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Abstract

During surveillance of viral hepatitis in England, three particular viral variants, 

two of hepatitis B virus (HBV) and the other of TT virus (TTV), were identified. 

Molecular biological and phylogenetic analysis tools, largely developed to study 

eukaryotic genes, were adapted to define the genetic characteristics of the three 

variants, to estimate their relative prevalences and to study their relationships 

with other similar viral strains. The hypothesis investigated in this thesis is that 

such studies permit the epidemiological and evolutionary significance of 

particular viral variants to be elucidated.

One of the HBV variants, HBV^^, was discovered while analysing clusters of 

acute hepatitis B infection in northern English prisons. A high throughput assay 

using denaturing gradient gel electrophoresis (DGGE) was developed to screen 

HBV PGR products for sequence variation. This approach revealed that while 

the prevalence of HBV^^ was similar in communities in the north and south east 

of England in 1990, over the next 6 years it dramatically increased in the north, 

but not the south east. The spread of HBV^^ into the community thus appeared to 

be linked to its prior dissemination among prison inmates.

The other HBV variant, HBV^^, was shown by DGGE to infect a large number 

of patients attending an alternative therapy clinic. Unlike HBV^^, it was not 

circulating commonly in the community, further implicating it as the cause of the 

point source outbreak.

DNA from the TTV-like variant, PM virus (PMV), was isolated while 

conducting a search for possible viral causes of acute non-A to E viral hepatitis. 

The entire PMV genome was characterised and several phylogenetic analysis 

tools were applied to study the evolutionary and taxonomic relationships 

between PMV and other TTVs. These approaches permitted clarification of the 

status of TTVs as viruses that belong to a new genus of the Circoviridae family 

rather than variants of a single species, and PMV itself as the prototype of a 

unique species within the genus.
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1.1 Viral causes of hepatitis

Knowledge of the existence of hepatitis can be traced back to the fifth century 

BC, when Hippocrates first described epidemic jaundice. Throughout history, 

outbreaks of hepatitis have been described in association with wars and natural 

disasters (Mahoney, 1999; Paver and Mortimer, 1996). In 1885, Lurman 

recorded 191 cases of jaundice in workers at a shipyard in Bremen who had all 

received a smallpox vaccine preparation containing glycerinated human lymph. 

This report provided the first evidence that hepatitis could be transmitted from 

blood-containing products. Similar outbreaks have been documented in 

diabetics, in patients treated for syphilis, and following the administration of 

yellow fever vaccines. However, it was only after World War II that a distinction 

could be made between hepatitis A (infectious hepatitis) which was transmitted 

via the faecal-oral route, and hepatitis B (serum hepatitis) which resulted from 

percutaneous exposure. Descriptions of their different epidemiologies resulted 

from human volunteer studies (Havens, 1946; MacCallum and Bauer, 1947) and 

Krugman and colleagues later verified that homologous immunity occurred after 

infection with each type (Krugman et a l, 1967).

At about this time, Blumberg et al. (1967) described an immunoprecipitin that 

was present in the blood of a leukaemic Australian Aborigine, which they named 

Australia antigen. Subsequent studies found that this antigen was highly 

prevalent in multiply transfused patients and a link with hepatitis B was 

hypothesised. Its viral origin was established when particles that reacted with 

antisera to Australia antigen were visualised using immune electron microscopy 

(Dane et a l, 1970). The various components that make up the hepatitis B “Dane 

particle” were rapidly dissected. Hepatitis B virus (HBV) is now classified as a 

hepadnavirus and several related mammalian and avian members have since 

been characterised. HBV will be further described in Section 1.2.

The discovery of the hepatitis A virus, also by the use of immune electron 

microscopy, was reported later (Feinstone et al., 1973). It could be 

experimentally transmitted to primates, and was finally isolated in cell culture in 

1979 (Provost and Hilleman, 1979).
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Diagnostic assays for both viruses quickly became available. In the early 1970s, 

many developed countries introduced blood donor screening for the Australia 

antigen, now renamed hepatitis B surface antigen (HBsAg), in an effort to reduce 

post-transfusion jaundice. However, this condition did not disappear, and 

hepatitis was still observed in approximately 10% of blood transfusion 

recipients. It thus became apparent that at least one further bloodbome hepatitis 

agent remained to be found.

Hepatitis D virus (delta virus) was first described in 1977, and was initially 

thought to be a new antigen of hepatitis B (Rizzetto et ah, 1977). However, it 

was later shown to be a separate transmissible, but defective, virus. Its 1.7 kb 

RNA genome encodes only one antigen and it requires HBV to replicate and to 

coat its genome with an envelope consisting of hepatitis B surface proteins.

A further enterically transmitted hepatitis virus, hepatitis E virus, was detected 

when clinical samples, collected during water-borne epidemics of hepatitis in 

India, were serologically tested for HAY and HBV. It was found that most 

patients had evidence of anti-HAV IgG and so were immune to infection by this 

virus, which had initially been postulated as the causative agent (Wong et al., 

1980). HEV was visualised in 1983 and later experimental transmission studies 

demonstrated its aetiologic role in hepatitis (Balayan et a i, 1983; Krawczynsky 

and Bradley, 1989).

Meanwhile, the principal cause of post-transfusion non-A non-B hepatitis cases 

remained undiscovered until 1989, when the hepatitis C virus (HCV) genome 

was characterised using molecular cloning techniques (Choo et a i,  1989).

Around 170 million people worldwide are thought to be chronically infected 

with this flavivirus.

It was found, however, that some cases of post-transfusion non-A non-B 

hepatitis still occurred that could not be linked to HCV infection. Efforts 

continue to isolate infectious agents that are responsible for these residual cases, 

and for sporadic community-acquired non-A to E hepatitis. In 1995, two groups 

reported the detection of viral sequences in such patients. These were later found

14



to be isolates of the same virus, named hepatitis G virus (HGV) or GB virus C 

(GBV-C) (Simons et a l, 1995; Linnen et al., 1996). It is related to HCV, and is 

transmitted via bloodbome routes. A few studies have demonstrated a higher 

prevalence of HGV/GBV-C in patients with acute or chronic hepatitis than in 

healthy controls (Linnen et al., 1996; Fiordalisi et al., 1996) and linked it to 

some cases of fulminant hepatitis (Heringlake et al., 1996). However, 

chronically infected patients have been found with normal aminotransferase 

levels, and HGV/GBV-C appears to have no effect on the progression to liver 

disease in patients who already carry another hepatitis vims (Alter et al., 1997). 

Recent evidence suggests it replicates in lymphoid tissue, but not in hepatocytes 

(Hoffman et al., 1998; Kobayashi et al., 1999). Thus its role as a hepatitis agent 

is questionable.

The most recent hepatitis vims candidate was discovered in 1997, using the 

technique of representational difference analysis (RDA) (Nishizawa et al., 1997). 

It was named TT vims (TTV) after the initials of the post-transftision hepatitis 

patient from whom viral DNA was first isolated. TTV is discussed further in 

Section 1.3.

1.2 Hepatitis B Virus

1.2.1 Virion stmcture, genetic organisation and proteins

The HBV virion (Dane particle) consists of a 42nm double-shelled stmcture. The 

viral genome and DNA polymerase are encapsulated by a nucleocapsid made up 

of hepatitis B core antigen (HBcAg), which in turn is surrounded by an envelope 

comprising the predominant HBsAg (also known as the small S protein), and the 

middle and large S proteins.

Subviral stmctures (spheres and filaments), composed of the three hepatitis B S 

proteins, are usually present in the blood of HBV carriers at much higher 

concentrations than the infectious Dane particles. The exact function of these 

empty particles is unknown, but it has been postulated that they serve as 

immunological decoys to adsorb neutralising antibodies. A recent study suggests
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they are able to enhance intracellular viral replication at the early stage of 

infection (Bruns et al., 1998).

HBV has a circular, partially double-stranded DNA genome. Its 3200 bp are 

economically organised, with four overlapping open reading frames (ORFs) and 

regulatory sequences contained within the genes (Figure 1.1). This genomic 

arrangement allows HBV to code for more protein per nucleotide than any other 

known virus, and imposes constraints on its evolution (Mizokami et al., 1997). 

The longer minus strand has a 5’ covalently liked terminal protein, or ‘primase’, 

which is part of the viral polymerase and is necessary for priming minus strand 

synthesis (Bosch et al., 1988; Weber et al., 1994). The 5’ end of the plus strand 

has an overlap of around 200 complementary bases with the 5’ end of the minus 

strand, enabling the DNA to circularise. This is helped by two 1 Ibp direct repeat 

sequences, DRl and DR2, which are also the initiation sites for minus strand and 

plus strand DNA synthesis respectively (Will et al., 1987; Seeger and Maragos, 

1990). The length of the 3’ end of the plus strand is variable and is still attached 

to the viral polymerase, indicating that hepatitis B virions are secreted from 

infected hepatocytes before plus strand synthesis is completed (Landers et al., 

1977).

The four ORFs encode seven known viral proteins. Other than the three envelope 

(S) proteins, these are HBcAg, hepatitis B e antigen (HBeAg), viral polymerase 

(P) and the X protein. Four promoters and two enhancers provide transcriptional 

control. The preSl promoter regulates transcription of a 2.4 kb mRNA, which 

codes for the large S protein, and contains binding sites for liver specific 

transcription factors. The preS2/S promoter is embedded within the preSl region 

and controls transcription of a 2.1 kb mRNA, encoding both the middle S protein 

and HBsAg. The core promoter directs the production of two supergenomic 

transcripts: the 3.5kb pregenomic RNA, from which the HBcAg and polymerase 

are translated, and which serves as the RNA template during replication, and the 

precore mRNA, which codes for HBeAg, a secreted protein. The P ORF is the 

largest, encompassing about 80% of the genome. As well as the amino terminal 

primase protein and DNA polymerase it contains a reverse transcriptase domain 

and has RNaseH activity (Fallows and Goff, 1996; Kann and Gerlich, 1998). The
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X promoter controls transcription and translation from the smallest ORF, 

producing the X protein, which has transactivating activity and many other 

regulatory functions (Murakami, 1999). All transcripts use the same 

polyadenylation site and are therefore coterminal.

Figure 1.1 The genetic organisation of the HBV genome. The partially double

stranded DNA is shown innermost, with promoters (prom), direct repeats (DR), 

enhancer regions (En) and the glucocorticoid regulatory element (GRE). Shaded 

arrows denote positions of ORFs. Outer circles show the transcribed mRNAs and 

pregenomic RNA.

