
33874
18447

80.25
82.07
82.17
79.37
82.92
38.58
83.12
86.08
34.65
80.72
75.26
57.06
73.45
88.08
83.34

6522
3945
5532
4240
4092
7938
4035
2451
15978
4724
5076
10053
8643
4585
3687

19.75
17.93
17.83
20.63
17.08
61.42
16.88
13.92
65.35
19.28
24.74
42.94
26.55
11.92
16.66

2180
1173
3007
1160
1282
677
1657
1127
1369
1017
1273
1172
1509
2734
1270

Patient
32

Patient
42
Patient
45
Patient
76

Reads with
low identity
with
template
4342
2772
2525
3080
2810
7261
2378
1324
14609
3707
3803
8881
7134
1851
2417

After data cleaning the number of sequence reads ranged from 4,987 to
33,874 per sample (Table 4.3). The percentage of the original number of reads
per sample taken for further analysis after data cleaning ranged from 34.65 to
88.08 (Table 4.3, Figure 4.10A). Three of the fifteen samples (Pt45_13, Pt32_16
and Pt42_BL2) had a large number of reads removed during quality control with
43%, 61% and 65% of the reads removed respectively. In each of the cases, the
majority of reads were removed due to their low identity with template (Table
4.3). The coverage of reads across the RT gene after quality control is shown in
Figure 4.11. The numbers of reads obtained at the 5’ end of RT are higher than
at the 3’ end for both primers. RT amino acids 103 to 141 had the lowest
number of reads. From one timepoint of patient 42 (Pt 42_0_09), of the 14609
reads rejected because of low identity with the template, a subset (6323) was
subjected to BLAST search to investigate what the identity of the sequences. It
was found that 469 reads matched to a region of the HIV-1 genome outside of
region of interest while the remaining 5,854 did not match with any region of
HIV-1 subtype C.
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Figure 4.10: The number of nucleotide reads obtained from deep sequencing
(A) The total number of sequenced reads obtained for each sampling time-point is
shown as the total size of the bar representing each time-point. The number of reads
mapped to the reference sequence and removed as a result of length and identity
cutoffs are also shown. (B) The mean and range of read lengths observed for each
sequenced sample are shown both before and after quality trimming. In all cases the
mean and range of read lengths decreases significantly following trimming.
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Figure 4.11: Coverage of UDPS reads across the RT gene (HXB2 AA 13-257)

4.3.3 Analysis of viral variants:
Reads obtained after data cleaning were separated into six different
categories based on the nucleotide length, their distribution in these six
categories is outlined in Appendix Table 2. Most reads were in the nucleotide
length range 50-99, followed by 200-249 and then >250 nucleotides (Appendix
Table 2, Figure 4.12). The number of reads greater than 250 ranged from 961
to 8,112 with forward and reverse reads together, the lowest being those from
Pt32_16 while highest were from Pt2_14. The second lowest number of
sequences (>250 bp) was 1757 (Pt42_0_1), followed by 3131 (Pt45_13). The
three samples that had the lowest number of reads > 250 bp were also those
that had a large numbers of reads removed during quality control analysis
(Table 4.3) and the lowest mean read length (Fig 4.10).
The numbers of unique variants obtained from each sample are outlined
in Appendix Table 3 and Figure 4.13. Overall, the highest number of nucleotide
and amino acid variants were found in samples from patients 76 and 2 with the
baseline sample from patient 76 being the highest (2,794 Nt and 1,553 AA
variants). The lowest number of variants was observed in 16th month sample
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from patient 32 (301 Nt and 238 AA variants) followed by second baseline
sample from patient 42. Patients 2 and 76 showed uniformity in the number of
variants across all time points. In patient 45, the number of variants increased
with the baseline sample showing the lowest number of variants than
subsequent timepoints. In patient 42, first baseline sample showed more
variants than second baseline while samples from patient 32 showed variations
across all timepoints (Appendix Table 3, Figure 4.13).
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Figure 4.12: Reads after segregation into different categories on the basis of length.

79

Chapter 4

4.4 Results

Figure 4.13: Nucleotide and amino acid variants in sequence sets of >250 nucleotide in 15 samples from five patients.
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The number of nucleotide and amino acid variants showed a direct correlation
to the numbers of reads returned after quality control (Figure 4.14). The nucleotide
reads and the nucleotide and amino acid variants obtained were also viewed in light
of the success of PCR amplification and the quantity of PCR amplicons. The 16th
month sample from Patient 32 (Figure 4.5c), along with the 2nd baseline sample from
patient 42 (figure 4.6b) showed the weakest amplification in secondary PCR
reactions and also showed the lowest numbers of reads obtained.

Figure 4.14: Comparison of number of reads obtained after quality control with numbers of nucleotide
and amino acid variants obtained in sequences greater than 250 basepairs by linear regression
analysis.

In general, the numbers of variants were higher in the samples where the
PCR reactions were successful from 9 or 10 primary reactions but the correlation
was not significant (Figure 4.15a). The number of primary PCRs subjected to
secondary PCRs does not seem to have good correlation with the numbers of
variants obtained (Figure 4.15a). However, some cases, despite only three
successful primary PCR reactions, high numbers of nucleotide and amino acid
variants were obtained (e.g. In Pt2_14, 2284 Nt variants and 1564 AA variants). On
the other hand, low number of variants was observed in some samples with 9 or 10
successful PCR reactions, (e.g. Pt 45, 959 Nt variants and 604 AA Variants) (Figure
4.15a).
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To analyze further, a quantity was assigned as per Hyperladder I to the gel
electrophoresis band obtained after running the pooled samples (Figure 4.10) and
was correlated with the numbers of reads obtained after quality control by performing
linear regression analysis. It can be seen from Figure 15a, there was a significant
correlation between the quantity of the pooled DNA and the numbers of reads
returned from UDPS.

a

b
Figure 4.15: Comparison of a) The quantity of pooled DNA subjected to UDPS and b) Numbers of
primary PCRs to number of variants by linear regression analysis.
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4.5 Discussion:
The aim of this chapter was to develop an experimental protocol for
maximizing the diversity of viral templates subjected to UDPS and further explore the
effect of PCR on the number and diversity of sequences returned from UDPS. Here,
multiple PCR reactions were performed, followed by equimolar pooling of samples
subjected to UDPS. The genetic diversity obtained after UDPS was analyzed. It was
expected that the approach of using multiple PCRs would have an effect on viral
diversity found in the sequences returned. It has been found that the number of
multiple primary PCR reactions that are subjected to UDPS does not affect the
number and diversity of sequences returned from UDPS. Hence, this approach does
not seem to have any effect on the viral diversity.

However, the quality of

amplification, of the PCR reactions played a crucial role in generation of number of
sequence reads and diversity.
The number of initial viral templates that can be successfully extracted and
amplified limits the sensitivity of UDPS to detect variants. To estimate the genetic
diversity within a sample, an adequate sample size that represents the viral diversity
within the patient is required. Several previous studies used plasma with initial
volumes ranging from 140 !L to 1000 !L (mostly 200 !L). This was due to two
reasons; i) variation in initial viral load, different initial volumes were used (Hedskog
et al. 2010) or ii) in order to compare the 454 sequencing with initial bulk sequencing
which used a particular amount of starting volume (Le et al. 2009). The sample
quantity equivalent to 200 !L of blood was used as a starting volume to extract
proviral DNA, as the viral load was not available. The bulk sequencing was
performed on the same sample. This was followed by multiple primary PCR
reactions to maximize the genetic heterogeneity in UDPS sequences returned. The
combination of multiple first and second round PCRs and equimolar pooling enabled
the reduction of “founder effect” of the PCR. Conventional bulk sequencing and deep
sequencing was performed on the DNA obtained from same extraction, allowing us
to have direct comparison of the two methods. The numbers of multiple PCRs did
not show any positive correlation with the numbers of variants obtained as few
samples with just three numbers of PCRs yielded higher numbers of variants (See
Figure 4.15a).
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Initial attempts to use smaller volumes of PCR reactions resulted in limited
success probably due to small reaction space. Most of the samples showed
successful amplification of the RT gene in the 100!L reactions with the exception of
patients 32 and 42, where there was limited success in the primary PCR reactions.
This might due to low viral load in these patients but as the viral load is not available,
it cannot be verified. In the secondary PCRs, there was weak amplification in three
samples (Pt 32 month 16, patient 45 month 13 and the second baseline sample of
patient 42). Therefore for these samples, higher amount of PCR product had to be
added while doing equimolar pooling to reach the final quantity for the sequencing.
For these three samples, more sequences were excluded from further analysis as
they had low identity with their templates. Two (Pt32_16 and Pt42_BL1 of these
three samples returned with less than 10,000 reads. According to (Eriksson et al.
2008) this number is not sufficient to detect low abundance DRMs representing 0.1
to 1% of the population. On the other hand, for few successful PCRs with strong
amplification (e.g. Pt2_14), less numbers of sequences were excluded from the
quality control analysis. Thus by just adding more products from multiple
amplifications that were weak has not been found to be optimal. The
recommendation here is to ensure that all PCR reactions are optimized.
Previous studies have shown that 454-pyrosequencing technology can
reliably detect rare variations over cloning/consensus sequencing (Hedskog et al.
2010; Codoner et al. 2011; Liang et al. 2011). Our findings are consistent with those
reports. Here, ultra deep pyrosequencing has been used to investigate the presence
of low abundance viral variants present within the proviral DNA of individuals on
ART. This experiment generated thousands of sequences from proviral DNA in a
single experiment. Despite the data loss (25%) upon filtering for quality (From
371,131 to 279,513 reads) and a short mean read length (from 576 to 176 bps) in
this study, we have achieved sequence reads in the numbers that allowed to detect
nucleotide variants (ranging from 301 to 2586 variants), which is not easily
achievable by SGA or cloning (even though for two samples we returned less than
10,000 sequence reads). Furthermore, due to use of GS FLX platform and careful
optimization of initial PCR reactions, this experiment has sequenced considerably
deeper (median 18,447, range 4,900 to 33874 reads after quality control) compared
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to the previous studies where the median of sequence reads obtained ranged from
3900 to 16,016 (Wang et al. 2007; Mitsuya et al. 2008; Le et al. 2009; Varghese et
al. 2009; Hedskog et al. 2010). This allowed us to gain better coverage of sequences
representing the viral population. Although stringent quality control criteria were
used, the amount of data loss in our study is 25%. This is low compared to another
study on proviral DNA (Liang et al. 2011) maybe due to the use of a better
sequencing platform (GS FLX vs GS 20). Although it was expected to get

full

coverage of RT by using primers from both ends of RT gene and given the average
length of reads promised by LGC genomics (around 400 bp each primer), due to
variations in PCR success, the quality trimming step reduced the average length of
sequences from 576 to 176 base pairs.
In conclusion, ultra-deep pyrosequencing has proven to be a powerful method
for characterizing genetic diversity of HIV-1 quasispecies, especially for detection of
low abundance variants. But considerations should be paid to quality of the
amplification of initial templates. It is also recommended here to use multiple
overlapping amplicons that cover the entire RT so that uniform coverage can be
obtained.
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5.1 Introduction
It was shown in chapter 2 that, of 40 HIV-1 subtype C infected individuals on
ART studied, 14% contained drug resistance mutations (DRMs) in the reverse
transcriptase (RT) gene of the proviruses (Bansode et al. 2011a). Bulk sequencing of
latent viruses during HAART showed discrepancies between different timepoints in
the presence of DRMs in the proviral DNA during treatment (Bansode et al. 2011b)
(Chapter 3). These discrepancies point to a limitation of bulk sequencing for
determining drug resistance in viruses contained within the proviral DNA.
Furthermore, while the role of minor variants in HIV-1 RNA in the emergence of
resistance in persons on highly active antiretroviral therapy (HAART) has been
widely documented, less is known about the implications of historical viruses in the
proviral DNA. Following treatment interruption, latent viruses stored in the provirus
have been shown to be responsible for the rapid rebound of viral load (Garcia et al.
1999; Boucher et al. 2005; Joos et al. 2008). However, Palmisano and colleagues
suggested that the mutational archive stored in proviral DNA remains unchanged
during HAART (Palmisano et al. 2009), with higher levels of DRMs observed in RNA
extracted from circulating virus than those present in the provirus (Wirden et al.
2011). The suggested reason for these discrepancies is that standard bulk
sequencing cannot fully access the spectrum of viral variants stored in the proviral
DNA (Wirden et al. 2011), and resistant viruses may be present in low abundance in
proviral DNA.
Several studies have found positive correlations between the presence of low
abundance viruses and clinical outcomes (Peuchant et al. 2008; Jakobsen et al.
2010). To my knowledge, no studies have been undertaken to use ultra deep
pyrosequencing (UDPS) to quantify the prevalence of low abundance drug resistant
viral variants in the proviral DNA. Here, we undertake such a study and endeavor to
correlate the presence/absence of such viruses with treatment outcome. The aims
of this chapter are;
i)

