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Fig.  3.  Melting temperature graphs of specific hybridisation probe and target influenza A, influenza B and RSV viruses in a multiplex real time PCR with 
the respective FRET hybridisation probes. (a) The influenza A FRET hybridisation probe (LC705) is homologous to influenza A H1N1 (68.3oC) and H3N2 is 
differentiated by a melting temperature at 63.5oC. (b) The influenza B FRET hybridisation probe (LC705) and target melts at 59.2oC (Figure  2a). The RSV 
FRET probe (LC640) is homologous to RSV subtype A and melts at 63.8oC. RSV subtype B has a lower melting temperature at 53.8oC.

with the use of FRET probes and LC705. The melting 
temperatures of influenza A H1N1, H3N2 and Influenza B 
are 68.3oC, 63.5oC and 59.2oC respectively, which provide 
well separated differentiation values (Fig. 3a). The RSV 
primers amplify the phosphoprotein gene with the FRET 
probes and LC640 homologous to subtype A (melting 
temperature 63.8oC). If RSV subtype B is detected, its 
melting temperature will be at 53.8oC (Fig. 3b). The limit of 
detection for these viruses is ~400 copies per reaction.

The use of sequence analysis
Sequencing of amplicons has proven to be a very 
useful diagnostic tool. As previously stated, this has 
resulted from the combination of economical and rapid 

sequencing chemistries, computer-based phylogenetic 
analysis software and electronic interrogation of Internet-
accessible gene sequence databases. Sequence 
analysis within diagnostic virology focuses in two main 
areas, (1) the phylogenetic analysis of strains to study 
the epidemiology of infectious outbreaks, and (2) the 
detection and monitoring of drug resistance-associated 
mutations associated with antiviral therapy.

Sequence-based phylogenetic analysis
Genotypic variation is akin to a ‘4 nucleotide base’ 
digital signal. With 400 character states per 100 bases 
of sequence, sequence-based phylogenetic analysis 
facilitates substantial resolution between strains, far 
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in excess of any phenotypic marker/s, although in 
reality, functional constraint on mutation restricts the 
number of informative sites to approximately 30–50 per 
100 bases, often to the redundant codon base sites in 
the protein-encoding regions normally targeted. The 
sequence analysis of amplicons obtained from positive 
samples allows for the very informative comparison of 
strain differences, to identify outbreaks, both for local 
community outbreaks affecting an isolated cluster of 
patients, and also to trace the global spread of important 
pandemic strains. To continue the example of the 
detection of noroviruses presented previously, while the 
conserved A and B regions within ORF-1 are very suitable 
for sensitive detection of genetically variable viruses, the 
more variable antigenic capsid-encoding regions within 
ORF-2 are far more phylogenetically informative (Kojima 
et al., 2002; Noel et al., 1997; Vinje et al., 2004). Such 
sequences also better reflect the immuno-selection to 
which the virus particles are subject during transmission 
in the community. Consequently, two regions within 
ORF-2 have been successfully targeted for subtyping of 
strains (designated regions C and D), resulting in 8 and 
17 subtypes of norovirus genotypes 1 and 2 respectively 
being recently proposed (Zheng et al., 2006). Such 
resolution is not possible when analysing sequence from 
regions A and B of ORF-1, and demonstrates the need 
to carefully consider which segment of a viral genome is 
to be targeted. The increased genetic variability of such 
sites can make successful amplification of product from 
these regions in all strains problematic, and highlights the 
often opposing issues of amplification sensitivity/broad 
reactivity and phylogenetic resolution which need to be 
balanced in designing a diagnostic amplification test. 
The use of sequence analysis software, such as Kodon 
(Applied Maths, Sint-Martens-Latem, Belgium), to correct, 
manage and compare sequences from an outbreak and 
with reference strains, is recommended.

Antiviral therapy and drug resistance-associated 
mutations
Highly potent antiviral therapies are available for treating 
a number of viral infections, such as HIV, HBV, HCV, 
influenza virus and herpes viruses including CMV, HSV 
and VZV. Antiviral therapies interfere with viral replication 
that is intimately associated with the host cell and 
therefore are also toxic to the host. They target viral-
encoded enzymes required for viral replication, such as 
protease inhibitors (PI), nucleoside and non-nucleoside 
reverse-transcriptase inhibitors (NRTI and NNRTI) and 
more recently fusion inhibitors (FI) for HIV, reverse-
transcriptase inhibitors for HBV and protein kinase (UL97) 
and DNA polymerase (UL54) inhibitors for CMV.