S2/S

r e S f

2307
833

Gene X

1.2.2 Replication

Extensive experimental studies o f duck hepatitis B virus (DHBV) have provided 

important insights into the key stages o f replication o f Hepadnaviridae. The 

initial host and organ-specitîc attachment of HBV to a hepatocyte is largely 

mediated by the large S protein, although cellular receptors have not been
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defined (Bruss et al., 1996). Similarly, the passage of the virion into the cell is 

not well understood. A recent study demonstrated that under conditions of low 

pH, a conformational change in the large S protein of DHBV occurs, which 

enables virions to bind to liposomes and intact cells (Grgacic and Schaller,

2000). However, previous studies have shown that uptake of the virus by 

hepatocytes is not dependent on an acidic endocytotic vesicle (Kock et al., 1996; 

Hagelstein et a l, 1997).

The nucleocapsid is uncoated and directed to the nucleus where the DNA is 

released. The plus strand is filled by the DNA polymerase and the genome 

converted into a covalently closed circle (cccDNA) for transcription of genomic 

and subgenomic RNAs by cellular RNA polymerase II (Summers and Mason, 

1982; Rail et a l, 1983; Miller et a l, 1984). These are transported to the 

cytoplasm for translation into the virion proteins and, in the case of the 

pregenomic RNA, for reverse transcription into the minus strand of the genome. 

This occurs following encapsidation of the pregenome. The HBV polymerase is 

thought to bind to a stem-loop structure at the 5’ end (encapsidation signal e) and

this complex is then recognised by the self-assembling nucleocapsid (Knaus and 

Nassal, 1993). Due to its terminal redundancy, the pregenome also has an 

encapsidation signal structure at its 3' end. It has been hypothesised that the HBV 

polymerase must also require the 5' cap structure for encapsidation to occur 

(Jeong et a l, 2000). The pregenome is degraded by endogenous RNaseH activity 

during reverse transcription (Radziwill et a l, 1990).

Once plus strand synthesis has begun, the mature capsid is packaged in the 

envelope within the endoplasmic reticulum and disulphide bridges between the 

core and surface proteins maintain the virion structure. Again, the large S protein 

contains a sequence that is essential for virion assembly (Bruss, 1997). The 

mature capsids can follow a different route, back to the nucleus, if the large S 

protein is in short supply, thus increasing the pool of cccDNA molecules 

(Lenhoff and Summers, 1994). Virions are transported via the Golgi apparatus to 

the cell surface.
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1.2.3 Subtypes and genotypes

The possible existence of antigenic heterogeneity within HBsAg was recorded 

soon after its discovery, as a result of immunodiffusion experiments (Raunio et 

al., 1970). In addition to the a determinant, which is common to all variants, two 

pairs of mutually exclusive antigenic determinants were identified {d/y and w/r), 

giving rise to four defined subtypes (Le Bouvier, 1971; Bancroft et a l, 1972). 

This was increased to nine with the description of ftirther subdeterminants. These 

are aywj.4, ayr, adw2 , adw4 , adr q~ and adrq-^ (Magnius et al., 1975; Couroucé et 

al., 1976; Couroucé-Pauty et al., 1978). DNA sequencing of the S gene has 

allowed the genetic basis of the subtypes to be determined (Magnius and Norder, 

1995). However, antigenic subtypes do not reflect the phylogenetic relationships 

between HBV genomes and, therefore, classification into six genotypes (A-F) is 

now common (Okamoto et al., 1988; Norder et al., 1994). The designations are 

based on an intergroup divergence of at least 8%. Recently, using this criterion, a 

new genotype (G) has been identified (Stuyver et al., 2000). Both genotypes and 

subtypes show clear differences in their geographical distribution, with 

genotypes A and D being the most prevalent in Europe (Magnius and Norder,

1995).

1.2.4 Epidemiology and transmission

As one of the most common infections in the world, hepatitis B is responsible for 

considerable levels of morbidity and mortality. It is currently estimated that there 

are 350 million chronic carriers of HBV, and one fifth of these are likely to die 

as a result of HBV induced liver disease (Kane, 1996). The global distribution is 

varied and, based on the prevalence of chronic carriers, countries are 

conventionally divided into areas of high (>8%), medium (2-7%) and low (<2%)

endemicity (Evans and London, 1998).

The predominant modes of HBV transmission are perinatal, parenteral and 

sexual. Although HBsAg or DNA has been detected in saliva, breast milk, urine 

and faeces, these are not thought to represent important vehicles of transmission 

(Boag, 1991). The relative importance of each transmission route depends upon 

the prevalence of chronic carriers in a particular eirea. Thus, in regions of high
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endemicity, perinatal transmission maintains the pool of chronic carriers, and 

individuals have a greater than 60% lifetime risk of acquiring HBV (Alter,

1996). In the UK, where the prevalence is estimated to be <1%, sexual 

transmission and injecting drug use are the main routes of acquisition (Balogun 

et a l, 1999), with young adults aged 15-24 being at highest risk (Zuckerman, 

1999a).

Needle exchange programmes and health campaigns encouraging safer sex were 

implemented in the mid-1980s in England and Wales to control the HIV 

epidemic; these measures also served to reduce the incidence of HBV infection. 

A recent survey of laboratory confirmed acute HBV infections revealed a large 

decrease from 1761 reported cases in 1985 to 583 in 1989 (Balogun et al., 1999). 

The incidence remained stable until 1996, but has since risen significantly, with 

719 cases reported in 1999. This rise has largely been attributed to an increase in 

transmissions amongst injecting drug users (IDUs) (Communicable Disease 

Surveillance Centre, CDSC, 1999). The true number of acute infections cannot 

be accurately assessed, as a large proportion of cases remain asymptomatic.

Although rare, nosocomial transmission continues to occur in the UK. Lapses in 

cross-infection control have resulted in the transmission of HBV in 

haemodialysis and organ transplantation units (Wreghitt, 1999; Tedder et al., 

1995). Similarly, surgeon to patient transmissions have been described, despite 

routine vaccination of all healthcare workers (The Incident Investigation Team 

and Others, 1997; Scottish Centre for Infection and Environmental Health, 

SCIEH, 1999).

Since the introduction of blood donation screening for HBsAg in the early 1970s, 

the risk of post-transfusion hepatitis caused by this agent has become very low 

(Soldan and Barbara, 1999). The introduction of diagnostic PCR has generated 

debate as to whether donations should now be screened for nucleic acids in an 

attempt to detect serologically negative cases (Roth and Seifried, 1999).
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1.2.5 Outcomes of infection

The incubation period of HBV ranges from 45 to 120 days. The time between 

exposure and the first detectable serological response is known as the window 

period. This has been estimated to be in the region of 59 days to HBsAg 

positivity, with PCR to detect HBV DNA reducing it by around 1 week (Gerlich 

and Caspari, 1999; K. Soldan, pers. comm.). However, it is likely to vary widely 

between individuals. An acute phase follows, when HBsAg, HBeAg, HBV DNA 

and anti-HBc IgM antibodies are detected. The levels of aminotransferases, eg. 

alanine aminotransferase (ALT), in the blood are also raised, which provides a 

marker of liver injury. HBV infection can have a variety of clinical outcomes. 

Perinatally infected infants are generally asymptomatic, and only about one third 

of adults have specific symptoms. These include jaundice, malaise, nausea, and 

the excretion of dark urine and pale stools. HBV is not directly cytopathic: liver 

damage largely results from the cytotoxic T lymphocyte (CTL) response to 

infected hepatocytes (Chisari and Ferrari, 1995). In rare cases of acute HBV 

infection, liver necrosis is extensive and fulminant hepatitis develops.

Chronic HBV infection is operationally defined as the presence of HBsAg in 

serum for over 6 months. The major determinant of progression to chronic 

disease is the age of HBV acquisition. Around 90% of infants become chronic 

carriers, possibly due to neonatal tolerance to HBeAg epitopes. The risk of 

developing chronic infection drops to between 25 and 50% of children infected 

at age 1 to 5 years, and only 5 to 10% if infected as adolescents or adults 

(Beasley et ah, 1981; McMahon ef a/., 1985).

The mechanisms for viral persistence in adults are under investigation. It has 

been noted that in adult immunocompetent patients who clear HBV after an 

acute infection there is a vigorous, polyclonal cellular immune response, 

involving CD4+ and CD8+ cells. This appears to be weak or interrupted in those 

who progress to chronic carriage. Other host and viral factors have been 

postulated to effect viral persistence, such as allelic differences in the HLA 

complex and the circulating HBV DNA level in early acute infection (Thio et a l, 

1999; Roingeard. et a l, 1997). Mayerat et a l  (1999) examined patients with 

acute and chronic hepatitis B infection in Switzerland, where genotypes A and D
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predominate, and found that infection with genotype A was significantly 

associated with chronic outcome. However, no biological basis for this finding 

has been described.

The sequelae of HBV chronic infection can vary widely in severity, from chronic 

active hepatitis to an asymptomatic carrier, or tolerant, state. In general, carriers 

with detectable HBeAg have actively replicating HBV and are more likely to 

develop cirrhosis and hepatocellular carcinoma (HCC). Spontaneous 

seroconversion to anti-HBe positive has been reported in a varying proportion of 

carriers and is often associated with clearance of HBsAg and HBV DNA from 

the blood and remission of disease (Fattovich, 1996). However, using PCR, HBV 

DNA is still detectable in the liver of a proportion of chronic carriers who have 

cleared HBsAg, indicating that low level replication may continue (Mason et al.,

1998).

1.2.6 Prevention and treatment

Both passive and active immunisation are available for the prevention of HBV 

infection. Hepatitis B immunoglobulin (HBIG) was first prepared in the early 

1970s by fractionation of pooled serum containing high titres of anti-HBs 

antibodies, and is effective in neutralising circulating virions if given soon after 

exposure (Grady et al., 1978). Currently, owing to high costs, HBIG is given to 

specific risk groups only, such as infants bom to HBeAg positive mothers 

(Wheeley et al., 1991). The first plasma-derived vaccine of purified HBsAg 

subviral particles became commercially available in the UK in 1982, and was 

followed five years later by a recombinant yeast-derived HBsAg vaccine. When 

the recommended three doses are given at months 0, 1 and 6, a protective 

antibody response is induced in >90% of adults younger than 40 years (Andre, 

1989).

In order to further improve the efficacy of vaccination and reduce the number of 

doses required, several new vaccine strategies are being examined. Small animal 

studies and clinical trials have shown that the inclusion of preS epitopes may be 

beneficial in terms of increased anti-HBs production, earlier onset of antibody 

appearance and response in previous non-responders to HBsAg vaccine only
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(Suzuki et al., 1994; Shouval et a l, 1994; Zuckerman et al., 1997). Davis (1998) 

demonstrated the feasibility of DNA vaccines using eukaryotic expression 

vectors in mice and chimpanzees, and a novel approach using transgenic potatoes 

to produce oral HBV vaccine was recently reported (McNamee, 1999).