To use UDPS to investigate drug resistance mutations in longitudinally
collected blood samples from patients on ART.

ii)

To gain deeper knowledge of the discrepancy in the presence of DRMs
at various timepoints found by conventional bulk sequencing.

iii)

To identify DRMs against the drugs other than first line therapy in
Malawi.
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5.2 Materials and Methods:
5.2.1 Patients, ultra-deep sequencing and analysis of sequences
Five individuals infected with HIV-1 subtype C recruited to an antiretroviral
cohort between 2007 and 2009 were selected on the basis of discrepancies or
ambiguities in drug resistance mutations found through standard bulk sequencing
(Chapter 3, table 3.1, (Bansode et al. 2011b). Fifteen samples representing an
average of three sampling points during treatment were subjected to ultra deep
sequencing, the data obtained was subjected to quality control analysis (Chapter 4).
The sequence reads, that covered 13 to 257 AA of the RT gene (HXB2 numbering)
generated after quality control analysis were employed in drug resistance analysis
(Chapter 4).
5.2.2 Drug resistance analysis:
For all sequence reads obtained after data cleaning, the nucleotide data was
translated into amino acids sequence reads. These sequences were analyzed for the
presence of drug resistance mutations (DRMs) based on the Stanford Drug
Resistance Database (Rhee et al. 2003). The frequency of amino acids at each
position was determined using Segminator 1.3.2 (Archer et al. 2010). The
prevalence of DRMs at each amino acid position was calculated. The prevalence
was categorized into three categories; First, DRMs detected in less than 1 % of the
reads sequenced from the amplified viral population for that position; this category
was discounted from further analyses to account for potential errors due to the error
rate of PCR and UDPS. The second category of mutations consisted of those with a
prevalence rate greater than 1% and less than 20 %; these mutations correspond to
those that cannot be determined using bulk sequencing. The third category
consisted of those DRMs with prevalence greater than 20%, comprising mutations
that can, in theory, be observed using traditional bulk sequence genotyping.
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5.3 Results
Thirteen of 15 samples from five individuals on ART showed DRMs against current
1st line therapy in Malawi (Lamuvidine, Stavudine and Nevirapine). Although the
majority of the mutations detected were at a prevalence level <1%, various low
abundance DRMs (with a prevalence level ranging from 1 to 20%) and high
abundance DRMs (prevalence >20%) were detected by UDPS. Furthermore,
additional mutations against other antiretroviral drugs (e. g. Rilpivirine, Etravirine)
were also detected.
5.3.1 Prevalence of Drug Resistance Mutations identified with UDPS
Drug resistance mutations shown by deep sequencing were classified into
three categories namely; <1 %, 1 to 20% and > 20%. In all samples the majority
(between 74% and 96%) of drug resistance mutations identified by deep sequencing
were detected at prevalence levels less than 1% of the sequenced viral population
(Figure 5.1A) and were, thus, excluded from any subsequent analysis. An average of
11% (range 2.5-21.21%) were detected at prevalence levels between 1% and 20%
of the sequenced viral population with an average of 6% (range 0-12.5%) identified
at greater than 20% prevalence in the sequenced viral population (Figure 5.1A).
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Table 5.1. Prevalence of DRMs in pyrosequencing data: Only DRMs observed at >1% in the
sequence data are shown. DRMs relevant to each patient’s current therapy regime are
shown in bold. CD4 counts (x10-6/L) are shown. When a CD4 count was not available for a
sampling time-point the count from the sample taken at a date closest to that time-point is
shown. DRMs that were also found in bulk sequencing are underlined.

Patient
Number

Sampling
Time-point

CD4 Count

1-20% Prevalence

Patient 2

Baseline
11 Months

64
N/A (9 months: 110)

K65R, M184V, G190E

14 Months
Baseline

153
271

K65R
V90I

7 Months
16 Months

384
N/A (19 months: 443)

K65R
K65R

24 Months

N/A (19 months: 443)

K65R

Baseline 1
(2008)
Baseline 2
(2009)
Baseline

N/A

K65R

362

K65R, A98S, G190A

55

A98S, K101E, K103E,
K103N, K103R, M184I

V106I, E138A,
G190A

8 Months

216

V106I, G190A

13 Months

258

A98S, K101E, K103E,
K103R
K65R, K101E, K103E,
K103N, K103R

Baseline

118

6 Months

N/A (8 months: 269)

K65R, T69I, G190A,
H221Y
K103N, H221Y

9 Months

N/A (12 months: 268)

V90I, A98S,
Y181C
V90I, A98S,
K103E,
Y181C,
H221Y
A98S, K103R,
Y181C

Patient
32

Patient
42
Patient
45

Patient
76

90

V90I, K103E, G190A,
H221Y

>20%
Prevalence

V90I

V106I, E138A,
G190A
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Figure 5.1: A) DRMs found in UDPS classified into three categories on the basis of prevalence levels
B) DRMs against current therapy in Malawi found in UDPS at >1% prevalence level
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5.3.2 Comparison of DRMs found in bulk sequencing and UDPS
Of the 15 DRMs (five to current therapy) seen in bulk sequencing of samples
subjected to UDPS (Chapter 3, Table 3.1), 10 of these (four against current therapy)
were also observed in the UDPS sequencing with the vast majority of these (8 of the
10) being seen at a prevalence greater than 20% in the sequenced viral population
(Table 5.1).

The two DRMs observed at less than 20% of the sequenced viral

population were V90I (9.5% prevalence) and H221Y (7.7% prevalence) in the
samples from patients 32 and 76 respectively. Three DRMs identified in bulk
sequencing (Y181C in patient 2 at 11 months and T215ST and V108AV in patient 32
at 7 and 16 months respectively, (Chapter 4, Table 4.1) were not observed at any
level of prevalence in UDPS. Sequence chromatographs from bulk sequencing were
re-examined to confirm the presence of the DRMs recorded. Two DRMs, V118I and
E138A, from patients 42 (baseline 2) and 45 (8 months) respectively, were observed
in the UDPS data but sequence coverage at these positions was below the cutoff.
However, samples from patients 32 (16th month) and 42 (Second baseline) had high
numbers of reads removed during quality control process due to low identity with the
template.
Bulk sequencing was not successful for the 13th and 9th month samples from
patients 45 and 76 (Chapter 4) respectively, however UDPS identified DRMs at both
1-20% (9 DRMs, 4 against current therapy) and greater than 20% prevalence (6
mutations, 2 against current therapy) within the sequenced viral population (Table
5.1). These DRMs included those that were present in the consensus sequences
from the earlier sampling times as well as others. For the remaining samples, whose
bulk sequencing was successful, UDPS identified an additional 32 DRMs (17 against
current therapy) that had not been observed by bulk sequencing (Table 1). The vast
majority of these (26 DRMs) were observed at prevalence between 1-20% of the
sequenced viral population (Table 5.1).
5.3.3 DRMs against current 1st line ART in Malawi:
Of the mutations detected by UDPS against current 1st line therapy, only
K65R was observed, albeit at varying levels, in all of the patients studied (Figure
5.1B). In all patients the prevalence of K65R in the sequenced viral population was
observed at less than 20%, however the prevalence in each individual increased
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over time. Only in two patients were DRMs to current 1st line therapy observed at
prevalence greater than 20% of the sequenced viral population with G190A and
Y181C seen in patients 45 and 76 respectively (Figure 5.1B). In both of these cases
the DRM was already present in the patient’s viral population prior to ARV exposure
and was observed to fluctuate during exposure (Figure 5.1B). A similar fluctuating
pattern was seen in patient 2 and patient 76. In patient 2, M184V and G190E were
not identified by UDPS at baseline or at 14 months yet represented 3% and 2%
respectively of the sequenced viral population in the sample at 11 months (Figure
5.1B). In patient 76, K103N was observed at a prevalence of 1.6% at 6 months but
was not present at baseline or 9 months. On the other hand, K103N, in patient 45,
was not present at 6 months but was present at baseline at prevalence level of 2%
and with an increasing prevalence to 7% at 12 months (Figure 5.1B). Two other
mutations from patient 45, K101E and M184I, were observed at baseline at
prevalence levels of 17% and 1.6% respectively. In subsequent months, K101E was
found at prevalence levels decreasing over time (6% and 4% at 6 and 12 months
respectively) and M184I was not observed in any subsequent months. Mutation
G190A also observed in the 2nd baseline sample from patient 42 with a prevalence
level of 6%.
5.3.4 DRMs found against other ARV drugs
Fifteen DRMS against other ARVs were identified across five patients (Figure
5.2). These mutations were mostly polymorphisms that have limited effect on drug
resistance.