Drug resistance and resistant mutants
The virus’s ability to develop resistance to antiviral drugs 
has become the focus of physicians since 1996 with the 
arrival of Highly Active Antiretroviral Therapy (HAART) 
for treating HIV (Mirken, 1997; Stephenson, 1997). Since 
then, drug-resistant strains in other viral infections such 
as chronic HBV and immuno-compromized patients 
infected with herpes viruses have also been reported with 
increasing frequency (Chou et al., 2003; Ono-Nita et al., 

1999; Springer et al., 2005; Tipples et al., 1996; Xiong et 
al., 2000). The development of drug resistance is caused 
by multiple factors; (a) the kinetics or dynamics of viral 
production and viral clearance, (b) error proneness of the 
viral reverse transcription, (c) structural flexibility of viral 
enzymes, (d) the potency of antiviral drug combinations, 
(e) the pharmaco-kinetic properties of the antiviral drug, 
(f) the mutations selected by target-specific drugs, (g) 
the patient’s prior drug experience, and (h) the patient’s 
adherence to therapy (Richman, 2000).

Viral fitness of resistant mutants
It has been reported that drug-resistant mutants have 

reduced fitness (replication capacity) compared with 
drug-susceptible variants in vitro (Lucas, 2005; Melegari 
et al., 1998). Persistence of drug-resistant variants with 

reduced replication capacity may offer some clinical 
benefit (Buckheit, 2004; Hirsch et al., 2003; Springer et 
al., 2005). However, the benefits may be reduced by 
compensatory mutations in other regions that restore 
impairment of fitness. As a result, the risk of resistant 
mutants being transmitted to susceptible individuals is 
increased. Therefore, combination therapy to completely 
suppress ongoing replication is recommended to prevent 
the emergence of resistance mutations (Richman, 2000).

Transmission of resistant mutants
In 1998, Hecht and colleagues reported the first 
documented case of high-level resistance to protease 
inhibitors in a newly infected treatment-naive HIV patient 
(Hecht et al., 1998). Since this initial report, there have 
been many reports on the transmission of resistance 
mutations (Erice et al., 1993). It is believed that while 
HAART is improving both the length and quality of life 
in HIV patients, resistant strains arise when the patient 
compliance is poor. When these resistant strains are 
transmitted to susceptible individuals, choosing an 
effective treatment regimen for them can be difficult. If 
the resistance profile is unknown, sub-optimal first-line 
therapy will result (Tang and Pillay, 2004).

Determination of drug resistance profiles
The right treatment regimen will lead to a greater 
chance of long-term success and a reduced possibility 
of developing drug resistance. A suitable test is required 
to determine drug resistance profiles, both in treatment-
naive patients and for viral rebound in patients already on 
treatment, to establish if resistance has developed which 
requires a change in treatment (Mirken, 1997). Two types 
of resistance testing assays have since been developed; 
phenotypic and genotypic assays. Phenotypic assays test 
the actual ability of the infecting virus, or its relevant gene 
inserted into a recombinant virus, to replicate in cell culture 
in the presence of a drug or drugs. Genotypic tests, on the 
other hand, identify specific genetic mutations in the virus 
which correlate with phenotypic resistance (Hirsch et al., 
2003; MacArthur, 2004). Multiple studies have shown 
that either genotypic antiretroviral resistance testing 
or phenotypic antiretroviral resistance testing provides 
useful information to help achieve a better short-term 
virological outcome in patients who are about to start their 
next antiretroviral regimen (Baxter et al., 2000; Cohen et 
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al., 2002; Durant et al., 1999; Tural et al., 2002). While 
phenotyping and genotyping show excellent correlation 
(R2 > 0.8) for HIV (Hirsch et al., 2003), neither phenotyping 
nor genotyping can effectively detect all resistant strains in 
the case of herpes virus infection in immunocompromized 
patients. A combination of phenotypic and genotypic 
assays is recommended for the complete analysis of 
antiviral resistance in herpes virus infections (Andrei et 
al., 2001; Chou et al., 2003; Gilbert and Boivin, 2003; 
Scott et al., 2004). Phenotyping is cumbersome to 
perform, time-consuming and expensive, and therefore 
not readily available in general laboratories. Such issues 
restrict the practical worth of phenotyping to confirm the 
clinical outcome. Genotypic assays, on the other hand, 
are faster and less expensive, and as a consequence 
are now in much wider use (MacArthur, 2004). Currently, 
there are three types of genotyping assays available, 
Dideoxynucleotide Terminator Cycle Sequencing 
(DTCS), DNA Chips (High-density oligo-nucleotide 
arrays, e.g. Affimetrix) and Point Mutation Assays (e.g. 
InnoLipa). DTCS may be performed using assay kits (e.g. 
TRUGENE™ HIV-1 Genotyping Kit, [Visible Genetics, 
Suwanee, GA], or ViroSeq™ HIV-1 Genotyping System 
[ABI]) or in-house techniques (Gunthard et al., 1998) 
and is the most common genotyping method in use. It 
involves a PCR amplification (or RT-PCR for RNA viruses) 
of the target region in the viral gene, followed by cycle 
sequencing of the amplified gene using dye terminator 
chemistry and analysed by a DNA analyser (e.g. ABI 3700 
DNA Analyser). The specific viral sequence is then edited 
using an editing program (e.g. Windows-based Kodon 
[Applied Maths] or Macintosh-based Sequence Navigator 
[ABI]). The interpretation of resistance profiles can be 
very complicated since, as mentioned earlier, patients are 
most likely to receive combination treatment. Although it 
is important to learn the resistance profile of individual 
drugs, consideration should also be given to drug-drug 
interactions. It is particularly important to choose a 
suitable combination treatment with non-overlapping 
toxicity profiles and complementary resistance profiles 
(Richman, 2000).