In 1992, the WHO recommended that all countries, regardless of endemicity, 

should introduce universal HBV vaccination into their national programmes of 

immunisation by 1997 (WHO, 1992). Over 80 countries have achieved this, 

although coverage varies widely (Kane, 1996). In the UK, control of HBV is 

based on the selective vaccination of high risk groups, such as injecting drug 

users, haemophiliacs, haemodialysis patients, homosexual men with multiple 

partners, prostitutes, infants bom to HBsAg positive mothers, health care 

workers and contacts of patients with acute or chronic HBV infection 

(McMenamin, 1996). However, there is much evidence to suggest that this 

policy is failing as at-risk groups, particularly IDUs in the community and in 

prisons, are not being reached (Goldberg and McMenamin, 1998; Lamagni et al., 

1999). Universal antenatal screening for HBsAg is now recommended in an 

effort to reduce the pool of chronic carriers from whom perinatal transmission 

can ensue (Ramsay et al., 1998).

Treatment strategies that aim to clear chronic carriers of the virus have had only 

limited success. Recombinant alpha interferon (IFN-a) was the first dmg to be 

licensed for the treatment of chronic HBV infection. As a cytokine, it functions 

as an immune modulator and after 4-6 months of treatment can lead to a HBeAg 

to anti-HBe seroconversion rate of 30-40% (Wong et al., 1993). However, it is 

associated with significant side effects, and a limited response rate in carriers 

who are in the tolerant (anti-HBe positive) phase (Brook et al., 1989).

Several nucleoside analogues are currently under investigation for anti-HBV 

activity. Lamivudine has recently been licensed for clinical use. Lamivudine (or 

3TC) is an enantiomer of 2'-deoxy-3'-thiacytidine, and thus competes with dCTP 

for incorporation into extending DNA chains. Once introduced, chain 

termination occurs, which in vivo results in a rapid decrease in the production of
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new virions and a decrease in intracellular cccDNA (Severini et ah, 1995). 

Although less toxic than IFN-a, HBeAg seroconversion is only seen in

approximately 16% of patients after 12 months of treatment, compared to 4% 

with placebo (Lai et a l, 1998). Combination therapy with other nucleoside 

analogues, such as famciclovir and adefovir dipivoxil, may improve outcome, 

although these agents act only to suppress viral replication and are therefore 

unlikely to be curative. Emerging therapies may prove to be more successful. For 

example, therapeutic vaccines may stimulate a HBV-specific CTL response, 

which is weak in chronic carriers (Pianko and McHutchison, 1999).

1.2.7 Variation in HBV

Many studies of HBV infection have focused on genomic variants in recent years 

in the hope that knowledge of their cause, prevalence and functional significance 

will aid the design of new therapies. Due to its unique method of replication, via 

an RNA intermediate, the HBV genome mutates at a higher rate than do those of 

other DNA viruses. The rate of nucleotide substitution per site per annum has 

been calculated to be 2 x 10'  ̂(Okamoto et aL, 1987), although this is likely to 

vary from patient to patient depending on their stage of infection. Also, 

variability is not seen randomly throughout the genome, due to the constraints 

imposed by the overlapping ORFs and the functions of the encoded proteins 

(Lauder et al., 1993).

The observation that G->A hypermutation occurs suggests that mutations

generally arise from a lack of proofreading by the P protein reverse transcriptase 

(Gunther et a l, 1997). Hypermutation is a common feature associated with 

retroviral reverse transcriptases.

In addition to point mutations that occur during replication, variation can be 

generated in a number of ways, such as insertion and deletions due to RNA 

splicing (Terre et al., 1991), template switching during reverse transcription, and 

recombination between different genotypes (Bollyky et al., 1996; Bowyer and 

Sim, 2000).
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Certain point mutations are epidemiologically significant. One of the most 

common is a G-^A at position 1896, which produces a stop codon at residue 28

of the precore protein and thus prevents the translation of HBeAg. It was first 

detected in patients who had appeared to seroconvert to anti-HBe, but had severe 

liver disease (Carman et al., 1989). Since then, the mutation has been found 

frequently in patients with long-standing infection, with and without active 

hepatitis. In such patients, the mutant often becomes the dominant circulating 

type after seroconversion (Hamasaki et al., 1994). Many cases of acute fulminant 

hepatitis have been linked to infection with this variant, although it can also 

cause a self-limiting hepatitis, suggesting that other factors must be involved in 

the production of severe acute disease (Tanaka et al., 1995; Karayiannis et al., 

1995; Mphahlele et al., 1997).

That the G1896A mutation emerges at all is still not understood; possible 

explanations are enhanced replication, immune selection and hypermutation 

(Carman et al., 1998; Ngui et al., 1999). It appears mainly in genotypes B, C, D 

and F, due to structural constraints imposed by the RNA encapsidation signal, 

and its prevalence is therefore geographically restricted (Lok et al., 1994).

HBV carrying the G1896A mutation has been associated in recent years with 

several transmissions of HBV from surgeons to patients in the UK (The Incident 

Investigation Team and Others, 1997; SCIEH, 1999). Recognition that anti-HBe 

positive carriers can have a high level of circulating virus has led to proposals 

that new guidelines be introduced to restrict practices of HBV positive surgeons. 

The challenge is to decide at which titre they become effectively uninfectious 

(Ballard and Boxall, 1999). New guidance from the Department of Health 

recommends that health care workers whose HBV DNA concentration in the 

blood exceeds 1000 genome equivalents per ml should not perform exposure- 

prone procedures (Department of Health, 2000).

Mutations in the S gene, which result in vaccination failure in infants bom to 

HBsAg positive mothers, have been studied intensively in recent years. The most 

commonly described vaccine-escape mutant has a single nucleotide substitution
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resulting in a G to R change at amino acid 145 (Carman et al., 1990), Several 

other mutations have now been described within the major hydrophilic region 

(MHR) of HBsAg that also appear to result in vaccine failure, with concurrent 

circulation in the infected vaccinees of HBsAg and anti-HBs antibodies (Wallace 

and Carman, 1997; Chong-Jin et ah, 1999). On examination of maternal blood, 

the mutant is often absent, or present in very low amounts, suggesting that its 

appearance in the infant is due to a rapid selection (Gunther et al., 1999a; Ngui 

etal., 1997).

Transmission studies have demonstrated that the G145R mutant is stably 

transmitted and does not revert to wild type during chronic carriage (Ogata et al.,

1997), thus raising concerns that vaccine-escape mutants may emerge. 

Mathematical modelling predicts that this will be the case given certain different 

assumptions about the infectivity of the mutant strains, and the extent of 

protection afforded against them by current vaccines. However, it is forecast that 

emergence would not occur for at least 50 years (Wilson et ah, 1998). In order to 

monitor the prevalence of HBsAg mutants, modifications to current serological 

tests may be necessary, particularly where monoclonal antibodies are used, as 

altered epitopes can result in false negative results (Carman et al., 1995; 

Zuckerman and Zuckerman, 1999).

The introduction of nucleoside analogues for the treatment of chronic HBV 

infection has been followed swiftly by the description of resistant mutants. 

Lamivudine resistance is mediated by mutations in the polymerase gene, most 

commonly in the YMDD locus. This locus falls within the catalytic region of the 

RTase/DNA polymerase domain of the HBV P protein, and is well conserved in 

all viral reverse transcriptases (Bartholomeusz et al., 1998). The M residue, 

which is at codon 552, is substituted by V or, more rarely, I (Hussain and Lok,

1999). Identical mutations at the YMDD locus of the HIV reverse transcriptase 

have also been reported, in variants that are resistant to lamivudine (Tisdale et 

al., 1993). In HBV, a further substitution at codon 528 from L to M has been 

reported in patients carrying the YVDD motif (Niesters et al., 1998).
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Transfection studies have confirmed that the YMDD locus mutations bestow 

lamivudine resistance in both HIV and HBV, but they also reduce replication 

competence, which may explain why wild type virus re-emerges on withdrawal 

of therapy (Back et al., 1996; Ling and Harrison, 1999; Ono-Nita et al., 1999). 

Das et al. (2000) have predicted that steric hindrance occurs between the p-

methyl group of V or I, at codon 552 of HBV in the mutant polymerase, and the 

sulphur atom of lamivudine. This would account for the observed cross 

resistance to another nucleoside analogue, emtricitabine, which has a similar 

oxathiolane ring.

The L528M mutation has also been detected in patients with breakthrough 

infection following famciclovir therapy, suggesting a degree of cross resistance 

with lamivudine (Tillman et al., 1999). The importance of other reported 

famciclovir-induced substitutions has not yet been established, although the 

YMDD locus does not appear to be involved (Gunther et al., 19996; Seignères et 

al., 2000). Further work will be needed in order to devise effective combination 

therapies for the control of HBV replication in long term carriers.

1.3 TT Virus

1.3.1 Genetic organisation

TTV has been characterised as an non-enveloped single-stranded DNA virus 

with a caesium chloride density of 1.31-1.34 g/cm^ (Mushahwar et ah, 1999). 

Filtration studies indicate that the virion is 30-50 nm in diameter, although it has 

yet to be visualised (Mushahwar et ah, 1999). Several complete TTV DNA 

sequences have now been published, revealing a circular genome that ranges 

from 3808 to 3852 nucleotides in length (Erker et ah, 1999; Okamoto et ah, 

19996; Hijikata et ah, 1999). Nuclease protection assays show that the genome is 

negative-stranded (Mushawar et ah, 1999).

A number of regulatory sequences and two conserved OREs have been identified 

on the positive strand of the genome-length sequences described so far (Miyata 

et ah, 1999; Mushahwar et ah, 1999; Erker et ah, 1999). The longest ORF, ORF-
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1, codes for approximately 770 amino acids, with a smaller ORF upstream that 

overlaps ORF 1 by around 130 nucleotides (0RF2). Two putative third ORFs 

have been proposed, also on the positive strand (Erker et ah, 1999; Takahashi et 

al., 20006). Searches of protein databases have not revealed any significant 

similarities to known amino acid sequences. It is assumed therefore that TTV 

does not encode a polymerase and must rely on host cell polymerases for 

replication. The protein products of TTV have yet to be expressed in cell culture.