One exception, however, was E138A (conveys resistance to both

Raltegravir and Elvitegravir Integrase inhibitors), which predominated the viral
population at all sampling timepoints in patient 45. Multiple mutations at position 103
(K103E, K103R, K103T) were also found in three of five patients (Pt 2, Pt 45 and Pt
76).
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Figure 5.2: DRMs against other ARV drugs with prevalence greater than 1% found in UDPS of
reverse transcriptase from five patients
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5.4 Discussion:
As can be seen from chapter 3, there was discrepancy in the presence of
DRMs in HIV-1 infected individuals on ART. Fifteen individuals showed DRMs of
whom three individuals in whom no DRMs were observed at baseline showed
emergence of DRMs during ART exposure. Four individuals showing DRMs at
baseline showed additional DRMs at subsequent timepoints. The aim here was to
get higher sequence depth to see the presence of minor DRMs and address the
discrepancy. This study also provides a comparison of bulk sequencing and ultra
deep sequencing of patients on ART as the same DNA sample was used for bulk
sequencing and UPDS. In this study, a good sequence depth was yielded which
helped in identifying minor DRMs that were undetected by bulk sequencing.
However, further discrepancies in the presence and prevalence of DRMs were
found.
It is shown here that bulk sequencing was unable to detect some DRMs,
which are against current first line ART in Malawi (e.g. K65R, K101E). Resistant
viruses that make up as little as 1% of the viral population of the circulating virus
within an individual have suggested to be clinically important as they can expand
rapidly under selective pressure exerted by exposure to HAART (Palmer et al. 2006;
Hirsch et al. 2008; Johnson et al. 2008; Metzner et al. 2009; Simen et al. 2009;
Halvas et al. 2010; Paredes et al. 2010). In this study, through UDPS, low
abundance resistance mutations against current first line therapy were identified
through UDPS in the provirus. The DRM, K65R, was not detected in any sample via
bulk sequencing, yet it was detected in all patients at low abundance via UDPS. This
mutation, according to the Stanford drug resistance database, is responsible for
high-level resistance to abacavir (ABA), didanosine (DDI), emtricabine (FTC),
lamivudine (3TC) and tenofovir (TFV) and low-level resistance to stavudine, of
which, 3TC is being used as a part of current first line therapy in Malawi. This
mutation is strongly associated with development of virological failure in subtype C
infected individuals (Doualla-Bell et al. 2006; Coutsinos et al. 2011) and (Brenner et
al. 2006) showed that K65R emerges more rapidly in subtype C than in subtype B in
the presence of tenofovir. Previous studies in Malawi also showed the emergence of
K65R in patients with virologic failure in subtype C infected individuals.
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(Hosseinipour et al. 2009). Here, although none of the patients showed virologic
failure, the presence of K65R at low prevalence may be an indication of future
virologic failure. Also, however, it can not be ruled out that the observation of low
abundance K65R at various timepoints in all patients could be a result of the
previously reported propensity for PCR error at this position in subtype C viruses
(Varghese et al. 2010). Mutations at position 190 (G190A or G190E) were shown in
four of the five patients via UDPS, at varying levels of prevalence, two of whom
showed the presence of this DRM prior to ARV exposure (patients 45 and 76).
These DRMs have also been reported in patients with virologic failure who were
infected with subtype C in Malawi. (Hosseinipour et al. 2009). These mutations
cause high-level resistance to NVP and intermediate resistance to EFV, which are
part of first and alternative first line therapy in Malawi.
A strong correlation was found between DRMs observed in bulk sequencing
and those at greater than 20% prevalence in UDPS. However, there were further
DRMs observed at greater than 20% prevalence that had not been identified by bulk
sequencing. This observation is likely to be the result of my approach successfully
accessing a greater level of the viral diversity present in the proviral DNA of
individuals on ART. Furthermore, in patient 76, a drug resistance related ambiguity
at position 181 (Y181CY) was shown at baseline by bulk sequencing while the DRM
Y181C was shown in the 6 months sample. One of the aims of employing UDPS
was to explore whether the DRM (Y181C) was prevalent at the earlier time point and
not seen via bulk sequencing. UDPS found Y181C at all three timepoints with a
prevalence > 20%. As this DRM causes high level resistance to NVP, DLV and EFV
and found in 55% of patients infected with HIV-1 subtype C from south Malawi who
are in virologic failure (Hosseinipour et al. 2009).
It was expected that all DRMs found by bulk sequencing would be detected by
UDPS, which would thus resolve the discrepancies found in presence of DRMs
present in bulk sequencing (Chapter 4). However, five mutations present in bulk
sequencing were not found in UDPS at greater than 20% prevalence. Furthermore,
bulk sequencing showed different mutations at different timepoints in patient 32
(Chapter 3) (V90I at baseline, M41MR, T215ST at 7th months, M184I at 14th
months), however, none of those mutations were found in sequences returned by
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UDPS. This might be due to the PCR reactions that yielded poor amplification and in
turn due to the low numbers of reads obtained after quality control analysis on UDPS
data. Despite utilizing multiple primary and secondary PCRs to maximize the
diversity sampled, PCR bottleneck still cannot be ruled out as a cause of the absent
DRMs. However, as PCR amplifications were from proviral DNA it is perhaps not
surprising that some differences would be found between amplicons deriving from
different aliquots of DNA, as latent viruses may be more diverse than circulating
virus. It was similar for patient 42, where there was poor PCR amplification, and only
two DRMs were obtained with a prevalence > 1%. Along with this discrepancy
between bulk sequencing and UDPS, a greater discrepancy was found by UDPS in
the presence and prevalence of DRMs within patients. In UDPS, the mutation at
M184V was found in the sample from patient 2, at 11th months but not at baseline or
at 14th months. The prevalence of this mutation also fluctuated in patients 45 and 32.
This discrepancy in UDPS might be due to the initial PCR bottleneck despite the
optimization and use of proviral DNA. The use of RNA as starting material and prior
knowledge of viral load would have helped to reveal the discrepancies by using
known numbers of template. Thus analysis of further samples from these patients
will be helpful in evaluating the clinical significance of the DRMs found in UDPS.
Despite the observation of low and high abundance drug resistant variants in
all individuals, these viruses appear to have minimal effects on treatment outcome.
Due to geographically isolated setting resulting in logistical difficulties, viral loads are
not routinely assessed. The RNA samples and viral load were not available for this
study, the comparison of provirus and circulating virus was not possible but is
recommended in future studies to determine future treatment strategies. The
treatment success for patients in this ART cohort has been measured until recently
using WHO stages and CD4 counts, although viral loads are currently being
introduced. Using these criteria, patient 2 is defined as having immune failure (CD4
cell count <200 cells/mm3 after at least 12 months on ART) with the remaining
patients showing satisfactory treatment response. Thus, all of the patients were on
first line therapy up to 24 months after treatment initiation. While treatment outcome
appears to be unaffected in the short term, previous work suggests that HIV
rebounds from latently infected cells rather than continuing low-level replication, and
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that the low abundance resistant variants could emerge to dominate from the proviral
DNA following treatment interruption (Joos et al. 2008).
The detection of low abundance DRMs in this study that are undetected by
conventional bulk sequencing extend the findings in various other studies, which,
showed that UDPS detected low abundance mutations that are undetected by
conventional bulk sequencing (Mitsuya et al. 2008; Le et al. 2009; Codoner et al.
2011). Learning from reported issues in other studies, larger sample volumes are
used here (Wang et al. 2007; Le et al. 2009; Varghese et al. 2009), high depth of
coverage (Wang et al. 2007; Le et al. 2009; Simen et al. 2009; Varghese et al. 2009)
and somewhat conservative cut off of 1% for identifying low prevalence variants.
However, it should be noted that the presentation of prevalence in our work as with
all other similar studies, should be interpreted as the prevalence observed in the
amplified and sequenced viral population as opposed to being a direct measure of
the prevalence of a variant in an individual’s viral population The discrepancy
between these two interpretations has yet to be elucidated, however the
development of degenerative primer ID approaches (Jabara et al. 2011) will enable
such quantification of these potential biases in the near future.
Thus, it is observed, that in these individuals on continuous antiretroviral
therapy, low abundance drug resistant viral variants present in the proviral DNA do
not appear to play an immediate role in facilitating the emergence of drug resistance
through emergence to dominance. However, further study on subsequent samples
from these patients is recommended. The increased sensitivity of deep sequencing
could reassure clinicians about the absence of additional genotypic resistance when
making clinical management decisions. This is particularly important for the
management of subjects with suboptimal adherence.
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6.1 Introduction
The African continent is home to the largest number of all HIV infections in the
world with approximately 68% of people living with HIV in Sub-Saharan Africa
(UNAIDS 2011a). This continent also seems to be the epicentre of HIV diversity as
all subtypes along with some circulating recombinant forms (CRFs) and unique
recombinant forms (URFs) are reported to be circulating in this continent (Figure 1)
(Ariën, Vanham, and Arts 2007) (Taylor and Hammer 2008). Subtype C, which is
responsible for approximately 52% of worldwide infections, currently dominates
Southern Africa where it accounts for more than 95% of all HIV infections (Ariën,
Vanham, and Arts 2007). Due to the importance of subtype C in this region, over the
past few years, this subtype has been extensively studied (Arroyo et al. 2004;
Bessong et al. 2005; Bell et al. 2007; Dalai et al. 2009; Thomson and FernandezGarcia 2011).

Figure 6.1: HIV-1 Subtype Distribution in Africa (LANL 2012)
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The HIV epidemic gradually spread to Sub-Saharan Africa from Zaire (now
Democratic Republic of Congo), Rawanda and Uganda where the first few cases of
AIDS were reported (Piot et al. 1984; Van de Perre et al. 1984; Serwadda et al.
1985; Walker et al. 2005). It has been estimated that subtype C was first introduced
in Ethiopia in the early 1980s (Abebe et al. 2001). The first documented case of
subtype C infection comes from a sample taken from a Malawian patient in 1983
(McCormack et al. 2002). It has been suggested that the most recent common
ancestor of subtype C dates back to the late 1960s (Travers et al. 2004). This is
consistent with the theory that HIV-1 group M originated in the late 1930s (Korber et
al. 2000) and with estimates of the origins of subtype B in the range from 1915 to
1945) (Korber et al. 2000; Lukashov and Goudsmit 2002).
One contributing factor to subtype C predominance has been suggested to be
the efficiency by which subtype C is transmitted from one person to other (Arien et
al. 2005). The unique genetic characteristics of this subtype that differentiates it from
other subtypes are i) the presence of an extra NF-!" binding site in the LTR along
with premature truncated proteins (Tat and Rev) ii) a 15-bp insertion at the 5’ end of
the vpu reading frame and iii) a prematurely truncated Rev protein (Peeters and
Sharp 2000; Shankarappa et al. 2001; Huang, Giesler, and Bremer 2003). It has
been suggested that the presence of the extra NF-!" site may enhance gene
expression and hence the rapid expansion of subtype C and its pathogenesis
compared to other subtypes. The enhanced gene expression alters the
transmissibility and pathogenesis of subtype C making it an easily transmissible
virus. (Jeeninga et al. 2000; Shankarappa et al. 2001). The 15 bp insertion at the 5’
end of the vpu region along with the prematurely truncated Rev protein may
influence viral gene expression and alter the virulence of subtype C (Tatt et al.
2001). Another reason suggested for the increased level of viral transmission in
subtype C is that a substantial proportion of the population of HIV-1 infected
individuals have high HIV RNA levels (Novitsky et al. 2010).
Malawi is one of the countries that lie in the centre of HIV epidemic with a
prevalence of 11% (UNAIDS 2010). Along with subtype C, two other subtypes (A
and D), three recombinant forms (AC, AD and DC) and one unclassifiable strain
have been reported in Malawian population; however, subtype C is found to be
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dominant subtype in Malawi (McCormack et al. 2002; McCormack et al. 2003; Petch
et al. 2005; Hosseinipour et al. 2009). The available data on subtype C in Karonga
suggest that the Karonga District might have had multiple introductions of HIV-1 with
limited spread in the early 1980s and later diversified (McCormack et al. 2003). The
molecular epidemiological data on Malawian sequences is mainly focused on env
and gag genes (McCormack et al. 2002; McCormack et al. 2003; Kwiek et al. 2008).
However, nowadays in Malawi, protease (PR) and reverse transcriptase (RT)
regions of pol gene are being sequenced for genotypic drug resistance testing and a
large amount of data is now being generated (Hosseinipour et al. 2009). The pol
gene holds sufficient genetic variability to permit phylogenetic reconstructions of
transmission (Hue et al. 2004).
The action of antiretroviral drugs and the host immune system creates
selective pressures that may lead to mutations in favour of HIV replication. Thus, HIV
replication may continue during antiretroviral therapy resulting in viral evolution along
with the emergence of drug resistance (Napravnik et al. 2005; Shi et al. 2010).
Measurement of positive selection at sites conferring drug resistance can be used to
study the mechanism of evolution of drug resistance and to discover novel
mutations. The selection pressure operating on a gene is measured by calculating
the ratio of observed non-synonymous (nucleotide mutations that change the
encoded amino acid, dN) over synonymous mutations (mutations that do not change
the amino acid, dS) (Nei and Gojobori 1986; Li 1993). If the ratio of dN and dS (!) is
greater than 1, it is considered that the gene is under positive selection. Initially the
methods measuring selection pressure were either distance based (Yang et al.
2000) or maximum likelihood based (Goldman and Yang 1994). Subsequently (Pond
and Frost 2005b) classified the methods into three approaches:
1) Single Likelihood Ancestral Counting (SLAC): These methods are based on
counting methods that employ either single most likely ancestral reconstruction,
weighing across all possible ancestral reconstructions or sampling from ancestral
reconstructions (Suzuki and Gojobori 1999; Suzuki 2004)
2) Random Effect Likelihood (REL): These methods model the differences in
dN and dS according to a pre-defined distribution and the selection pressure is
inferred using empirical Bayes approach (Nielsen and Yang 1998)
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3) Fixed Effect Likelihood (FEL): These methods directly measure dN and dS
rates at each sites (Suzuki 2004). SLAC methods are recommended for larger
datasets (over 40 sequences), as they are very fast and conservative methods
(Pond and Frost 2005b). REL methods give similar results as counting based
methods with the exceptions of the extent to which the test statistics is conservative
or liberal but are computationally complex, while FEL is recommended for
intermediate sized datasets (20-40 sequences)(Pond and Frost 2005b).
Recent research carried out in the Karonga District, Malawi aims to
understand the risk factors, trends and dynamics of HIV and how treatment of HIV
alters HIV transmission. In brief, the survey area is divided into 21 reporting groups
that are visited in sequence once per year and annual HIV sero-surveys in adult
members of this study population have been undertaken since 2007. Blood samples
that were collected from HIV positive individuals between 2007 and 2010 were
employed in this work to sequence PR and RT genes (Chapter 2 and 3). The aims
of this chapter are to study diversity of HIV-1 in the Karonga population using pol
sequences and to explore differential selection pressure operating on RT in
antiretroviral naïve and exposed individuals.
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6.2 Materials and Methods:
6.2.1 Sequences and subtyping
A combined dataset of 156 reverse transcriptase (RT) sequences from
Karonga was generated which consisted of 132 sequences generated from chapters
2 and 3 along with 8 sequences from seroconverters and additional 16 unpublished
sequences. The seroconverter samples were collected within one year of
seroconversion. The seroconverter sequences and unpublished sequences in this
dataset were submitted for analysis of Drug Resistance Mutations (DRMs) to the
Stanford HIV Drug Resistance Database (http://hivdb.stanford.edu). The protease
sequence dataset comprising 47 sequences from chapter 2 was also utilised.
For subtyping of RT and PR sequences, subtype reference alignments for
both

PR

and

RT

(http://www.hiv.lanl.gov/content/index).

were
The

downloaded
reference

from

alignment

LANL
contained

approximately four representative sequences of each subtype. Alignments of both
RT (132 Sequences) and PR (47 Sequences) from the Karonga dataset along with
subtype reference sequences were prepared in MacClade 4.0.8 (Maddison and
Maddison 2005.).