For HIV genotyping using in-house assays, 
interpretation of resistance profiles can easily be 
achieved by submitting the sequence from the patient to 
one of the readily available data bases e.g. Stanford HIV 
Drug Resistance Database (http://hivdb.stanford.edu) or 
Los Alamos National Laboratory – HIV Drug Resistance 
Database (resdb.lanl.gov/Resist_DB/default.htm) or 
commercially available interpretation programs. However, 
Sturmer and colleagues reported some inconsistencies 
in the interpretation between nine different resistance 
interpretation systems (Sturmer et al., 2003). Therefore, 
before selecting an interpretation system, it is essential 
to find out how the system is managed and, in particular, 
how often the system is updated and whether references 
for individual mutations are available (Johnson et al., 
2005).

Unlike HIV, patients infected with HBV often only 
receive monotherapy. Resistance mutations usually 
develop within a few months of lamivudine monotherapy. 
Because of the overlapping reading frame of the hepatitis 
B surface antigen, drug resistance mutations in the DNA 

polymerase also impact on hepatitis B surface antigen 
and its function. Therefore, both Pol and S reading frames 
must be analysed when interpreting resistance profiles 
(Bozdayi et al., 2004; Oon et al., 1999; Richman, 2000). 
Confusion can arise from inconsistent numbering of amino 
acids within the HBV polymerase, the result of amino acid 
insertions or deletions which occur frequently among the 
variable HBV genotypes. A more consistent consensus RT 
domain numbering system has recently been proposed 
which is independent of genotype variability, allowing a 
standardized analysis of amino acid changes (Stuyver et 
al., 2001).

Recent developments and the future
Several new antiretroviral agents are currently being 
developed, with some already in clinical trials. The 
functions of these agents are listed below:

•	 Inhibiting HIV Integrase protein
•	 Targeting the ejection of zinc ions from zinc finger 

proteins
•	 Inhibiting all steps of viral entry
•	 Interacting with Tat/Tar viral proteins
•	 Targeting other unexploited cellular (Tsg101, 

APOBEC3G) or viral (Vif, Rev or Rnase H) proteins 
(Barbaro et al., 2005).

In recent years, the application of gene therapy in 
viral infections has become a major research focus in an 
attempt to search for alternatives to the current anti-viral 
therapy. The use of ribozyme and small antisense RNA to 
inhibit HIV replication has shown some promise in vitro. 
Such therapies may replace the current treatments and 
the need to monitor drug resistance profiles. (Puerta-
Fernandez et al., 2005; Shankar et al., 2005; Wolkowicz 
and Nolan, 2005).

Conclusions
As molecular methods have evolved and facilitated a 
major contribution to the diagnosis of human viral disease, 
there has been an increasing awareness for the need for 
quality assurance in order to produce clinically relevant 
results. In addition, the targeted nature of PCR brings 
with it some inherent limitations that are difficult to control, 
particularly in virology, where the heterogeneous nature of 
the viral genome may lead to difficulties in assay design 
and performance. Nevertheless, an awareness of these 
issues will ultimately result in a better understanding of 
this new technology, and enable the full exploration of the 
potential of these modern diagnostic tools.
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