TTV was initially reported to share some physical characteristics with the 

Parvoviridae, although no nucleotide similarity was demonstrated. A 

resemblance between TTV and chicken anaemia virus (CAV), a circovirus, has 

been described by Takahashi et al. (1998a) on the basis of the presence of 

arginine-rich regions at the N-terminal of ORF-1 from both viruses. As ORF-1 is 

thought to code for the 51.7 kDa capsid protein in CAV, this similarity has led to 

the suggestion that ORF-1 of TTV is the capsid gene. Furthermore, CAV 

contains motifs at the carboxyl end of ORF-1 that may be involved in rolling 

circle replication, two of which have been identified in ORF-1 of TTV (Niagro et 

al., 1998; Mushahwar et al., 1999). A likeness in the genomic arrangements of 

the two viruses has also been noted (Miyata et al., 1999). However, no 

significant sequence similarity between TTV and any other member of the 

Circoviridae has been shovm, and this has led Mushahwar et al. (1999) to 

propose that TTV be placed in a new virus family called Circinoviridae.

Recently, three novel human DNA virus sequences (CBD203, CBD231 and 

CBD279) have been described that appear to be intermediately related to TTV 

and CAV (Takahashi et al., 2000a). They have been named TTV-like mini virus 

(TLMV). It is not clear from these reports whether TTV, CAV and TLMV 

belong to one family of viruses.
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Figure 1.2 The genetic organisation of the TTV genome. The N22 region was 

the first TTV DNA to be discovered using RDA (Nishizawa et al., 1997). 

Conserved features shown are ORFs 1 and 2 (shaded arrows), TATA box (TATA), 

polyadenylation signal (polyA) and GC-rich region (GC).

ORF 2
poly A

ORF I

1.3.2 Genotypes

Considerable genetic variability of TTV has been demonstrated, with a 222-bp 

fragment of the genome from ORF-1 showing as much as 65% divergence 

between sequences. Several groups have assigned up to 16 genotypes based on 

the sequence variability in short TTV PCR products (Y. Tanaka et al., 1998; 

Okamoto et a i,  1999c; IChudyakov et al., 2000). In contrast, phylogenetic 

analysis of full-length, or near full-length TTV sequences reveals division into 

three main types, represented by the prototype TA278 in group 1, US35 in group 

2 and JAIO in group 3 (Erker et al., 1999). Most of the sequence variability
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occurs in the coding regions. In addition to these three TTV groups there are 

other highly divergent complete sequences (Okamoto et al., 19996; Hijikata et 

al., 1999; Takahashi et al., 20006; Ukita et al., 2000). PCR cloning studies have 

found mixed infections, with up to seven different genetic types, to be a common 

event (Takayama et al., 1999; Niel et al., 2000). Different TTV sequences do not 

appear to show geographical segregation, as is seen with other bloodbome 

hepatitis viruses (Mushahwar et al., 1999).

1.3.3 Epidemiology and transmission

TTV was initially presented as a candidate hepatitis virus, as TTV DNA titres 

were found to correlate closely with aminotransferase levels in three post

transfusion non A-G hepatitis patients (Nishizawa et al., 1997). TTV DNA has 

since been amplified from a high percentage of patients with post-transfusion 

hepatitis and those with chronic liver disease (Charlton et al., 1998; H. Tanaka et 

al., 1998). It has also been detected in the liver of infected patients at 10-100 

times the concentration in serum, suggesting that the virus is hepatotropic 

(Okamoto et a l, 1998a). However, more extensive studies have revealed that 

TTV is highly prevalent in healthy individuals in many parts of the world, so its 

ability to cause disease is far from certain (Prescott and Simmonds, 1998; Hsieh 

et al., 1999; Maggi et a l, 1999; Abe et al., 1999). PCR assays with primers 

directed against more conserved genomic regions have led to reports of 

prevalences approaching 100% in some population groups (Takahashi et al., 

19986; Leary et al., 19996). In the UK, the prevalence of TTV DNA in blood 

donors was 18% using two primer systems (F. Bobet, pers. comm.).

TTV DNA has been detected in blood products that have undergone viral 

inactivation procedures. Thus, its prevalence in haemophilia patients is high 

(Gerolami et a l, 1998). Transmission by blood transfusion has also been 

reported (Fujiwara et al., 1998). However, TTV DNA has been found in faeces 

(Okamoto et al., 19986), breast milk (Toyoda et al., 1999), semen (Inami et al.,

2000) and saliva (Ross et al., 1999) and the age-distribution of infected 

individuals suggests that TTV is mainly a community-acquired virus (Yamada- 

Osaki et al., 1998; Davidson et al., 1999). Evidence for transplacental 

transmission has also been documented (Morrica et ah, 2000). Non-parenteral
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modes of transmission may therefore account for its high global prevalence 

(Zuckerman, 19996). The detection of human-like TTV sequences in domestic 

farm animals raises the possibility that they may serve as a source of human 

infection (Leary et al., 1999a). TTV-like DNA sequences have also been 

identified in nonhuman primates (Verschoor et al., 1999; Okamoto et al., 2000a; 

Abe et al., 2000; Romeo et al., 2000; Cong et al., 2000).

Both acute and chronic TTV infections have been documented, with DNA 

persisting for up to 22 years in one study (Matsumoto et al., 1999; Leffere et al., 

2000). On examining the sequence of fragments of the genome, several groups 

have found it to remain very stable over a number of years (Biagini et ah, 1999; 

Ball et al., 1999). This would be expected if TTV were using host cell 

polymerases to replicate, due to the low mutation rate of human DNA 

polymerase enzymes. However, it suggests that in order to generate the observed 

extensive genetic variability, TTV must have been present in the human 

population for many thousands of years. This has led to the consideration that 

TTV is part of the normal human flora (Simmonds et a l, 1999).

1.3.4 Disease association

It is now accepted that TTV is unlikely to cause liver disease in most infected 

individuals. Numerous studies have failed to find any association between TTV 

DNA positivity and acute sporadic hepatitis, fulminant hepatitis, HCC, or 

exacerbations of chronic hepatitis (Parquet et al., 1999; Skelton et al., 2000; 

Huang et al., 2000; Giménez-Barcons et al., 1999). Preliminary attempts to 

detect anti-TTV antibodies have used immunoprécipitation techniques, and, as 

antigen, an expressed truncated ORF-1 protein product (Tsuda et al., 1999; 

Handa et al., 2000). These methods indicate that antibody is formed and can be 

detected in patients with and without TTV viraemia. In an attempt to find the site 

of replication of TTV, Okamoto et al. (20006 and c) have identified double

stranded forms of the viral genome in hepatocytes and bone marrow cells, which 

they suggest are the replicative intermediates. TTV DNA has also been detected 

in liver biopsy material by in situ hybridisation (Rodriguez-Ifiigo et ah, 2000). A 

pathogenic role for TTV has yet to be described. It is possible that certain genetic
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types are able to cause disease, or that certain hosts, eg. immunocompromised 

patients, are susceptible to potential pathogenic effects of the virus.

1.4 Molecular epidemiological tools

1.4.1 Gel-based mutation screening

Numerous gel-based assays have been developed in order to screen PCR 

products for mutations, without the need for sequencing. These have many 

applications, but in virology they are employed for genotyping, investigating 

transmission events, screening for epidemiologically important mutants, and for 

the examination of quasispecies evolution (Cotton, 1993; Arens, 1999). Some 

methods are sensitive to single base pair mutations. The most commonly used 

are described here:

i) RFLP - restriction fragment length polymorphism

This method employs restriction endonucleases to cleave PCR products and the 

resulting fragments are separated by gel electrophoresis. It is often used for 

genotyping, where a specific pattern of digested fragments is obtained from each 

genotype. For this reason it is important to amplify a relatively conserved region 

of the viral genome where the restriction sites are likely to remain stable 

(Pohjanpelto et al., 1996; Lindh et al., 1998) A large amount of sequence data is 

required in order to design a RFLP assay, and the panel of endonucleases must 

be customised. RFLP can also be used to screen for a known mutation.

ii) HMA - heteroduplex mobility assay

When a mixed population of PCR products are denatured and allowed to 

reanneal, a mixture of homoduplex (both strands have the same sequence) and 

heteroduplex (there is one or more mismatch) double strands are formed. When 

electrophoresed in a non-denaturing gel, the heteroduplexes are retarded in 

relation to the homoduplexes and the distance between the two species is related 

to the number of mismatched base pairs (Barlow et al., 2000). This technique has 

been used to detect single base pair mutations in the human cystic fibrosis gene 

(White et al., 1992), although in other applications, only about 80% of mutations 

are said to be detectable (Cotton, 1993). HMA has been successfully used for
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genotyping HIV, where tester PCR products of known genotype are mixed with 

a PCR product amplified from a sample of unknown genotype (Tatt et al., 2000).

iii) BESS - base excision sequence scanning

This is a relatively new technique that uses automated sequencing technology. 

PCR products are amplified with one fluorescently labelled primer in a PCR mix 

containing dUTP. They are then subjected to digestion with uracil-N-glycosylase 

and endonuclease IV, generating a defined series of fragments which can be 

separated and detected on a standard sequencing gel (Hawkins and Hoffman, 

1997). Approximately 95% of mutations can be detected and localised when 

both strands of the PCR product are analysed. The data are suitable for 

phylogenetic analysis (see section 1.4.2), which is useful for grouping specimens 

eg. from an outbreak or from different geographical locations (Charrel et al., 

1999).

iv) SSCP - single strand conformation polymorphism

Many studies of sequence polymorphisms in eukaryotic and prokaryotic genes 

have utilised this method, which is based on the principle that in a non

denaturing gel single-stranded PCR products will fold into distinct secondary 

structures depending on their nucleotide sequence. The differences in 

conformation alter electrophoretic mobility, which is detected as different 

banding patterns (Orita et al., 1989). This is depicted in Figure 1.3. SSCP assays 

have been used to investigate nosocomial outbreaks of HBV (Yusof et al., 1994; 

Hardie et al., 1996), although detection of single base pair mutations is again not 

always possible (Cotton, 1993).
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Figure 1.3 Schematic diagram demonstrating the principle o f SSCP analysis.
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v) DGGE - denaturing gradient gel electrophoresis

This method was developed primarily for the analysis of genetic mutations in 

human disease and can be used to detect single base pair mutations. It is based 

on the differential migration o f double stranded DNA through a gel containing
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increasing concentrations of the denaturing chemicals formamide and urea 

(Myers et al., 1987). As electrophoresis progresses, each DNA fragment will 

reach a position where the portion of the fragment with the lowest melting 

temperature (Tm) will begin to unravel, causing a significant decrease in 

electrophoretic mobility. The Tm of any domain is dependent on its nucleotide 

sequence and therefore mutations are detected as differences in band positions on 

the gel. If a mutation is present in the domain with the highest Tm, it will not be 

detected, as sequence-dependent migration is lost when the strands become 

completely dissociated. To improve sensitivity a 'GC clamp' is usually added to 

one end of the PCR product to provide a domain with a very high Tm that will 

not become denatured under DGGE conditions (Sheffield et al., 1989; Fodde and 

Losekoot, 1994). The DGGE principle is shown in Figure 1.4. It has been used 

recently in the study of JC virus molecular epidemiology, and to examine HCV 

quasispecies (De Santis and Azzi, 2000; Harris and Teo, 2001).