Phylogenetic trees of both PR and RT sequences were

reconstructed under the GTR+ gamma model of DNA substitution implemented in
RAxML 7.0.3 with all parameters optimized by RAxML (Stamatakis 2006).
Confidence levels in the groupings in the phyogeny were assessed using 1000
bootstrap replicates as part of the RAxML phylogeny reconstruction. A bootstrap
value equal to or greater than 70% was considered significant. Recombination
patterns in RT sequences were identified using the jumping profile Hidden Markov
Model using jpHMM (http://jphmm.gobics.de/jphmm.html) (Zhang et al. 2006; Schultz
et al. 2009).
6.2.2 Phylogenetic analysis of subtype C RT sequences from Malawi.
An alignment of 286 RT sequences was created which comprised of, i)
Subtype C sequences from Karonga dataset including sequences generated from
the patients on ART (more than one sequence/individual) (Chapter 3) iii) Subtype C
sequences from another study from southern Malawi (22 Sequences) (Petch et al.
2005) and iv) Subtype C sequences representing India (14 sequences) and Africa
(17 sequences). The sequences in India and Africa were downloaded form LANL
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website. Although more sequences from African continent were downloaded, only 17
were taken further due to the quality and length of sequences. A phylogenetic tree
was reconstructed by using RAxML as described above using the LANL subtype C
(www.lanl.gov) ancestral sequence as outgroup.
6.2.3 Analysis of selection pressure operating on RT and protease:
For the analysis of selection pressure operating on the RT gene, datasets of
drug naïve and drug exposed sequences were generated for both subtype B and C
(amino acid positions 13 to 257 of RT gene (HXB2 numbering). For subtype C, two
datasets were generated, one comprising of sequences from Karonga (128 drug
naïve 105 exposed) with the second dataset generated using subtype C RT
sequences downloaded from LANL HIV database (126 naïve and 394 exposed)
(Global Subtype C- Table 6.1). Similarly, for subtype B, a sequence dataset of drug
naïve (492 sequences) and drug exposed (500 sequences) RT sequences was
downloaded from NCBI. Manual examination of the sequence information of
individual sequences was done in order to confirm the drug naïve/exposed status of
the sequences. Sequence alignments were generated for all datasets using
MacClade.
Table 6.1: Sequence datasets generated for selection pressure analysis. Drug naïve and
drug exposed sequences are the sequences generated from sample collected prior to and
after antiretroviral treatment respectively

Reverse Transcriptase

Total

Drug Naïve

Drug Exposed

Karonga dataset (Subtype C)

128

105

233

Global Subtype C

126

394

520

Global Subtype B

492

500

992

The

datasets

were

submitted

to

HyPhy

online

web

server

(www.datamonkey.org) (Pond and Frost 2005a; Delport et al. 2010). A codon based
maximum likelihood method - Single Likelihood Ancestral Counting (SLAC) (Pond
and Frost 2005b) was used with General Reversible Model (REV) model as model of
DNA substitution. The SLAC was chosen because it is fast and conservative method
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and is suitable for analysis of larger datasets (Over 40 sequences). For all three
datasets, drug naïve and exposed datasets were submitted separately as well as
pooled (naïve plus exposed). They were pooled to see the effect of the event of
fixation of mutations in one or both of these datasets. The alignment restrictions for
the SLAC method on the online web server allow only 500 sequences. Therefore, for
global subtype B sequences, ten datasets of 500 sequences were generated by
random selection of 250 sequences each from drug naïve and drug exposed
sequence datasets.
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6.3 Results:
6.3.1 Subtyping of PR and RT gene regions in Karonga dataset:
Of the 156 RT sequences from Karonga, two sequences (54026KarongaMW
and 54028KarongaMW) clustered with subtype G, one sequence (Pt50_6) clustered
with Subtype A1 while one sequence (Pt3) did not cluster with any of the reference
sequences (Figure 6.2A). Upon submitting these non subtype C sequences to REGA
HIV-1 automated subtyping tool, one RT sequence (Pt50_6) was predicted to be
recombinant A1_D while all three sequences from one patient (Pt3) were predicted
to be recombinant A1_C (Table 6.2). Of 47 PR sequences, two (54332a and
54535a) sequences clustered with subtype A1 (Figure 6.2B). RT sequence was
available for one of these two sequences (54535a), which clustered with subtype C
(Table 6.2, Figure 6.2A).
Table 6.2: Non Subtype C sequences found in Karonga population. The recombination
break points were obtained from REGA HIV-1 automated subtyping tool. For Pt3, three
sequences were obtained from samples collected at three timepoints.

* Sequence not

retrieved.

Sequence
Name

HIV-1 Subtypes
PR

RT

Intersubtype recombination break
points (positions according to HXB2)

54026

n/a*

G

54028

C

G

Pt50_6

n/a*

A1_D

2586-2846 A1

2847-3323 D

Pt3_6

n/a*

A1_C

2586-2759 A1

2760-3323 C

Pt3_9

n/a*

A1_C

2586-2899 A1

2900-3323 C

Pt3_12

n/a*

A1_C

2586-2765 A1

2766-3323 C

54332

A1

n/a*

54535

A1

C
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B
Figure 6.2: Maximum likelihood trees for A) reverse transcriptase and B) protease genes
from HIV-1 positive individuals from Karonga. The branches in red color represent the
bootstrap support of 70% or higher. The branches highlighted in light blue are subtype C
reference sequences. Non-subtype C sequences from this the Karonga dataset are shaded
in light green
.
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6.3.2 Phylogenetic reconstruction of the Karonga subtype C RT sequences
The RT sequences from Karonga were spread across the phylogeny
reconstructed (Figure 6.3). Sequences from the Karonga dataset were found to be
intermixed with subtype C sequences from other African countries. All sequences
from India clustered together along with a sister cluster consisting sequences from
Karonga and southern Malawi but with no support from bootstrapping (Figure 6.3).
Three large clusters were seen although with no bootstrap support (Clusters
highlighted as I, II and III in Figure 6.3). Multiple sequences generated from samples
collected at different timepoints from individuals on ART clustered together with high
bootstrap support. For all other individuals included, multiple sequences from a few
individuals were found to be clustering with sequences from other individuals with
high bootstrap support (labelled as clusters 1 through 14 in Figure 6.3). Known
epidemiological links were available only for clusters 2, 6, 8 and 13. In cluster 2,
which is comprised of sequences from four individuals, two come from the same
reporting group while two other belong to an adjacent reporting group indicating they
may therefore live in relatively close geographical proximity. While in cluster 6 which
is made up of sequences from two individuals, both belong to the same reporting
group. Similarly sequences generated from both individuals in cluster 8, come from
the same reporting group. Finally in cluster 13, three out of five sequences, are from
individuals who belong to the same reporting group.
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Figure 6.3: Maximum likelihood tree for HIV-1 Subtype C RT sequences. Branches in red
color represent the bootstrap support 70% or higher. Sequences from Karonga dataset are
colored in black; sequences from another study from Malawi are colored in blue (Petch et al.
2005) while subtype C sequences representing Africa and India are colored in Green. The
three distinct clusters of Karonga sequences are highlighted (I, II and III). The cluster
numbers are given for each cluster where the sequences from different patients clustered
together with bootstrap support 70% or higher.
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6.3.3 Selection pressure analysis on RT gene of subtype B and subtype C.
The positively selected sites found in RT of subtype C (Karonga and Global)
and subtype B (Global) are outlined in Table 3. In subtype C, the drug naïve Karonga
dataset showed the presence of 9 positively selected sites while the exposed
showed presence of 5 sites that were positively selected. The combined naïve and
exposed dataset showed 6 positively selected sites. While in the global subtype C
dataset, 10 and 11 positively selected sites were found in naïve and exposed
datasets respectively. The combined dataset of global subtype C showed 14
positively selected sites. None of the positively selected sites in subtype C datasets
were associated with drug resistance; however, a number of positively selected sites
with their reported association with HLA were found (Sites in bold in Table 6.3). In
the combined dataset of naïve and exposed (N+E) of global subtype C, four
additional sites (102, 123, 158 and 166) were found that were not present in
individual naïve or exposed datasets.
In the subtype B dataset, 9 and 11 positively selected sites were found in drug
naïve and exposed datasets respectively while in the combined dataset of naïve and
exposed showed 18 positively selected sites. In subtype B, two positively selected
sites (98 and 190) were found that confer drug resistance. Similar to subtype C,
three additional sites (58, 117 and 182) were found in N+E dataset (Table 6.3).
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Table 6.3, HXB2 amino acid numbers of positively selected sites in different RT
sequences. Cells shaded in N+E datasets are the additional sites found that are not
present in either naïve or exposed individual datasets. Numbers in brackets in N+E
Subtype B dataset are the frequency of the positively selected site in ten datasets.
Positions highlighted in red are the sites that confer drug resistance. Sites in bold are
amino acid sites that are sites associated with HLA (Moore et al. 2002; Chui et al.
2007).
Subtype C
Naïve
23
35
48
123
162
164
173
174
245

9

Karonga
Exposed
23
36
173
245
250

5

N+E*
23
36
48
123
173
174

Naïve
36
121
135
162
164
173
174
207
211
245

Global
Exposed
36
38
111
113
162
165
173
174
200
207
245

6

10

11

113

N+E*
36
48
102
121
123
158
162
165
166
173
174
200
207
245

Naïve
14
73
77
87
110
152
153
175
186

14

9

Subtype B
Global
Exposed
14
35
45
77
97
98
159
175
177
186
190

11

N+E*
14 (3)
35 (5)
45 (3)
58 (6)
73 (6)
77 (9)
97 (10)
98 (5)
110 (10)
117 (3)
152 (5)
153 (4)
159 (6)
175 (10)
177 (2)
182 (5)
186 (9)
190 (9)
18
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Studies on gag and env genes revealed that subtype C has emerged as the
most prevalent HIV-1 strain in Karonga District (McCormack et al. 2002). The
proportion of subtype C found in sequence datasets in the region increased from
55% in early 1980s to 90% by late 1980s (McCormack et al. 2002) and to 94% by
2009 (Seager, Unpublished). A high proportion of subtype C has also been reported
in countries neighbouring Malawi such as Tanzania (Arroyo et al. 2004), Zambia
(Trask et al. 2002), Mozambique (Abreu et al. 2008; Lahuerta et al. 2008) and
Zimbabwe (Dalai et al. 2009). The high prevalence of subtype C in Karonga can be
due to several factors, one being that this subtype is the most prevalent subtype in
the countries surrounding Malawi (Trask et al. 2002; Arroyo et al. 2004; Abreu et al.
2008; Lahuerta et al. 2008) thus limiting the possible introduction of new subtypes.
Another reason is strong founder effect, similar to the transmission of subtype B in
Europe (Paraskevis et al. 2009) and America (Junqueira et al. 2011). The available
data on subtype C in Karonga suggest that the initial subtype C in Karonga district
might have had multiple introductions of HIV-1 with limited spread in the early 1980s
and later diversified (McCormack et al. 2002). The initial number of subtype C
viruses introduced in Karonga population are likely to have been transmitted through
unprotected sex, which is the primary mode of HIV transmission in Malawi. It has
also been reported that subtype C viruses are less virulent than other subtypes
(Ariën, Vanham, and Arts 2007) resulting longer asymptomatic periods and thus
providing an opportunity for efficient transmission and making subtype C as the
dominant subtype in the population. The presence of non-subtype C in northern
Malawi has been reported as early as 1982, although at low prevalence (McCormack
et al. 2003). In this study it has been found that 97% of sequences belonged to
subtype C along with the presence of subtypes A1 and G. This is the first report of
subtype G in Malawi, although it has been previously reported in neighbouring
Zambia (Trask et al. 2002). Subtype D, which was previously reported in the
Malawian population was not found in this study. It has been reported that the local
epidemics are dominated by one or few subtypes, e.g. subtype B in Caribbean
(Nadai et al. 2009) and Bolivia (Guimaraes et al. 2012) or subtype A1 and B in Latvia
(Balode et al. 2004).
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Phylogenetic analysis of subtype C sequences showed that all sequences
from Africa were distributed across the tree with no specific cluster representing any
specific geographical region, Sequences from India formed a separate cluster,
although with low bootstrap support similar to the results obtained in a previous
study (Agnihotri et al. 2006). Previous work using env and gag gene fragments from
Karonga district identified four clusters (McCormack et al. 2002) and it was
hypothesised that one cluster may have been introduced in Karonga district from a
single event sometime in the early 1980s (McCormack et al. 2002).

This

subsequently spread and accounts for over 40% of infections seen in the district in
the late 1980s. This group (‘Malawi cluster’) appeared to be largely restricted to the
sequences from Malawi. The Malawian cluster was still present in gag phylogenetic
tree in the sequences generated from 1990 and 2000s, while in the env gene, the
cluster was split into two (Seager, unpublished). In both gag and env genes, very few
sequences from different countries were found in Malawian cluster (Seager,
unpublished). In this study, the sequences from Karonga were distributed throughout
the tree with three large clusters (although with no significant bootstrap support).
Within those three large clusters, small distinct clusters of multiple sequences from
single individuals were observed. Few clusters (14) with sequences derived from
more than one individual have been found with some of them having known
epidemiological links. However, considering geographical isolation of the Karonga
district, it can be possible that multiple transmissions from one individual might have
occurred.
The selection analysis showed the presence of positively selected sites in
both subtype B and subtype C datasets. However, none of the positively selected
sites in subtype C sequences (either drug exposed or drug naïve) are associated
with drug resistance. It seems that the reverse transcriptase gene in Karonga
dataset is not driven by antiretroviral therapy (yet at least). Similar results were
obtained in subtype C by (Varella, Schrago, and Zalis 2009) who analysed
sequences from drug naïve and treatment failure individuals separately by using
maximum-likelihood based methods. They showed that none of the sites under
positive selection from drug naïve individuals were associated with drug resistance.
However, in the same study, individuals failing treatment were showing presence of
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positively selected sites associated with drug resistance. Individuals in our work are
on ART for relatively short period of time (up to 24 months) and are responding well
to the treatment with none of these individuals showed treatment failure. Further
sampling from these individuals, and from individuals failing therapy, with sequences
from subsequent timepoints would be helpful in studying the selection pressure
operating on RT in the Karonga population. In the global subtype C sequences also
did not show any positively selected sites, this might be due the fact that the
sequences are from the samples collected at the earlier stage of the epidemic.
Furthermore, the positively selected sites in the Karonga sequences are different
than global subtype C datasets. Although the reason behind this is unknown but
generally the local epidemics are dominated by certain strains that are introduced
and later diversified thus generating a ‘local’ pool of variants. Furthermore, this study
is based on sequences generated from provirus, which might not represent the
currently circulating virus and hence might not be under drug pressure.
It has been reported that in subtype B, a positive selection at codons
conferring drug resistance was found only in drug treated individuals and positive
selection detected in drug naïve individuals was unrelated to drug resistance (de S.
Leal, Holmes, and Zanotto 2004), however, it is not clear what stage of drug
treatment the exposed individuals were. Similarly, in this study, we found two
positively selected drug resistance sites in subtype B drug exposed datasets. A
larger study, aimed at studying positive selection in 40,000 HIV-1 subtype B
sequences showed that, out of 110 positively selected sites, twenty corresponded to
known drug resistant mutations (Chen, Perlina, and Lee 2004). As antiretroviral
drugs were first introduced in developed countries in 1990s, where subtype B is
predominant, this subtype is being exposed to drug pressure since then. On the
contrary, for countries such as Malawi, where subtype C is prevalent, the
antiretroviral drugs were introduced relatively recently (in 2000s) (Brenner 2007;
McGrath et al. 2007). This might be the reason in this study to see the positively
selected sites in drug exposed individuals from subtype C are unrelated to drug
resistance. In this study, in all three datasets, positively selected sites that are
reported to have association with HLA have been found. These sites are the
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epitopes of cell-mediated immunity (Moore et al. 2002) indicating the selection
pressure is directed by immune pressure.
The sequence generated during the early seroconversion stage represents
the currently transmitted strain. These viruses that are transmitted, could be
originated from either ARV treated individuals or drug naïve individuals. One of the
aims of this study was to study the transmission of drug resistance by analysis of
recent seroconverters. None of the sequences from the recent seroconverters
showed the presence of drug resistance indicating that newly transmitted viruses in
Karonga don’t carry resistance. However, the sample number for the recent
seroconverters was very low so it is difficult to draw such conclusions regarding
transmitted drug resistant strains in this instance.
From this study, it can be concluded that subtype C is the dominant subtype
in Karonga and may continue to dominate the Karonga population, as the chances of
introduction of new subtype are limited in this region because of predominance of
subtype C in the countries surrounding Malawi. However, an increase in the
prevalence of intra-subtype recombinants is possible because of presence of other
subtypes in the population although at low levels. This study also suggests that
selection pressure on HIV in Malawi is not yet driven by antiretroviral therapy.
However, this analysis is based on proviral DNA thus limiting the study results to the
proviral DNA. HIV-1 RNA sequence represents the circulating virus that is constantly
exposed to immune and drug pressure, a comparative analysis of selection pressure
on sequences generated from RNA and proviral sequences is recommended.
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The worldwide epidemic of HIV remains a challenge despite the fact that the
first case of HIV/AIDS was identified more than 25 years ago and it has been more
than 10 years since the first use of HAART. HAART has revolutionised HIV
treatment and control as AIDS related deaths have dropped in recent years due to
the introduction of more potent drug cocktails and greater access to antiretroviral
therapies. However, the development of drug resistance remains a major obstacle in
the success of HIV treatment. The majority of HIV-positive individuals reside in SubSaharan Africa and Asia where antiretroviral treatment started relatively recently
(Keiser et al. 2008). Various factors influence the drug resistance in HIV-1 such as
the availability and continuity of drug supply, the ability of ART regimens to suppress
replication completely, the fitness of the resistant variant, and adherence to
treatment (Clavel and Hance 2004). Therefore the efforts to prevent drug resistance
should be focused on these factors.
ART became available in the Karonga District in 2005, and was comprised of
only RT inhibitors as a first line therapy. Subtype C is the most prevalent subtype in
the district, consistent with the previous reports on HIV-1 in Malawi (McCormack et
al. 2002; McCormack et al. 2003; Petch et al. 2005; Hosseinipour et al. 2009).
Despite the fact that other subtypes were also found, (and this study describes the
first report of subtype G present), they are far fewer in number and thus it is largely
the interaction of HIV-1 subtype C with available therapies that are the focus of this
project. The main aims of this project at the outset were threefold; 1) to sequence RT
from approximately 1000 and PR from 50 HIV-1 infected individuals in order to
monitor the baseline drug resistance in the Karonga District, 2) to genotype newly
infected individuals to detect possible transmission of drug resistant strains and 3) to
monitor the development of drug resistance in individuals attending ART clinic. As
RNA stabilization was not feasible considering the scale of the sampling programme
involved and proviral DNA in newly infected individuals could be a reasonable
measure of active virus present, it was decided to genotype the provirus for the
project. The initial part of this study was based on conventional bulk sequencing of
RT and PR and chapter 3 showed the presence of DRMs in the drug naïve
population at a rate of 15%. However, additional drug resistance mutations were
present in clones that were sequenced from selected individuals and for some
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individuals where no DRMS were detected in the consensus sequence, DRMS were
present in clones from the same individual. This underlined the importance of
sequencing multiple variants in order to detect minor drug resistant variants and
showed the limitations of bulk sequencing for detecting DRMs from provirus at least.
Furthermore in chapter 3, using bulk sequencing to detect DRMs in individuals on
ART, some individuals showed DRMs at baseline but no DRMs at subsequent
timepoints further pointing to the limitations of bulk sequencing as this technique
yield sequence from only one virus.
Due to this limitation, further bulk sequencing was not performed. To detect
low abundant variants, traditionally, methods such as single genome amplification,
and real-time PCR are used. However, these methods are labour intensive, time
consuming and restricted to the detection of few variants. The study was then
focused on establishing UDPS technology in the laboratory and using it to resolve
the discrepancy in the presence and absence of DRMs found by bulk sequencing at
different timepoints in individuals on ART. UDPS technology, which has wide range
of applications in the field of genetics, is now being used to study viral quasispecies
and drug resistance. PCR is used to amplify the templates that are subjected to
UDPS. Though PCR optimization was carried out in order to maximize the diversity
of templates subjected to UDPS, this work suggests that it is the quality of the initial
amplification of templates that is of major importance for characterizing genetic
diversity of HIV-1 quasispecies rather than the number of PCR steps. For those
samples that had weak PCR amplification, fewer and shorter sequences were
returned by UDPS than samples with strong amplification, and many more reads had
low identity to the consensus sequence. Despite multiple first and secondary PCRs
being used to maximise diversity, there were some DRMs absent in the UDPS data
that were present in the consensus sequence generated through bulk sequencing.
For some of these PCR bottleneck cannot be ruled out as a cause despite multiple
PCR products being combined. To overcome this, a number of approaches can be
used i) mixture of two primer sets in the outer PCR reaction (Messiaen et al. 2012) ii)
use of quantitative real-time PCR to measure directly the concentration of DNA
followed by use of bioinformatics applications to guide the dilution of DNA to use for
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PCR (Butler et al. 2009) and more accurate method iii) use of unique primer id for
each template subjected to the initial PCR reactions (Jabara et al. 2011)
This study showed the presence of DRMs in RT and PR genes in drug naïve
individuals in Karonga population. Prior to the availability of ART in the Karonga
district since June 2005, Nevirapine was available for the PMTCT (Prevention of
Mother to Child Transmission) and full ART would have been available to number of
individuals. Thus some individuals that are assumed to be drug naïve might have
been exposed to drugs (either they did not disclose the fact or they were not aware
of having ART, e.g. in the case of PMTCT). This might be one of the possible
reasons of finding DRMs in naïve individuals but it cannot be ruled out that these
DRMs in drug naïve individuals may also represent natural polymorphisms or
transmitted strains. The recent seroconverters included in this study did not show
any DRMs but they are a small number of individuals. However, given the lack of
confidence in knowing absolutely if an individual was indeed drug naïve and given
the lack of DRMs in newly infected individuals DRMs found in drug naïve individuals
cannot be taken as strong evidence for transmission of drug resistant strains in
Karonga District. This study suggests that selection pressure on HIV in Malawi is not
yet driven by antiretroviral therapy. Further follow-up of these individuals can reveal
a better picture of the drug resistance in these individuals. Natural polymorphisms
may affect ART in different ways in different populations (Martinez-Cajas et al. 2008)
hence it is difficult to know the effect of the polymorphisms on drug resistance in the
Karonga population. This study also showed that DRMs in RT associated with
current antiretroviral therapy (i.e. d4T, 3TC and nevirapine) were found in 20% of the
individuals (both drug naïve and drug exposed). Furthermore several mutations that
cause resistance Nevirapine are reported in this study (A98G, K103KN, Y181C,
G190A). This suggests that the resistance is acquired either during current therapy
or due to possibility of receiving Nevirapine as PMTCT before they enrolled in the
ART, although transmission remains a possibility.
As ART is becoming increasingly available in resource-limited settings, the
need for genotyping tests and viral load monitoring is increasing (Calmy et al. 2007).
Treatment failure can be monitored by viral load assays. Regular viral load
assessment allows the early recognition of treatment failure and an associated