1.4.2 Phylogenetic analysis

DNA sequencing inevitably provides more information about a viral genomic 

fragment than any gel-based assay. Sequence data can be submitted to 

phylogenetic analyses in order to answer questions about the genetic relatedness 

of homologous DNA. In virology, it aids in the genotyping of virus families, 

enables molecular epidemiological studies to be carried out, and allows the 

evolution of viruses to be investigated (Holmes and Garnett, 1994). Of relevance 

to public health is the application of phylogenetic analyses to the investigation of 

microbial transmissions, such as that of HIV from a dentist (Crandall, 1995), 

HBV from a blood donor (Zuckerman et al., 1995), and HCV from contaminated 

blood (McAllister et al., 1998).
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Figure 1.4 Schematic diagram demonstrating the principle of DGGE analysis.
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Phylogenetic methods were originally developed and applied to the study of 

eukaryotic evolution using data such as morphological characters and gene 

frequency data (Edwards and Cavalli-Sforza, 1964; Gamin and Sokal, 1965). The 

advent of DNA sequencing has resulted in a rapid accumulation of molecular 

data, which can be analysed in a similar way to answer questions about the 

relatedness of particular sequences to others, and to understand evolutionary 

relationships. The algorithms used to infer phylogenies are continually being 

refined and updated, and are now applied regularly to viral nucleotide and amino 

acid sequences.
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There are several points to consider when drawing and interpreting a 

phylogenetic tree, perhaps the most important being that all trees represent only 

estimates of the real genetic relationship between sequences. In order to 

maximise the accuracy of a tree, it is important to use models that approximate 

the true behaviour of DNA. Similarly, the quality of the data entered will affect 

the tree topology obtained. Sequences should come from homologous regions, 

and be as similar in length as possible. If too short, or lacking in variation, there 

will be insufficient ‘phylogenetic information’, but if sequences are too variable 

the true relationships may be masked by background noise (Clewley, 1998).

The first stage in the analysis of nucleotide or amino acid data is to produce an 

alignment of a set of homologous sequences. Several algorithms are available for 

this purpose, the most useful for evolutionary studies being the global methods 

(Weiller et al., 1995). These determine an optimal alignment, according to their 

parameters, across the whole length of the sequences by carrying out pairwise 

alignments, identifying the two most closely related sequences, and adding the 

rest in order of similarity. Gaps are introduced where necessary to accommodate 

insertions or deletions.

There are many methods for constructing a phylogenetic tree from a sequence 

alignment. The most commonly used programs fall into three major categories:

i) Maximum Parsimony -  These methods search for the tree that requires the 

minimum number of changes at each character (nucleotide or amino acid) site to 

explain the evolution of the group, and only phylogenetically informative sites 

are considered. The main failure of parsimony is that it cannot easily allow for 

homoplasy, i.e. convergent mutations, parallel mutations and reversals, which 

result from the independent acquisition of the same properties along different 

evolutionary lineages. This can lead to unrelated sequences being clustered 

together (Stewart, 1993). To help address this problem, weights can be applied to 

rare substitution events, or to different codon positions to improve the model 

parameters.
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ii) Distance methods -  These involve two main stages; firstly a distance matrix is 

calculated by carrying out pairwise comparisons of the input sequences. There 

are several available models to estimate genetic distances, many of which 

consider transitions and transversions separately (2-parameter models), and can 

add a correction for the possible occurrence of multiple substitutions at the same 

site (Jukes and Cantor, 1969; Kimura, 1980; Felsenstein, 1981; Hasegawa et al., 

1985; Yang et al., 1994). The principles of some of the commonly used 

nucleotide substitution models are represented in Figure 1.5.

Secondly, a clustering algorithm is applied to the data in the matrix to produce a 

tree. The simplest program of this type is UPGMA (unweighted pair group 

method with arithmetic means), which looks for the smallest pairwise distance, 

then considers these two most related sequences as a single taxonomic unit. The 

distances are recalculated between this cluster of two and each of the remaining 

sequences, and the process is repeated (Sneath and Sokal, 1973). The topology of 

the tree is an arbitrary result of the clustering algorithm. Other distance methods, 

such as the Fitch and Margoliash method (1967) consider the difference between 

the expected distance (that in the matrix) and the observed distance (the sum of 

the branch lengths) between any two sequences, and search possible trees in 

order to choose the one with the smallest difference. Another commonly used 

method, the neighbour-joining method, uses a clustering algorithm which adds 

pairs of sequences (neighbours) to a star-like tree, minimising the internal branch 

length at each addition (Saitou and Nei, 1987). Thus, the most parsimonious tree 

that fits the distance matrix is drawn.

iii) Maximum Likelihood -  The starting point when using these methods is a 

probabilistic model of sequence evolution. The programs then compute the 

likelihood of any tree, which is the probability of the data, given the tree, and 

therefore search for the tree with the maximum likelihood (Felsenstein, 1988). 

These methods allow statistical comparisons between generated trees more easily 

than the other methods, although they are not generally used for large data sets, 

being computationally very demanding. For example, for ten sequences the 

possible number of rooted trees is 34,459,425 (Li, 1997), and for each tree this 

method calculates the likelihood value.
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Figure 1.5 Different models of nucleotide substitution
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ài
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a

All substitutions are equally likely (rate = a). 

Equal base frequencies = Jukes-Cantor model (JC)

Unequal base frequencies = Felsenstein model 
(F81)

a

Ài Transitions and transversions have different rates 
(a  and p).

Equal base frequencies = Kimura 2 parameter 
model (K2P)

Unequal base frequencies = Hasegawa, Kishino 
and Yano model (HKY85)

i i All six pairs of substitutions have different rates 
(a, b, c, d, e and j).

Unequal base frequencies = General reversible model 
(REV)
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Therefore, when more than 10 sequences are entered it is necessary to apply a 

search mechanism to reduce the number of trees considered. As there is no 

natural way to arrange trees in order to search, this is often carried using 

‘perturbation’ methods, such as taxon swap or tree bisection and reconnection 

(TBR). These take a possible tree, rearrange it and then recalculate the likelihood 

to see if the new tree is an improvement. One downfall is the potential for ending 

up with a locally optimum tree that is neither the true tree nor the most likely.

Most of the phylogenetic methods can be shown to provide the correct tree, 

given a large amount of data that does not breach any of the assumptions in the 

model. However, real data sets often contain complexities that cannot be readily 

handled by current phylogenetic methods. For example, there may be a base 

composition bias, which would lead to sequences with a similar composition 

being grouped together, even though they may not be the most closely related. A 

difference in frequency of types of mutation events, and an unequal mutation 

frequency at different sites are commonly seen in DNA data. It is therefore 

important to use the weighting facilities in many programs to counteract these 

occurrences. The simplest clustering methods, such as UPGMA, do not perform 

well if the rate of evolution varies along different lineages in the same tree. Also, 

the assumption of independence among sites is likely to be inaccurate, 

particularly in viral sequence data. Structures within DNA, such as stem-loops, 

and the existence of overlapping open reading frames mean that nucleotide 

substitutions at affected sites will be constrained (Hillis et al., 1994).

Resampling methods, such as bootstrapping and jackknifing can be used to 

examine the robustness of a tree, and statistical methods have been developed to 

test the reliability of a phylogeny (Felsenstein, 1988). More sophisticated 

techniques are becoming available for inferring phylogenies. For example, the 

use of split decomposition can take into account conflicting alternative groupings 

by displaying results as a network, rather than the typical bifurcating tree 

(Bandelt and Dress, 1992; Dopazo et a i, 1993). This technique has a particular 

application when examining sequences arising from recombination events. To 

increase the flexibility of sequence alignment. Hidden Markov Models are being
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developed, which can ‘leam’ from a given data set and assess the probability that 

a substitution, insertion or deletion will occur at each site (Weiller et al., 1995).

1.4.3 Recombination detection

The exchange of genetic material between viruses of the same species is 

increasingly thought to play a role in the evolution of many virus groups, and 

methods derived from phylogenetic analysis programs are being employed to 

study its occurrence. The simplest of these start with a multiple alignment of 

homologous sequences and use a "sliding window" of around 50-200 bp to scan 

the alignment for conflicting relationships. For example, if sequence a is highly 

related to sequence b over 80% of the fragment, but is shown to be more closely 

related to sequence c over the remaining 20%, this would suggest that 

recombination has occurred. Methods, such as bootscanning, TOPAL, RIP, and 

RDP, can give an indication of the breakpoints and often draw simple 

dendrograms using the putative recombinant section to graphically represent the 

change in branch position that would occur in comparison to a tree produced 

from the whole sequence alignment (Salminen et a l, 1995; McGuire and Wright, 

1998; Worobey and Holmes, 1999). If a potential recombinant and both parental 

sequences can be identified in an alignment, more sophisticated tests can then be 

applied to test the significance of suggested breakpoints, such as LARD, which 

is based on a maximum likelihood model (Holmes et al., 1999).

1.5 Aims

The broad aim of this thesis was to use appropriate molecular epidemiological 

tools to answer specific questions about defined variants of two hepatotropic 

viruses; HBV and TTV.

1.5.1 Molecular epidemiology of two variants of HBV

A screening assay was developed, using DGGE, to investigate the prevalence of 

a common HBV variant in two population groups throughout the 1990s. The 

hypothesis tested was that the variant had spread from prisons into the 

community, resulting in an increased prevalence in a population local to the 

prisons.
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The same assay was used to examine the prevalence of a second variant that was 

thought to be responsible for a point source outbreak of acute hepatitis B. Social 

and behavioural factors that may explain the contrasting epidemiologies of the 

two variants were then analysed.

1.5.2 Molecular characterisation of a variant of TTV

A novel divergent TTV-like sequence, identified in a patient with non-A to E 

hepatitis, was characterised and compared with previously described TTV 

sequences. After sequencing the complete genome, phylogenetic techniques were 

used to examine the evolutionary relationship between this virus and other TTV 

isolates. Its potential place within the Circoviridae was also investigated. PCR 

and sequencing were applied to search for this TTV-like virus in blood donors 

and other patients with non-A to B hepatitis in an attempt to define its hepato- 

pathogenic role.
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Chapter 2

Materials and Methods
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2.1 Amplification of HBV surface and core fragments

2.1.1 DNA extraction

Nucleic acid extraction from 100 |il serum or plasma was carried out using a 

guanidinium thiocyanate-silica method (Boom et a l, 1990). Buffers L6, L2 and 

silica suspensions were prepared by Severn Biotech Ltd. (Kidderminster, UK). 