121

Chapter 7

General Discussion

change of therapy in time, which can avoid the accumulation of resistance mutations
and the development of cross-resistance. Along with viral load assays the
genotyping in order to assess drug resistance is helpful for the selection of optimal
therapy. One study in southern Malawi showed a high rate of drug resistance in
individuals showing treatment failure (Hosseinipour et al. 2009). The results of this
study, based on sequencing of viral RNA, were supported by the availability of CD4
count and viral load monitoring and underlined the need for improvement of
monitoring ART failure in resource poor setting (Hosseinipour et al. 2009). However,
in the case of rural Malawi such as Karonga District viral load monitoring is not a
routine practice. The lack of storage and transport capacity to keep RNA stable
hampers viral load testing. Instead, treatment failure is measured by clinical
progression or immunologic failure. Although DRMs were found in the Karonga
population, it is unlikely that this data can be used immediately in changing the
treatment strategy of any individual because of the limited availability of alternate
regimens permits very little change based on genotyping results. Thus clinicians will
run out of choices if resistance is developed to an alternative drug. Furthermore the
effect of the polymorphisms in subtype C is unknown; hence it is not known that
these DRMs will cause resistance in the respective person. So these initial studies
are important to document genotype and further monitoring of these individuals is
very important so that these DRMs can be linked to further treatment failure.
It has been suggested that in resource limited settings, whole blood cells or
dried blood spots (DBS) could be useful for HIV-1 subtyping or examining overall
distribution of drug resistance in a population (Steegen et al. 2007). The results from
our study also suggest that genotyping based on whole blood samples could be
helpful in drug resistance. However, various factors can affect the emergence of
drug resistance in resource-limited settings. The effect of ART can lead to less
infectious HIV in the individuals on ART due to lowering of viral load during
successful treatment. This benefit can be hampered by an increase in the time
available for transmission and thus increasing the probability of more sexually active
HIV-1 infected individuals. Furthermore, as treatment success increases, it can lead
to behavioural changes such as low adherence to the drugs and thus increasing
chances of development of resistance. This makes drug resistance testing at
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baseline important in order to identify any DRMs, which may develop rapidly under
suboptimal adherence or increase in risky behaviour. Genotyping is common in the
western world and a well-established drug resistance profile for subtype B is
available. In the case of resource-limited settings, the allocation of resources for
laboratory testing has not been a priority. As ART continues to be scaled up rapidly,
it is necessary to have an assessment of transmitted and acquired drug resistance.
Population-based genotyping assays such as ViroSeq® and TRUGENE® are
affordable genotyping methods and are available easily in the western world
(Saravanan et al. 2009). However these assays were primarily designed for subtype
B viruses thus limiting their utility in countries where non-B subtypes are prevalent
(Beddows et al. 2003; Aghokeng et al. 2011). A low-cost alternative to the current
genotyping method based on UDPS was successfully used on 48 plasma samples in
a single sequencing run. This method was found to be 4-fold more sensitive and 3 to
5 times less expensive than bulk sequencing (Dudley et al. 2012). This method,
although was performed on relatively small number of samples, can be exploited
using bench top next generation sequencer (Roche/454GS Junior) and can be
implemented in resource poor settings. However, in the case of Karonga district,
there is a need to have increased focus on providing basic laboratory facilities that
can provide good storage for the plasma RNA. Alternatively, a tagged pooled
pyrosequencing (TPP) that was effectively used on dried blood spots (Ji et al. 2011)
can also be successfully implemented on proviral DNA at places where RNA storage
facilities are not available.
Subtype C is found to be predominant subtype in the Karonga district and it
can be concluded that this subtype C may continue to dominate in the near future
due to limited chances of introduction of new subtype in the region. Furthermore,
analysis of selection pressure on the sequences generated in this study showed that
selection pressure on HIV in Karonga District is not yet driven by antiretroviral
therapy although the study was limited to proviral DNA. A comparative analysis of
selection pressure on sequences generated from RNA is recommended.
Thus, improved sample collection and processing is important and is
recommended for detailed study on drug resistance in resource-limited settings such
as Karonga District, Malawi. To achieve this, more investment in the basic laboratory
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facilities and training is recommended so that it would lead to more accurate sample
processing and storage. Furthermore such investment can give training and
encouragement to local researchers ultimately benefiting those who are mostly
affected by the epidemic.
.
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Appendix
Appendix Table 1: The nucleotide sequences of GS FLX Titanium Fusion Primers with MID and template specific PCR primers. For each sample, Primer A
represents a forward primer and Primer B represents reverse primer.

Patient
Pt2_0
Pt2_11
Pt2_14
Pt32_0
Pt32_ 7
Pt32_16
Pt32_24
Pt42_0_08
Pt42_0_09
Pt45_0
Pt45_8
Pt45_13
Pt76_0
Pt76_6
Pt76_9

Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B
Primer A
Primer B

GS FLX Primers (Last 4 bases are ‘key’)
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
CGTATCGCCTCCCTCGCGCCATCAG
CTATGCGCCTTGCCAGCCCGCTCAG
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MID
ACGAGTGCGT
ACGAGTGCGT
TCTCTATGCG
TCTCTATGCG
TACTGAGCTA
TACTGAGCTA
ATCAGACACG
ATCAGACACG
ATATCGCGAG
ATATCGCGAG
TGATACGTCT
TGATACGTCT
CGTGTCTCTA
CGTGTCTCTA
ACGCTCGACA
ACGCTCGACA
TAGTATCAGC
TAGTATCAGC
CATAGTAGTG
CATAGTAGTG
CGAGAGATAC
CGAGAGATAC
TCACGTACTA
TCACGTACTA
AGCACTGTAG
AGCACTGTAG
CTCGCGTGTC
CTCGCGTGTC
AGACGCACTC
AGACGCACTC

Template specific Primers
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC
CCAGTAAAATTAAAGCCA
TCCCACTAACTTCTGTATATC

Appendix
Appendix Table 2: Number of segregated reads obtained after processing the reads obtained after data cleaning. Reads obtained after quality
control, were segregated into five categories on the basis of their length.

Nt
Length

Pt2_0

Pt2_11

Pt2_14

Pt32_0

Pt32_7

Pt32_16

Pt32_24

Pt42BL1

Pt42BL2

Pt45_0

Pt45_8

Pt45_13

Pt76_0

Pt76_6

Pt76_9

188

439

596

591

433

134

318

157

328

2039

430

422

1680

2008

590

50-99

9244

6428

9021

4318

4786

1548

5670

5540

3092

4343

4460

3955

7296

11042

5655

100149

2890

1893

2373

1573

2157

430

2271

1170

716

1465

1518

1257

2421

2939

1975

150199

1384

1022

1291

2023

2053

381

2073

1041

480

1697

1069

872

2200

3492

1879

200249

5662

3566

4099

3587

6614

1529

5564

1837

2098

6000

4765

3722

3048

7706

3389

>250

7125

4705

8116

4222

3839

965

3966

5415

1757

4238

3196

3131

7266

6687

4959

Total

26493

18053

25496

16314

19882

4987

19862

15160

8471

19782

15438

13359

23911

33874

18447

<49
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Appendix

Appendix Table 3: The numbers of unique sequence and amino acid variants in the sequences obtained by all 15 samples from five patients.
The first column represents the numbers of sequence reads in a sequence set of greater than 250 nucleotides followed by details of
sequences with forward and reverse strands including number of reads, length after making a uniform sequence length alignment, nucleotide
variants, percentage variants in total number of reads.

Pt76_9

4959

Patient
and Time
point
Pt2_0
Pt2_11
Pt2_14
Pt32_0
Pt32_7
Pt32_16
Pt32_24
Pt42_BL1
Pt42_BL2
Pt45_0
Pt45_8
Pt45_13
Pt76_0
Pt76_6

Reads
(>250nt)

1406
Reads

7107
4701
8112
4222
3839
965
3966
5415
1757
4285
3192
3131
7265
6686

2155
1174
2129
950
1109
449
1815
1267
560
1191
1332
1320
1952
2300

252

602

Forward
Length
Nt
(nt)
Variants
258
759
258
594
252
644
258
295
255
367
255
150
240
524
252
535
255
254
222
412
243
538
249
515
249
824
255
1046

342
AA
Variants
469
426
491
223
266
119
371
246
182
214
334
291
472
584

3553
Reads
4952
3527
5983
3272
2730
516
2148
4148
1197
3094
1860
1811
5313
4386

246

1483

Reverse
Length
Nt
(nt)
Variants
240
1396
237
1494
237
1640
237
664
237
703
243
151
237
641
237
1335
240
568
246
547
222
644
258
804
237
1970
237
1540

161

908
AA
Variants
869
995
1033
473
504
119
471
618
350
390
384
614
1081
1006
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Abstract

In this preliminary study we show that in 2008, 3 years after antiretroviral therapy was introduced into the
Karonga District, Malawi, a greater than expected number of drug-naive individuals have been infected with
HIV-1 subtype C virus harboring major and minor drug resistance mutations (DRMs). From a sample size of 40
reverse transcriptase (RT) consensus sequences from drug-naive individuals we found five showing NRTI and
four showing NNRTI mutations with one individual showing both. From 29 protease consensus sequences,
again from drug-naive individuals, we found evidence of minor DRMs in three. Additional major and minor
DRMs were found in clonal sequences from a number of individuals that were not present in the original
consensus sequences. This clearly illustrates the importance of sequencing multiple HIV-1 variants from individuals to fully assess drug resistance.

M

resistant strains are extremely important both given the more
recent wide-scale availability of ART in countries in which
subtype C is predominant, and as the prevalence of non-B
HIV-1 increases in countries in which antiretroviral drugs are
widely used.
Karonga District is the northernmost district of Malawi and
HIV-1 subtype C has been reported to be the most predominant subtype in this District.7 ART drugs were introduced in
Malawi first in the context of prevention of maternal-to-child
transmission (PMTCT) through antenatal clinics (using a
mother and child nevirapine regime, which is ongoing). Full
ART first became available at public clinics in the two major
cities in Malawi in 2003, in the regional capital in 2004, and at
Karonga district hospital in June 2005, at which time Karonga
residents who had been seeking care outside the district were
transferred to local services. ART delivery has been largely
based on clinical assessment with CD4 counting becoming
available in January 2008 at one clinic. Viral load assessment
and routine drug resistance testing are not available and the
baseline genotype of the genes, which are the targets for ART,
are unknown. The objective of this study was to investigate
the presence of polymorphisms associated with drug resistance found in the reverse transcriptase (RT) and protease
(PR) regions and to explore the intrapatient diversity of HIV-1
in these gene regions at a time when most individuals seen are

alawi has an HIV-1 prevalence of around 12%
(UNAIDS 2009). Although the prevalence is higher in
urban areas, 80% of the population lives in rural areas, and the
epidemic in these areas remains a concern and access to
treatment more problematic. Over 200,000 people in Malawi
have been on antiretroviral therapy (ART) and approximately
147,000 are currently on treatment.1 Around 95% of them are
on first-line therapy, 4% are on alternative first-line therapy,
and less than 1% are on second-line therapy.1 A fundamental
concern of antiretroviral drug delivery programs is the
avoidance of the development of widespread drug resistance.
Drug resistance mutations (DRMs) have been primarily
characterized for subtype B, which is predominant in America, Europe, and Australia where ART has been available for a
decade and half, and where approximately 10% of new HIV
infections are with drug-resistant isolates.2 Fewer studies
have characterized drug resistance in subtype C, which is
responsible for more than 50% of worldwide infections.
However, minor mutations associated with drug resistance
have been reported in HIV-1 subtype C-infected drug-naive
patients in a number of African locations including Malawi,
and the percentage of drug-naive individuals harboring HIV
with DRMs thus far has been shown to vary between 2% and
10%.3–6 Further characterization of drug resistance mutations
in subtype-C HIV-1 and monitoring for transmission of drug-
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drug naive and transmission of drug resistance from ARTtreated individuals should be uncommon.
DNA was extracted from blood samples from 71 individuals living in Karonga District, Malawi using the QIAamp
DNA Blood Mini Kit (QIAGEN Ltd). Extracted DNA was
subjected to nested polymerase chain reaction (PCR) amplification of the HIV-1 PR and RT genes employing the primers
previously described.6 The PCR mixture contained 1.5 mM
MgCl2, 1.5 units of Taq (Roche Expand High Fidelity PCR
system), 0.8 mM each dNTP, and 5 pM primers (Eurofins
MWG Operon). The cycling conditions were as follows:
‘‘hotstart’’ at 988C for 1 min, primary denaturation at 948C for
2 min followed by 35 cycles with 1 min denaturation at 948C,
1 min annealing at 428C, 4 min extension at 728C, and final
extension for 7 min at 728C. For each gene region from 10
samples two PCR amplifications were pooled and the mixture
cloned using the TOPO Cloning Kit (Invitrogen). Colony PCR
and sequencing were carried out on 30 colonies per sample.
Sequences obtained were edited in SeqMan (Lasergene,
DNASTAR, Inc) and aligned using MacClade 4.0 (Sinauer
Associates).
Preliminary phylogenetic analyses were first carried out to
identify the subtype status of all sequences generated. Subsequently all consensus and clonal sequences that were subtype C were assembled into multiple alignments for each gene
region using MacClade 4.0. Phylogenetic trees were reconstructed using the LANL (www.hiv.lanl.gov/content/
index) subtype C ancestral sequence as outgroup under the
GTR þ gamma model of DNA substitution implemented
RAxML 7.0.38 with all parameters optimized by RAxML.
Confidence levels in the groupings in the phylogeny were
assessed using 1000 bootstrap replicates as part of the RAxML
phylogeny reconstruction. To evaluate the effect of DRMs on
clustering of individual sequences, analyses were also carried
out with all sites showing the presence of DRMs removed.
Sequences were submitted for analysis of DRMs to the Stanford Database (http://hivdb.stanford.edu).
Of the 71 DNA samples, amplification and sequencing
were successful from 62 for RT and from 53 for PR. Three RT
and six PR sequences were excluded from analysis because of
poor quality and four individuals were infected with nonsubtype C virus (no DRMs were present in these non-C sequences). For both gene fragments from subtype C strains
phylogenetic analyses with and without DRMS present
showed identical tree topologies indicating that sharing
the same DRM was not, by itself, responsible for individual
sequences clustering together. Figure 1 shows the relationships between sequences with DRMS included.
RTsequences included sequences from 40 individuals who
were drug naive and from 17 who had been on ART. None of
the drug-exposed individuals showed any DRMs, however,
five (5/40) drug-naı̈ve individuals showed nucleoside reverse
transcriptase inhibitor (NRTI) resistance mutations and four
(4/40) showed non-NRTI (NNRTI) resistance mutations with
both types of drug resistance mutations found in one individual (Table 1). The NRTI mutations found were V75LV (one
individual) and V118I (four individuals) with five NNRTI
mutations identified (A98G, K101Q, V106LV, E138A, and
G190R) (Table 1). V118I occurs in *2% of untreated persons
infected with subtype C and with increased frequency in
persons receiving multiple NRTIs.9 It causes low-level resistance to 3TC and possibly to other NRTIs when present with
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Table 1. Mutations Associated with Antiretroviral
Drug Resistance Found in Consensus Sequences from
HIVþ Individuals from Karonga District Malawia
Reverse transcriptase
Sample no.
Drug exposed
54302
53972
53278
53974
Drug naı̈ve
54208
53394
53436
53733
53900
54434
53977
54023
54117
54357