Nucleic acids were eluted in 50 pi nuclease-free water.

2.1.2 PCR conditions

The primary PCR mix for the amplification of surface gene and core gene 

fragments contained 1.5 mM MgCL, 200 pM each dNTP, 1 unit Taq polymerase 

(Life Technologies, Paisley, UK), 20 pmoles each outer primer, 10 pi extracted 

DNA and nuclease-free water to give a final volume of 50 pi. Amplification was 

carried out by heating to 94“C for 2 m, followed by 30 cycles of 94°C for 30 s, 

55“C for 30 s, 72°C for 60 s, and a final extension at 72°C for 2 m. Secondary 

PCRs were carried out under the same conditions, except for the addition of 2 pi 

primary PCR product as template, and 20 pmoles each inner primer. The primer 

sequences are shown in Table 2.1. The outer surface primers amplified a 501 bp 

fragment between positions 236 and 736 of the HBV genome, and the inner 

primers amplified a 477 bp fragment between positions 236 and 712. The outer 

core primers amplified a 270 bp product between positions 1891 and 2160, and 

the inner primers amplified a 258 bp product between positions 1897 and 2154. 

Nucleotide positions are numbered from the EcoRX site (Ono et aL, 1983).
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Table 2.1 Oligonucleotide primers used for the amplification of HBV surface 

and core fragments

Region Position Name Primer Sequence

Surface Outer -  sense S5* 5’ ATACCACAGAGTCTAGACTC

Outer -  antisense 86* 5’ AACTGAAAGCCAAACAGTGG

Inner -  sense 109: 5’ATACCACAGAGTCTAGACTCGTGGTGGACT

Inner -  antisense 585R: 5’ AAGCCCTACGAACCACTGAACAAATGGCAC

Core Outer -  sense 1763: 5’ GCTTTGGGGCATGGACATTGACCCGTATAA

Outer -  antisense 2032R: 5’ CTGACTACTAATTCCCTGGATGCTGGGTCT

Inner -  sense 1778-E: 5’ GACGAATTCCATTGACCCGTATAAAGAATT

Inner -  antisense 2017R-B* 5’ ATGGGATCCCTGGATGCTGGGTCTTCCAAA

* Indicates taken from Yusof etal. (1994) 

indicates taken from Kaneko et al. (1989)

2.1.3 Detection of PCR products

PCR products were mixed with 2 pi loading buffer (10% Ficoll-400 in 10 mM

Tris-HCL pH 7.5, 50 mM EDTA, containing 0.25% bromophenol blue and 

0.25% orange G) and electrophoresed through a 2% agarose gel (SB fine gel, 

Severn Biotech Ltd.) in 1 X TRIS-borate-EDTA (TBE) buffer. One pg of a 1 kb

molecular weight marker (Life Technologies) was loaded next to test samples in 

order to estimate the size of PCR products in base pairs. To stain the DNA, gels 

were incubated in a solution of ethidium bromide in TBE buffer (concentration 

5 pg/ml) for 20 m. PCR products were visualised using a short wave ultraviolet

transilluminator.

2.2 Single strand conformation polymorphism (SSCP) assay

2.2.1 Radioisotopic PCR

Primary PCR for the amplification of HBV surface and core fragments was 

carried out as described in section 2.1.2. The secondary PCR mix for both
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surface and core fragment amplification contained 1.5 mM MgCl], 70 |xM each 

dNTP, 1 unit Taq polymerase, 20 pmoles each inner primer, 2 \iCi ^^P- 

deoxycytosine 5’-phosphate (Amersham Pharmacia Biotech, Little Chalfont,

UK), 2 |l i 1 primary PCR product and nuclease-free water to give a final volume of 

20 |il. Cycling conditions were as described in section 2.1.2.

2.2.2 Preparation of non-denaturing polyacrylamide gel

A Macrophor sequencing tank (LKB Bromma, Sweden) was used for the SSCP 

gel. The water-jacketed thermostatic plate was first coated with 10 ml “repel- 

silane” (2% solution of dimethyldichlorosilane in 1,1,1 -trichloroethane, BDH, 

Poole, UK). The glass plate was coated in 10 ml “bind-silane” mix (10 ml 

ethanol, 300 |il 10% acetic acid and 30 pi y-methacryloxypropyltrimethoxysilane 

(Sigma-Aldrich, Poole, UK). The acrylamide gel mix contained 0.5 X MDE 

(Flowgen, Ashby de la Zouch, UK), 0.6 X TBE, 0.05% glycerol and distilled 

water to give a final volume of 80 ml. Polymerisation was achieved by adding 

36 pi N,N,N’,N’-tetramethylethylenediamine (TEMED, Life Technologies) and 

360 pi 10% ammonium persulphate (APS, Sigma-Aldrich) to the gel mix 

immediately before pouring using a 50 ml syringe. Wells were formed with a 20 

or 26 well comb, and the gel was allowed to polymerise for at least 1 h.

2.2.3 Loading and electrophoresis

The surface and core radioactive PCR products from each sample were pooled 

for simultaneous analysis, and mixed with an equal volume of loading buffer 

(98% deionised formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% 

xylene cyanol) in 0.6 ml tubes. The samples were denatured at 95°C for 5 m and 

then placed on ice before loading.

Electrophoresis was carried out in 0.6 X TBE buffer at 15°C and at constant 

wattage (8 W) for 18 h. The temperature was maintained using a thermostatic 

circulator (Pharmacia LKB Biotechnology, Uppsala, Sweden). On completion, 

the thermostatic plate was removed, the gel covered with a transparent plastic 

wrap and exposed to autoradiographic film (Hyperfilm-MP, Amersham 

Pharmacia Biotech).
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2.2.4 Development of the autoradiograph

The autoradiographic film was immersed sequentially in developer, fixative 

(Kodak, Hemel Hempstead, UK) and water and, when dry, was examined on a 

X-ray viewer.

2.3 Sequencing PCR products

2.3.1 Automated sequencing

Secondary PCR products were electrophoresed through a 2% agarose gel, and 

stained with ethidium bromide. Bands were excised and DNA recovered using 

the Igenie DNA extraction kit (Helena Biosciences, Sunderland, UK). Products 

were sequenced using both inner primers with the ABI Prism DNA sequencing 

kit or the ABI BigDye DNA sequencing kit (PE Applied Biosciences, 

Warrington, UK). Reactions were electrophoresed on either an ABI 373 or an 

ABI 377 automated sequencer (PE Applied Biosciences).

2.3.2 Analysis of sequence data

Chromatogram data was analysed using SeqEd™ vl.0.3 (PE Applied 

Biosciences) to obtain a consensus sequence from both primers. The consensus 

was trimmed to remove the primer sequences, then multiple alignments and 

phylogenetic trees were drawn in the MegAlign program from the LASERGENE 

package (DNASTAR Inc., Madison, WI, USA). This program uses the Clustal V 

algorithm to align sequences, and a neighbour-joining method to produce a 

phylogenetic tree. Sequence distances are expressed as percent nucleotide 

divergence.

2.4 Denaturing gradient gel electrophoresis (DGGE) screening

2.4.1 GC-clamp PCR

The primary PCR mix for both surface and core fragment amplification 

contained 1 X EXPAND PCR buffer (which included 1.5 mM MgClz), 200 pM

each dNTP, 0.7 unit EXPAND high fidelity polymerase mix (Roche Diagnostics 

Ltd., Lewes, UK), 20 pmoles each outer primer (Table 2.1), 10 |il extracted DNA
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and nuclease-free water to give a final volume of 50 )Lil. PCR cycling conditions

were as described in 2.1.2. Secondary PCRs were carried out under the same 

conditions, except for the addition of 2 fil of primary PCR product as template,

and 20 pmoles each inner primer. A 40 bp GC-clamp was attached to the 5’ end 

of the inner sense primers (Sheffield et al., 1989). Therefore their sequences 

were as follows:

Surface: 109-clamp

5’CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGAT

ACCACAGAGTCTAGACTCGTGGTGGAC

Core: 1778-E-clamp

5’CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGGA 

CGAATTCCATTGACCCGTATAAAGAATT 

The inner antisense primers were as shown in Table 2.1. The secondary surface 

and core ‘clamped’ PCR products were 517 bp and 298 bp respectively, and they 

were initially visualised on agarose gels as described in 2.1.3.

2.4.2 Preparation of denaturing gradient polyacrylamide gels 

Stock solutions of each acrylamide mix were prepared in deionised water. For 

the analysis of HBV clamped surface gene PCR products, a gradient of 10% to 

60% dénaturants was used. The 10% dénaturant mix contained 8% acrylamide 

(National Diagnostics, Hull, UK), 0.6 X TRIS-acetate-EDTA (TAE) buffer (Life 

Technologies), 4% formamide (BDH) and 0.7 M urea (Sigma-Aldrich). The 60% 

dénaturant mix contained 8% acrylamide, 0.6 X TAE buffer, 24% formamide 

and 4.2 M urea. For the analysis of HBV clamped core gene PCR products, a 

gradient of 10% to 60% dénaturants was also used, but both stock solutions 

contained 12% acrylamide.

The gradient gel was poured using 30ml each stock solution and a gravity driven 

gradient maker with pump drive (GRI, Braintree, UK). Polymerisation was 

achieved by adding 13 pi TEMED and 250 pi 10% APS per 30 ml stock solution 

before pouring. Wells were formed with a 48 well comb, and the gel was 

allowed to polymerise for at least 1 h.
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2.4.3 Loading and electrophoresis

Clamped surface and core PCR products (2-7pl of each) were mixed with an 

equal volume of loading buffer (10% Ficoll-400 in 10 mM Tris-HCL pH 7.5,

50 mM EDTA and 0.25% xylene cyanol FF) and loaded into the wells. 

Electrophoresis was carried out in 0.6 X TAE buffer at 60°C and at 100 V for 

18 h. Buffer was continuously circulated to maintain constant temperature 

throughout the electrophoresis tank (Ingeny PhorU, GRI).

2.4.4 Staining the gels

Gels were stained with SYBR Green I (Flowgen) at a concentration of 0.5 X in 

200 ml of 0.6 X TAE. Bands were visualised after 1 h by ultraviolet 

transillumination. Gel images were obtained using a Kodak Digital Science 

DC40 camera.

2.5 Statistical analysis

The chi square test (uncorrected) and chi square test for linear trend were 

performed, using StatCalc in the Epi-Info 2000 package (CDC, Atlanta, USA).