NRTI

NNRTI

Protease

No sequence
No sequence
None
None
None
None

T74S
L76S
T74S
L10V, T74S

No sequence
V118I
V118I
V118I
V118I
V75LV
None
None
None
None

T74S
None
No sequence
No sequence
None
None
T74S
T74S
None
No sequence

None
None
None
None
V106LV
None
K101Q, E138A
G190R
A98G

a
Mutations involved in resistance to NRTI and NNRTI drugs and
minor mutations involved in resistance to protease inhibitors are
shown. The four shown in bold were previously drug exposed prior
to enrolling in the study.

other mutations.10 This was the only mutation found in both
previous studies of drug resistance mutations in Malawi, being present in 4 of 21 individuals studied by Petch et al.3 and
15 of 96 individuals with confirmed virologic failure by
Hosseinipour et al.11 Of the other drug resistance mutations
found K101Q minimally reduces susceptibility to each of the
NNRTIs, whereas mutation at position 75 (V75T/M/A/I) is
associated with reduced NRTI susceptibility (http://hivdb
.stanford.edu).
According to the Stanford database G190R is a highly unusual mutation and is flagged as an NNRTI resistance mutation. Little seems to be known about the effects of this
mutation as yet in subtype C but G190A/S/E/Q/T/V/C are
NNRTI resistance mutations. Similarly, although V106A
causes high-level resistance to NVP and DLV and low to intermediate resistance to EFV, V106L is a rare polymorphism
and its association with NNRTI resistance is less clear; E138A
is responsible for decreased ETR response and A98G reduces NVP susceptibility by two- to threefold (http://hivdb
.stanford.edu).
Cloning was successful for seven samples (Table 2). From
individuals whose consensus sequence showed neither NRTI
nor NNRTI drug resistance mutations, none of the clonal
sequences generated showed drug resistance mutations
(Table 2). All cloned sequences obtained from individual
53733 contained the NRTI V118I mutation that was found in
the consensus sequence and one clonal sequence showed an
additional L74K NRTI-resistant mutation. The consensus sequence retrieved from individual 54117 showed a G190R
(NNRTI) mutation and also had four stop codons at positions
71, 88, 212, and 239 (according to HXB2 RT gene). All clones
obtained from this individual showed the same four stop
codons and the same G190R mutation. This study utilized
proviral DNA to generate RT and PR sequences due to the
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FIG. 1. Maximum likelihood trees generated from reverse transcriptase (a) and protease (b) genes from HIV-1-positive
individuals from Malawi. Branches in color represent sequences from multiple clones of different individuals. Branches in
bold are those showing drug resistance mutations. The numbers on the branches are bootstrap values. *(a) Two consensus
sequences showing the presence of drug resistance mutations grouping together with high support. *(b) Consensus sequences
from a husband and wife pair that group together with high bootstrap support.
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Table 2. Summary of Amino Acid Diversity in Multiple Sequences Retrieved from Individuals
Showing Evidence of NRTI and NNRTI Resistance Mutations in the Original Consensus
Sequence and from Those That Did Nota
Mutation in original sequence

Sample no.

NRTI

NNRTI

Number of cloned
sequences obtained

NRTI mutations
found in clones

NNRTI mutations
found in clones

53277
53213
53218

None
None
None

None
None
None

1
27
26

None
None
None

53889b
53733
53900
54117c

None
V118I
V118I
None

None
None
None
G190R

27
18
24
20

None
L74K, V118I
V118I
None

None
None
None
None
None
None
None
G190R

a

Drug-exposed individuals are in bold.
Consensus sequence was different from each of the clones.
All clones and consensus contained four stop codons.

b
c

difficulty of working with RNA in this context (i.e., getting
samples from a large population study in rural Africa). HIV-1
with a G–A hypermutation at positions 88 and 212 has previously been found in resting CD4 cells and the resulting
DNA is reported to be degraded or defective.12,13 It is possible
that the plasma of this individual would yield functional HIV1. It is also possible that the individual may be infected with a
defective virus and that this might affect disease progression.
The phylogenetic relationships of the RT sequences from
most individuals were straightforward with both the clonal
and consensus sequences grouping together in monophyletic
groups, with high bootstrap support (Fig. 1a). The clones and
the consensus sequence from 53733 appear to be ancestral to
the virus infecting individual 53900 with both of these individuals infected with viral strains containing the same NRTI
DRM (V118I). There is no known epidemiological link between these individuals. The laboratory work on these samples was carried out by different people and therefore
contamination is not likely in this case. Of the individuals for
whom the PCR products were not cloned there is only one
instance of clustering of sequences containing DRMs with
high bootstrap support (see the asterisk in Fig. 1a). One of
these individuals is a male and the other is a female. These

individuals are in the same reporting group and thus may live
geographically close together.
Of 45 subtype C protease sequences, 16 were from drugexposed individuals and 29 were from drug-naive individuals. Seven consensus sequences showed minor PI mutations
including three from drug-naive individuals (Table 1). Cloning was successful for eight samples, three for which the
consensus had shown minor resistance sites and five for
which the consensus showed no drug resistance mutations.
Three drug-exposed individuals (53278, 54302, and 53974)
showed minor PR resistance mutations in clonal sequences
that were not seen in the consensus sequences, whereas 53278
also showed evidence of major PR resistance mutations in the
sequenced clones (Table 3). Furthermore, this pattern was
repeated among the drug-naive individuals with major and
minor DRMs present in clones that were not present in the
consensus sequence (Table 3). Clones of 53278 showed major
mutations D30N, M46I, and I84T. D30N causes high-level
resistance to NFV and potential low-level resistance to ATV.
M46I decreases susceptibility to IDV, NFV, FPV, LPV, and
ATV when present with other mutations. I84V causes intermediate to high-level resistance to various PIs. Minor mutations at position 10 (L10I/V/F/R/Y) are associated with

Table 3. Summary of Amino Acid Diversity in Multiple Sequences Retrieved from Individuals
Showing Evidence of Protease Inhibitor Resistance Mutations in the Original Consensus
Sequence and from Those That Did nota
Mutation in original sequence
Sample no.

Major

Minor

Number of cloned
sequences obtained

PI resistance major
mutations found in clones

PI resistance minor
mutations found in clones

53278
53354
53974
54023
53394
53431
53843
54094

None
None
None
None
None
None
None
None

T74S
None
L10V, T74S
T74S
None
None
None
None

14
9
29
25
28
30
30
23

D30N, M46I, I84T
None
None
None
None
None
None
I47M

G48R, T74S
None
L10V, G48R, T74S
M46T, T74S
None
None
None
None

a

Drug-exposed indivudals are in bold.
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resistance to most PIs when present with other mutations and
mutation at this site occurs in 5–10% of untreated persons
including subtype C-infected individuals in Africa.4,5,11,14
Mutation at position 74 (T74S) is associated with reduced
NFV susceptibility whereas mutation at position 76 (L76V)
reduces susceptibility to FPV, IDV, LPV, and DRV and increases susceptibility to SQV, ATV, and TPV.14,15
For most individuals phylogenetic relationships between
the sequences were uncomplicated; however, while 10 clones
and the consensus sequence from individual 53278 clustered
closely and all showed the T74S minor PI mutation, sequences
of three variants clustered together in the tree with sequences
retrieved from a different individual with whom she has no
known epidemiological links (Fig. 1b) rather than with other
53278 sequences. These three sequence variants were those
that showed major PR inhibitor resistance mutations. Furthermore, none of these three variants showed the original
T74S mutation but did show another minor PI mutation
(G48R). One additional clone sequence was found clustering
with clonal sequences from another female, 54023, again with
whom she had no known link.
This work clearly shows the presence of both NRTI and
NNRTI drug resistance mutations and the presence of minor
and major PR resistance mutations in a number of drug-naive
individuals in rural Malawi in 2008 3 years after ART became
widely available in the district. We have also shown the
importance of sequencing multiple HIV-1 variants from individuals to fully assess drug resistance, as a number of individuals have shown major and/or minor drug resistance
mutations in sequenced clones that were not present in the
consensus sequences. Sequencing multiple clones of RT and PR
from 16 individuals showed that one of them (female, aged 52,
53278 in Fig. 1b) was dual infected and showed evidence of
being infected with viruses containing DRMs. The dual infection was confirmed by sequencing of multiple clones of thegag
gene as part of another project, which showed a similar pattern
of multiple lineages for this individual (Seager, unpublished).
In terms of identifying possible transmission events involving
HIV-1 with DRMs, apart from the dually infected individual
mentioned above, there are very few cases of clustering of
sequences from individuals with DRMS.
Our analyses showed that the presence of DRMs alone was
not responsible for the pattern of relationships shown on the
trees indicating common ancestry rather than convergence.
However, given the short length of gene fragments used to
explore drug resistance and in many cases having sequence
evidence from only one gene, such results are not reliable
reports of transmission and sequencing of additional loci is
underway to confirm transmission in each case.
The presence of drug-resistant mutations in drug-naive
individuals may prevent successful treatment of certain individuals. This knowledge may also inform policymakers in
planning future therapy strategies as this indicates that
additional therapy combinations may be required. Although
antiretroviral drugs were made more widely available in
Karonga District in June 2005, prior to this NVP was available
for the PMTCT in antenatal clinics and full ART would have
been available to a number of individuals elsewhere in
Malawi in 2002. Thus, it is also possible that some individuals
assumed to be drug naı̈ve did not disclose (or in the case of
PMTCT were not aware of ) ART exposure, and did not
appear in the ART study cohorts. Furthermore, the presence

5

of DRMs in drug-naive persons may represent natural polymorphisms and may not be suggestive of transmission of
DRMs. The impact of such natural polymorphisms on the
development of drug resistance in those people at commencement of ART is unknown and such individuals need to
be monitored. Indeed the impact of such polymorphisms on
the HIV-1 subtype C-infected population and the speed of
more widespread drug resistance are also unknown. Therefore it may be important to further examine some of the individuals and mutations found during this study in view of a
long-term treatment strategy in the district.
Sequence Data
All sequences have been deposited into GenBank, accession
numbers HQ159410–HQ159841, and alignments employed in
this work are available from the authors on request.
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Abstract
Background: Drug resistance testing before initiation of, or during, antiretroviral therapy (ART) is not routinely
performed in resource-limited settings. High levels of viral resistance circulating within the population will have
impact on treatment programs by increasing the chances of transmission of resistant strains and treatment failure.
Here, we investigate Drug Resistance Mutations (DRMs) from blood samples obtained at regular intervals from
patients on ART (Baseline-22 months) in Karonga District, Malawi. One hundred and forty nine reverse transcriptase
(RT) consensus sequences were obtained via nested PCR and automated sequencing from blood samples collected
at three-month intervals from 75 HIV-1 subtype C infected individuals in the ART programme.
Results: Fifteen individuals showed DRMs, and in ten individuals DRMs were seen from baseline samples (reported
to be ART naïve). Three individuals in whom no DRMs were observed at baseline showed the emergence of DRMs
during ART exposure. Four individuals who did show DRMs at baseline showed additional DRMs at subsequent
time points, while two individuals showed evidence of DRMs at baseline and either no DRMs, or different DRMs, at
later timepoints. Three individuals had immune failure but none appeared to be failing clinically.
Conclusion: Despite the presence of DRMs to drugs included in the current regimen in some individuals, and
immune failure in three, no signs of clinical failure were seen during this study. This cohort will continue to be
monitored as part of the Karonga Prevention Study so that the long-term impact of these mutations can be
assessed. Documenting proviral population is also important in monitoring the emergence of drug resistance as
selective pressure provided by ART compromises the current plasma population, archived viruses can re-emerge
Keywords: HIV-1, drug resistance, subtype C, ART, Malawi, Reverse transcriptase

Introduction
It has been estimated that in sub-Saharan Africa, approximately 3.9 million people have started antiretroviral treatment (ART) since its introduction (UNAIDS, 2010). Given
the large population on treatment, viral diversity coupled
with low adherence could lead to the emergence and
large-scale transmission of drug resistant strains. Rates of
drug resistance among patients who received ART in subSaharan Africa range from 3.7%-49% after 24-163 weeks
of HAART [1]. Various factors contribute to this large
* Correspondence: grace.mccormack@nuigalway.ie
1
Molecular Evolution and Systematics Laboratory, Zoology, Ryan Institute,
School of Natural Sciences, National University of Ireland, Galway, Ireland
Full list of author information is available at the end of the article

range in resistance among African cohorts such as variation in available healthcare systems and practices, adherence, and access to monitoring [2]. Development of DRMs
to Trioimmune®, the drug combination used as first line
therapy in Karonga District, Malawi, has been reported in
Zambia [3], South Africa [4], Cameroon [5], Kenya [6] and
Uganda [7]. Previous studies on drug resistance in Malawi
showed various DRMs to both NRTIs and NNRTIs in
both drug naïve individuals [8] and those failing therapy
[9]. However, very little data is yet available on the emergence of drug resistance to ongoing treatment and the
transmission of drug resistant variants in subtype C
infected countries [3,5-7,10].