2.6 Amplification of TTV N22 and non-coding region (NCR) fragments

2.6.1 DNA extraction

Nucleic acid extraction from 100 pi serum or plasma was carried out as 

described in section 2.1.1. DNA was also extracted from archived 

paraffin-embedded liver biopsy samples (Coombs et a/., 1999). Small sections 

were agitated in 100 pi Tween-20 (Sigma-Aldrich) before being heated to 90°C 

for 10 m. They were then cooled to 55°C and 2 pi of 10 mg/ml Proteinase K 

(Life Technologies) was added. The sections were incubated at 55°C for 4 h with 

gentle agitation every hour. After digestion, the sections were heated to 99°C 

with 100 pi 5% Chelex-100 resin (Bio-Rad Laboratories, Hemel Hempstead,

UK) in 50 mM Tris-HCL pH 7.5, 1 mM EDTA for 10 m. They were agitated
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again and spun in a microcentrifuge for 15 m at 10500 g before being placed on 

ice. This allowed the paraffin wax to harden in a disk above the digested section 

and be removed with a pipette tip. After heating to 45°C, 100 jil chloroform was 

added. Following gentle agitation and a further centrifugation for 15 m at 10500 

g, the upper phase (approximately 150 pi) was removed.

2.6.2 PCR conditions

The primary PCR mix for the N22 region (within ORF-1) amplification 

contained 2.0 mM MgCli, 200 |iM each dNTP, 1 unit Taq polymerase (Life 

Technologies), 25 pmoles each outer primer, 10 |Lil extracted DNA and nuclease 

free water to give a final volume of 50 pi. Amplification was carried out by 

heating to 95°C for 30 s, followed by 35 cycles of 95°C for 30 s, 60°C for 45 s, 

72°C for 45 s, and a final extension at 72°C for 7 m. Secondary PCRs were 

carried out for 25 cycles under the same conditions, except for the addition of 2 

pi of primary PCR product as template, and 25 pmoles of each inner primer. The 

primer sequences are shown in Table 2.2. The outer N22 primers amplified a 286 

bp fragment between positions 1900 and 2185 of the prototype TTV sequence 

(TA278, GenBank accession no. AB017610). The semi-nested inner primers 

amplified a 271 bp fragment between positions 1915 and 2185.

The primary PCR mix for the NCR amplification contained 2.0 mM MgCL, 200 

pM each dNTP, 1 unit Taq polymerase, 25 pmoles each outer primer, 10 pi 

extracted DNA and nuclease-ffee water to give a final volume of 50 pi. 

Amplification was carried out by heating to 94°C for 30 s, followed by 35 cycles 

of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 7 

m. Secondary PCRs were carried out for 35 cycles under the same conditions, 

except for the addition of 2 pi of primary PCR product as template, and 25 

pmoles of each inner primer. The primer sequences are shown in Table 2.2. The 

outer NCR primers amplified a 306 bp fragment between positions 3087 and 

3392, and the inner primers amplified a 243 bp fragment between positions 3120 

and 3362.
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Table 2.2 Oligonucleotide primers used for the amplification of TTV N22 and 

NCR fragments

Region Position Name Primer Sequence

N22 Outer -  sense NG059* 5’ ACAGACAGAGGAGAAGGCAACATG

Inner -  sense NG061* 5’ GGCAACATGYTRTGGATAGACTGG

Outer/Iimer -  
antisense

NG063* 5’ CTGGCATTTTACCATTTCCAAAGTT

NCR Outer -  sense b f P 5’ GTGGGACTTTCACTTGTCGGTGTC

Outer -  antisense B R P 5’ GACAAATGGCAAGAAGATAAAGGCC

Inner -  sense BF2: 5’ AGGTCACTAAGCACTCCGAGCG

Irmer -  antisense BR2: 5’ GCGAAGTCTGGCCCCACTCAC

* Indicates taken from Okamoto et al. (1998a) 

^Indicates taken from Leary et al. (1999a)

2.6.3 Detection of PCR products

PCR products were detected by agarose gel electrophoresis and ethidium 

bromide staining, as described in section 2.1.3.

2.7 Cloning N22 PCR products

Secondary N22 PCR products were cloned using a TOPO TA Cloning Kit 

(Invitrogen BY, De Schelp, The Netherlands). This method worked on the 

principle that PCR products generated by Taq polymerase possess a single 

adenosine (A) overhang at the 3’ end, due to the template independent terminal 

transferase activity of the enzyme (Marchuk et al., 1991). Therefore, the plasmid 

vector was supplied as a linear molecule with complementary 3’ thymidine (T) 

overhangs. Ligation of the PCR products into the vector was achieved by 

covalently bound topoisomerase I (Shuman, 1994). Transformation was carried 

out in chemically competent E.coli, and standard blue/white colony screening 

was employed after an overnight incubation on L agar (Luria agar: 1.0% 

tryptone, 5.0% yeast extract, 1.0% 0.17 M NaCl, 1.5% agar, pH 7.0), containing
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50 mg/ml ampicillin. Colony PCRs were carried out using the secondary PCR 

conditions for amplification of this region.

2.8 Sequencing PCR products

2.8.1 Automated sequencing

PCR products (either amplified directly from the sample or from colonies after 

TA cloning) were sequenced as described in section 2.3.

2.8.2 TTV genome sequencing

PCR products covering the whole genome of a divergent type of TTV (named 

PMV) were generated using an EXPAND High Fidelity PCR System (Roche 

Diagnostics Ltd.) according to the manufacturer’s protocol for amplification of 

products up to 3 kb, and with a Clontech Advantage-GC 2 PCR kit (Clontech 

Laboratories Ltd., Basingstoke, UK) for the GC-rich fragment C. All PCRs were 

carried out in a 50 pi volume. Primary or single round PCRs contained 10 pi of 

extracted DNA as template; secondary PCRs used 2 pi of primary PCR product. 

The PCR primers used to generate the entire PMV genome sequence were: for 

fragment A, T801 and NG063 (Takahashi et al., 19986; Okamoto et al., 1998a); 

for fragment B, NG059, NG061 and BRI (Okamoto et a l, 1998a; Leary et al., 

1999a); for fragment C,

outer sense INVl (5’CCTTACAGACACCCCTTACTACCCT), 

with outer antisense INV2 (5’ CAGTGGCACTTTCCTTTTCTTTC), 

and inner sense INV3 (5’ ACTAAGCACTCCGAGCGAAGC) 

with inner antisense INV4 (5’ ATAACCCTAAGAGCCTTGCCCATAG).

The positions of the three PCR products are indicated in Figure 2.1. All three 

were cloned using an Invitrogen TOPO TA Cloning Kit. Plasmid DNA 

containing the inserted PCR products was purified using a QIAfilter Plasmid 

Midi Kit (Qiagen Ltd. Crawley, UK) and sequencing was carried out by 

Cambridge Bioscience Ltd. (Cambridge, UK). The resulting three fi*agments 

were assembled using programs BditSeq and MegAlign in the LASERGENE 

package (DNASTAR Inc.) to construct the complete genome sequence of 3736 

nucleotides.
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Figure 2.1 Positions of the 3 overlapping PCR products in the PMV genome 

(fragments A, B and C), including their length in bp.

1

914

1435

2.8.3 Analysis of sequence data

Additional phylogenetic software packages were used for the analysis of 

sequence data. Multiple alignments were performed using Clustal W (Thompson 

et al., 1994), which aligns nucleotides or amino acids and produces guide trees 

using the UPGMA cluster analysis method of Sneath and Sokal (1973).

PUZZLE v4.0.2 (Strimmer & von Haeseler, 1997) was used to estimate the 

transition/transversion (ts/tv) ratio, and base frequencies, from nucleotide 

alignments. These values were inputted into subsequent programs to improve the 

accuracy of the tree-drawing. Phylogenetic analysis was performed using the 

following programs in the PHYLIP package: Seqboot, Dnadist, Protdist, 

Neighbor, Fitch, Dnaml, Consense (Felsenstein, 1993).

In certain cases, the program Seqboot was first applied to an alignment in order 

to test the robustness of the final tree. Seqboot samples columns from the 

alignment randomly with replacement, so that the resulting alignments are the 

same length as the original, with some columns excluded and others duplicated.
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Between 100 and 1000 new alignments are typically created, depending on the 

number and length of the sequences. This type of resampling method is likely to 

simulate the amount of variation expected if new data sets were used, although 

one of the assumptions is that evolution occurs independently at each site, which 

is not always the case.

Dnadist was used to calculate genetic distances between sequences in an 

alignment, the output taking the form of a distance matrix, which was then used 

in two further programs. Neighbor and Fitch, to draw a tree. Three different 

models of nucleotide substitution were available: Jukes and Cantor (1969), 

Kimura (1980) and a maximum likelihood model (Felsenstein, 1993). The 

Kimura 2-parameter model was used most frequently, which allows for a 

difference between transition and transversion rates. The distance for each pair 

of sequences estimates the total branch length between the two, which in turn is 

an estimate of the divergence time between those two sequences.

Genetic distances generated by Dnadist are approximately comparable to the 

percent nucleotide divergence figures obtained using the MegAlign program (see 

Section 2.3.2). For example, a genetic distance of 0.3 is equivalent to a 

nucleotide divergence of about 30%. It is possible to obtain estimates of over 

100% divergence, or genetic distances of greater than 1, as most programs that 

estimate evolutionary distances add a correction for the occurrence of multiple 

nucleotide substitutions at the same site (multiple hits).

The program Protdist also creates a distance matrix, but uses an amino acid 

alignment, and three different models of amino acid replacement to do so. The 

most widely used, and that used in this study, is the Dayhoff PAM model, which 

allows prediction of the probability of changing from any one amino acid to any 

other, based on an empirically derived model (Dayhoff, 1978). Again, the 

distance matrix was used as input data in the clustering programs Neighbor and 

Fitch.

In Neighbor it is possible to implement both the neighbor-joining algorithm 

(Saitou and Nei, 1987) and the UPGMA algorithm (Sneath and Sokal, 1973),
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whereas Fitch carries out the Fitch-Margoliash and least-squares methods (Fitch, 

and Margoliash, 1967). Fitch is the more time-consuming program to run, but 

also the more accurate. It contains a function which allows "global 

rearrangements" to be carried out, enabling each possible group on the final tree 

to be removed and re-added to assess possible improvements to the tree 

topology. This function was selected each time Fitch was used.

Dnaml is a maximum likelihood method written by Felsenstein (1993). It was 

used to generate trees to compare with those resulting from the distance methods 

described above. If similar topology and branch lengths are obtained using these 

two different methods, the accuracy of the tree is thought to be highly supported. 

The transition/transversion ratio and base frequencies calculated in PUZZLE 

were entered, and the global rearrangements option was selected. However, 

bootstrapping was not carried out prior to using Dnaml, as the length of time 

required to analyse multiple data sets was too great.