© 2011 Bansode et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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The Malawi antiretroviral treatment (ART) program
started in 2004, and between then and the end of June
2010 over 225, 000 patients had initiated first-line antiretroviral therapy (ART) through 396 ART clinics [11]. As
part of the Karonga Prevention Study (KPS), investigating
how the availability and use of ART may change the HIV
epidemic and its socio-demographic impact in the rural
Karonga District, (northern Malawi), an ART research
cohort was established from those attending the ART
clinic at Chilumba Rural Hospital. HIV-1 subtype C is
the predominant subtype in this District [12]. The objective of this overall study was to investigate the success of
the current ART delivery programme in a rural population, and, as a component of this, to investigate the evolution of drug resistance using a traditional consensus
sequence genotyping approach.

Materials and methods
Study Participants and Treatment schedules

At the Ministry of Health ART clinic at Chilumba Rural
Hospital all those attending for screening for ART suitability and who are resident in a geographically defined
area adjacent to the clinic, are invited to take part in an
observational cohort study. Every three months participants are clinically assessed by KPS research staff. Blood
samples are collected at the their first visit (baseline) and
at every follow-up visit. A CD4 count is performed at
baseline, 6, 12 and 24 months or at the time of a clinical
failure, defined by a new WHO stage 3 or 4 event after
six months of therapy (WHO, 2006). First line therapy is
a generic fixed-dose combination treatment (Triommune®), which consists of: stavudine (d4T), lamivudine
(3TC), and nevirapine (NVP). All individuals were on
first line therapy only.
DNA Extraction, PCR and Sequencing

Whole blood samples were collected in 4.5 ml vacutainer
tubes. Samples were centrifuged and plasma and cell pellet were stored separately at -70°C. DNA was extracted
from whole blood cell pellet samples using the QIAamp
DNA Blood Mini Kit (QIAGEN ltd). Extracted DNA was
subjected to nested PCR amplification of the HIV-1
reverse transcriptase as described in Bansode et al [13].
All PCR amplicons were gel purified and automatically
sequenced.
Sequence Analyses

Sequence chromatographs were edited in SeqMan
(DNASTAR, Inc) and all sites that showed ambiguities
(two or more peaks of equal, or almost equal, height) were
noted. Multiple alignments were assembled of all subtype
C sequences generated with the 57 reverse transcriptase
sequences generated from [13] using MacClade 4.0
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(Sinauer Assoc). Sequences were submitted for analysis of
DRMs to the Stanford Database [14]. To check for transmission of DRMs, phylogenetic trees were reconstructed
using the LANL subtype C ancestral sequence as outgroup
under the GTR + gamma model of DNA substitution
implemented RAxML7.0.3 [15] with all parameters optimised by RAxML. Confidence levels in the groupings in
the phylogeny were assessed using 1000 bootstrap replicates as part of the RAxML phylogeny reconstruction.
Permission for the study was received from the National
Health Sciences Research Committee, Malawi, and the
Ethics Committee of the London School of Hygiene and
Tropical Medicine, UK

Results
One hundred and forty nine subtype C sequences were
generated from 75 individuals, 65 of which were from
blood samples collected at baseline (and reported to be
ART naïve). DRMs were found in sequences from 15
individuals (20%) overall, and for 10 individuals (15.4%)
the mutations were found in sequences from baseline
samples (drug naïve). Details of observed drug resistance
mutations are summarized in Table 1. Seven individuals
showed DRMs (or ambiguities that suggest the presence
of DRMs) to NRTIs used in Karonga with 6/7 showing
the mutation V118I. While ten individuals showed the
presence of DRMs to NNRTIs only five showed DRMs
against therapies used in Karonga, the most common
being Y181C and G190AE.
Some individuals showed a discrepancy in the presence and type of DRMs over time. Three patients (Pt2,
Pt12 and Pt66) did not show any DRMs at baseline but
showed DRMs at subsequent time points (Table 1).
Patient 2 also showed a significant drug resistancerelated ambiguity (K103KN) in the consensus sequence
at 6 months while a different DRM was seen at 9
months (Y181C). No DRM was seen in the sequence
from the 12-month sample. Patient 12 showed a similar
pattern, where an NNRTI associated mutation
(Y181NY) was present in the sequence collected at 3
months, while the sequences at baseline and 12 months
did not show any DRMs (Table 1). Both individuals
(patient 2 and patient 12) showed immune failure (their
CD4 count did not rise over 200 cells/mm 3 after 12
months on ART).
Three patients (Pt32, Pt61 and Pt76) showed DRMs at
baseline but different DRMs at later time-points (Table 1)
with patient 32 showing a high variation of DRMs across
timepoints. The baseline sequence from patient 61 showed
V118I and K219R, the latter of which was not found in the
sequence at 9 months. In Patient 76, the baseline sequence
showed the ambiguity Y181CY, with two additional
NNRTI mutations (V90IV and H221HY), the 6 months
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Table 1 Mutations associated with antiretroviral drug resistance found in sequences from HIV-1 subtype C infected
individuals from Karonga District Malawi
Patient
Patient 2 *

Comments

Sex

Time point (month)

NRTI

NNRTI

Immune Failure

F

0

No DRMs

No DRMs

6

No DRMs

K103KN

9

No DRMs

Y181C

12

No DRMs

No DRMs

0

No DRMs

E138A

6

No DRMs

E138A

Patient 5
Patient 12 *

F
Immune Failure

Patient 14
Patient 20

Patient 32 *

Patient 42 *

Immune Failure

F

0

No DRMs

No DRMs

3

No DRMs

Y181NY

12

No DRMs

E138A

M

12

No DRMs

E138A

F

0

No DRMs

E138A

3

No DRMs

E138A

6

No DRMs

E138A

9

No DRMs

E138A

0

No DRMs

V90I

6

M41MR, T215ST

No DRMs

12

No DRMs

No DRMs

15

No DRMs

V108AV

22

No DRMs

No DRMs

M

M

Patient 45

F

Patient 61 *

F

Patient 66
Patient 76 *

Patient 77

M
M

F

Patient 91
Patient 93

M

Patient 95

0

No DRMs

No DRMs

0

V118IV

No DRMs

3

V118I

No DRMs

0

No DRMs

V106I, E138A, G190A

6

No DRMs

V106I, E138A, G190A

0

V118I, K219R

No DRMs

9

V118I

No DRMs
No DRMs

0

No DRMs

9

V118IV

No DRMs

0

No DRMs

V90IV, Y181CY, H221HY
No DRMs

3

No DRMs

6

No DRMs

Y181C

9

No DRMs

No DRMs

0

V118I

No DRMs

12

V118I

No DRMs

0

V118I

No DRMs

6

V118I

E138A

12

V118I

E138A

0

No DRMs

E138A

Mutations in bold are against current ART drugs in use in Karonga District.
* Patients showing discrepancies in DRMs between different timepoints

sequence showed the full DRM at position 181 while
sequences retrieved from 3 month and 9 month samples
showed no DRMs (Table 1).
There was no evidence of transmission of drug resistant
HIV between the individuals examined here. Sequences
retrieved from each individual grouped monophyletically

in all cases. Few individuals showed their sequences clustering with other patients with high bootstrap support but
DRMs were not present in both individuals, e.g. sequences
from patient 47 and 77 formed a cluster together and are
from the same geographical area but while patient 77
showed DRMs, patient 47 did not (data not shown).
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Discussion
Through genotyping RT from HIV-1 subtype C infected
individuals on ART using a consensus sequencing
approach, we have shown the presence of mutations associated with drug resistance to the therapy used in Karonga
District. Drug resistance to Trioimmune® occurred at an
overall rate of 20% of individuals (both drug naïve and
drug exposed, which is comparable to rates found in other
African countries [4-7,16-18] but, as expected, greater
than that described in our previous study (7.5%) [8] which
did not include individuals currently on therapy.
Patients 2 and 12, both females, had immune failure
prior to ART initiation and continued to exhibit immune
failure while on ART (i.e. their CD4 counts did not rise
above 200 cells/mm3 after 12 months on therapy). While
neither showed DRMs from baseline samples they subsequently showed the DRMs Y181C and Y181NY respectively, which is responsible for high-level resistance to
NVP, the NNRTI used in 1 st line therapy in Karonga.
Patient 2 also showed a DRM (K103KN), after 6th months
of ART, which also causes high-level resistance to NVP.
For these, and a third individual who also exhibited
immune failure, it will be important to monitor the individuals and DRMs at subsequent timepoints in case of continued immune failure and development of clinical failure.
Three drug-naïve individuals (Pt 61, Pt 77, Pt 91)
showed V118I while another (Pt 42) showed an ambiguity
at this position (V118IV). According to the Stanford HIV
drug resistance database, V118I is responsible for lowlevel resistance to 3TC and possibly to other NRTIs when
present with other mutations. The mutation has been
reported to occur in ~2% of untreated persons infected
with subtype C and with increased frequency in persons
receiving multiple NRTIs [19] and so it may not be unexpected to find it in this cohort. It was the only DRM found
in all three previous studies of drug resistance in Malawi
[9,13,20] and was also reported in subtype C infected drug
naïve patients from Zambia [21], Zimbabwe [22] and
South Africa [19]. It has been suggested that along with
drug resistance, the V118I mutation alone is a marker of
advanced HIV infection and disease progression [23]. As
no associated mutations were found in the three individuals, and they all had a satisfactory response to treatment, this mutation is probably not significant but may
become important if a second mutation were to arise.
Mutation G190A (shown in a female patient 45) according to the Stanford drug resistance database, causes highlevel resistance to NVP and intermediate resistance to
EFV. The mutation was present at baseline in this individual and could indicate acquisition of drug resistant HIV.
However, although all individuals participating in the ART
cohort study were reported to be ART naïve, we cannot
exclude the possibility that some individuals had received
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some form of ART previously, (e.g. received prevention of
mother to child transmission treatment) and did not disclose this fact. The DRM does not appear to have had any
major effect on treatment to date, as this individual also
has had a satisfactory response.
Drug resistance mutations were found to emerge in
some individuals during ART. Patient 32 showed a
number of NNRTI mutations and a number of ambiguities at sites important in susceptibility to NRTIs (e.g.
the mutation T215S is one of many transitions between
wild type and the mutations Y and F [24]). Most of the
ambiguities do not reduce NRTI susceptibility but their
presence may suggest that the DRM may also be present
[25]. This patient had made additional visits to the clinic
outside of the routine ART cohort study because of diabetic complications. Additional sequences produced
from samples taken at those additional visits showed
further mutations associated with drug resistance to
NVP and AZT (M41L, M184I, G190E- data not shown),
however he has had a satisfactory response to treatment
to date.
This study was based on a consensus sequencing
approach from provirus due to the difficulty of amplifying HIV from RNA from individuals on ART. While
provirus may not provide as clear a picture of the genotype of the circulating virus as would be retrieved from
RNA in individuals who have been infected for long periods of time, it has been shown in patients with virological failure that archived resistance mutations previously
detected in the proviral DNA were observed in the
sequences obtained from the plasma viruses at the time
of virological failure [26]. When the selective pressure
provided by ART compromises the current plasma
population, archived viruses can re-emerge [27]. Therefore documenting the proviral population is also important in monitoring the emergence of drug resistance.
Despite the presence of DRMs to current therapy in
some individuals, and immune failure in three, no signs
of clinical failure were seen during this study. This
cohort will continue to be monitored as part of the Karonga Prevention Study so that the long-term impact of
these mutations can be assessed.
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