The program Consense was used when bootstrapping had been performed to 

draw a consensus tree from those produced by the multiple data sets. The 

consensus tree has a number at each node, which indicates how many times the 

group descended from that node occurred. This was converted into a percentage 

and shown on the tree. All tree diagrams were generated using Treeview (Page, 

1996).

In order to find homologous DNA or protein sequences, the GenBank/EMBL 

and SwissProt databases were searched using BLASTN, BLASTP and FASTA 

(Altschul et a i, 1997; Pearson and Lipman, 1988).

Secondary structure predictions were made using the program Mulfold (Jaeger et 

al., 1989), which uses energy minimisation criteria to predict optimal and 

suboptimal secondary structures for both RNA and DNA.

To plot sequence similarity across multiple alignments the GCG program 

Plotsimilarity (Genetics Computer Group, WI, USA) was used. This program 

calculates the average similarity of all nucleotide or amino acid sequences in an
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alignment at each character position, using a sliding window of comparison. The 

window is moved along all sequences, one position at a time, and the average 

similarity over the window is plotted at the middle position of the window. For 

DNA alignments, a sliding window of 50 nucleotides was employed, whereas a 

sliding window of 20 amino acids was used when carrying out the analysis on 

protein sequences. The average similarity across the entire alignment is plotted 

as a dotted line.

The Recombinant Identification Program (RIP) was used to investigate the 

possibility that PMV contained mosaic regions. This computer program was 

developed at the HIV Database to identify recombinant HIV-1 sequences and is 

available at their website rhttp://hiv-web.lanl.gov/. Los Alamos National 

Laboratory, Los Alamos, NM, USA). However, by entering representative TTV 

sequences as background reference sequences, it was adapted to scan PMV for 

regions of similarity with each. On entering an alignment of PMV with the 

background sequences, the program proceeds by using a sliding window to 

assess the similarity (the percentage of identical base pairs) of the query 

sequence (PMV) to each background sequence. The values are retained and the 

window is moved along the alignment by one nucleotide. The program then 

displays either a graphical or alignment output revealing which background 

sequence the query sequence most resembles at all possible positions. So called 

"best matches" are marked if they are significant according to a statistical test. 

The threshold for statistical significance was set at 95%. Various window sizes 

were used in order to maximise the sensitivity of the result.
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Chapter 3

The molecular epidemiology of two variants of HBV
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3.1 Introduction

Acute hepatitis B virus infections in England and Wales are reported to the 

Public Health Laboratory Service Communicable Disease Surveillance Centre 

(PHLS CDSC). A laboratory confirmed acute case is defined by a positive test 

result for anti-HBc IgM antibodies, or a positive test result for HBsAg with 

typical hepatitis symptoms and, where available, a negative result for anti-HAV 

IgM antibodies. These cases, along with those identified during contact tracing, 

are used to estimate the incidence of HBV infection and to monitor 

epidemiological trends (Balogun et al., 1999).

Symptomatic infections can only be used as a proxy marker of incident 

infections. The true incidence is likely to be much greater than the incidence of 

reported cases, as up to two thirds of infections in adults are either asymptomatic 

or cause general flu-like symptoms (McMahon et al., 1985). These cases are 

therefore unlikely to be investigated for possible infection with hepatitis B virus.

A survey of laboratory confirmed hepatitis B infections over an 11 year period 

revealed a large decrease from 1761 reported in 1985 to 583 in 1989, which has 

largely been attributed to a change in injecting drug use behaviour as a result of 

the HIV epidemic (Balogun et al., 1999). However, since the mid-1990s the 

incidence has shown a steady increase: 719 cases were reported in 1999. Several 

factors may be facilitating this rise. For example, heroin and crack use is known 

to have increased throughout the 1990s, particularly in north and south west 

England (Dean, 1999), with 1 in 5 IDUs reporting having shared equipment in 

1995 (Department of Health, 1996). The failure of the selective HBV vaccination 

program to reach IDUs has ensured that they remain a largely susceptible, high 

risk group (CDSC, 1999; Goldberg and McMenamin, 1998; Lamagni et a l, 

1999). Moreover, the number of gonorrhoea diagnoses in England rose 

substantially between 1995 and 1999, in both males and females. This indicates 

that high risk sexual behaviour potentially plays an important role in maintaining 

HBV endemicity (Fenton et al., 2000).
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Inside prisons, the problems in preventing bloodbome virus transmission are 

magnified. Several studies have shown that IDUs often continue to inject whilst 

in prison, that they are more likely to share equipment and that up to a quarter of 

IDU inmates begin injecting during a period of incarceration (Pickering and 

Stimson, 1993; Gore et al., 1995; Weild et al., 2000). It is clear that the 

transmission of HBV can occur in this setting; 274 cases of acute infection were 

diagnosed in prisons in England and Wales between 1985 and 1996 (Balogun et 

al., 1999). However, few outbreaks have been described, the most 

comprehensive report being of a HBV and HIV outbreak within a Scottish prison 

(Taylor et al., 1995; Hutchinson et al., 1998).

Clusters of HBV infection are more often reported from nosocomial and 

community-based settings. In these situations PCR and DNA sequence analysis 

are frequently applied to investigate chains of transmission and to try and link 

infections to a point source. This can enable failures in cross-infection control to 

be identified. A transmission is said to have taken place if the same, or a very 

closely related, HBV sequence is recovered from both putative transmitter and 

recipients. For example, this has occurred in the UK during surgery from four 

carrier surgeons to their patients (The Incident Investigation Teams, 1997), and 

also via a contaminated cryopreservation tank (Hawkins et al., 1996).

As a reference laboratory, CPHL frequently receives specimens that require 

specialist testing. The Hepatitis Unit has offered a DNA sequencing service for a 

number of years to aid in the investigation of potential nosocomial transmission 

of HBV and to examine unusual clusters of acute hepatitis B infection in the 

community. PCR products are generated and sequenced (as described in Sections

2.1 and 2.3) and then added to a multiple alignment for phylogenetic 

comparison. If identical sequences are retrieved, and a recent transmission is 

therefore supported, appropriate measures are recommended to prevent further 

infections.

Samples are usually received from hospital laboratories and information supplied 

typically includes the patient's name, date of birth, date of onset, potential risk 

factors and reason why sequencing is requested. The results of serological tests
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already carried out may also be included. However, not all of this data may be 

available. A large database of HBV sequences has now been established in the 

Hepatitis Unit, against which all new sequence requests are compared.

Techniques that were developed to screen for mutations in eukaryotic genes, e.g., 

RFLP, SSCP and HMA, may be adapted to facilitate molecular epidemiological 

studies of HBV without resort to nucleotide sequencing. This chapter describes 

the application of a SSCP assay and the development and application of a DGGE 

procedure to study the molecular epidemiology of two defined variants of HBV. 

One variant was first identified as being responsible for multiple outbreaks of 

acute hepatitis B in prisons, and was subsequently detected in a number of 

settings during routine molecular investigations, carried out during the 1990s.

The DGGE approach was successfully applied to track its spread into the wider 

community. The other variant caused a large outbreak of acute hepatitis B in a 

nosocomial context. Application of the DGGE procedure allowed the spread of 

this variant to be closely studied. These molecular epidemiological studies 

permitted conclusions to be drawn regarding the roles of socio-cultural settings 

and lifestyles on the further transmission of HBV, following its introduction into 

the community.

3.2 The emergence and spread of the HBV prison variant (HBV**'')

3.2.1 HBV outbreaks in prisons in the north of England 

Between 1993 and 1995, serum specimens were received from cases of acute 

hepatitis B infection in inmates of three prisons in the north of England. Five 

samples were received from a prison in Durham, six from Hull and four from 

Lancaster. The samples were sent by the local Public Health Laboratories, wiih 

requests from the prison doctors to investigate possible chains of transmission. It 

was thought that the clusters were unrelated. Two fragments from the surface 

and core genes of the HBV genome were amplified by PCRs described in 

Section 2.1.2. One sample (prisoner 6 HUL) was negative in the core region 

PCR. On DNA sequence analysis (as detailed in Section 2.3), eleven of the 15 

surface gene fragments, originating from all three prisons, were found to be 

identical. Ten of these also demonstrated complete sequence identity in the core
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gene fragment; the remaining sequence had a single nucleotide difference. It was 

therefore concluded that there was a transmission link between the prisons. The 

multiple alignments of nucleotide sequences are shown in Figure 3.1.

In 1994, 18 HBsAg positive serum samples were received from a prison in 

Liverpool. Fourteen were positive by PCR (Section 2.1.2), seven of which 

originated from known IDUs. Serological tests, performed by Liverpool Public 

Health Laboratory, revealed that nine of the PCR positive inmates were 

undergoing acute HBV infection at the time of serum sampling, three were at the 

recovery stage of acute infection, one was a known carrier and there was one for 

whom no information was provided.

To screen for nucleotide sequence identity among the PCR products, 

radioisotopic SSCP analysis was carried out as described in Section 2.2. This 

technique can distinguish between most PCR products with different sequences 

as, on dénaturation, the single strands adopt distinct 3-dimensional 

conformations, which can be resolved following electrophoresis through a non

denaturing polyacrylamide gel (Yusof et al., 1994). A representative 

autoradiograph derived from the SSCP gel is shown in Figure 3.2.
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Figure 3.1a Nucleotide alignment of surface gene PCR product sequences 

amplified from prison samples. DUR=Durham; HUL=Hull; LAN=Laneaster.

m j o r i C y  A A T T T T C T A G G G G G A T C A C C C G T G T G T C T T G G C C A A A A T T C G C A G T C C C C A A C C T C C A A T C A C T C A C C A A C C T C C T G T C C T C C A A T T T G T

Prisoner 1 CUR.....................................................................
P risaier 2 E U R . G ..............................................................
Prisoner 3 EUR ......................................................................

Prisoner 4 H R .....................................................................
Prisoner 5 CUR........................................................ G . . .
Prisoner 1 HIL ......................................................................
Prisoner 2 H JL ......................................................................
Prisoner 3 H X .........................................................................

Prisoner 4 H X .........................................................................
Prisoner 5 H X .....................................................................
Prisoner 6 H X .........................................................A . C A
Priscrer 1 CAN.........................................................................
Priscrer 2 IA N .........................................................................
Prisoner 3 IA N .....................................................................

Prisoner 4 IA N ......................................................A . TA

t e j o r i t y  C C T G G T T A T C G C T G G A T G T G T C T G C G G C G T T T T A T C A T A T T C C T C T T C A T C C T G C T G C T A T G C C T C A T C T T C T T A T T G G T T C T T C T G G A T

Prisoner I D » .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 2 D » .....................................................................................................................................................................................................................................................................................................................................................

Prisoner 3 C » .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 C » .....................................................................................................................................................................................................................................................................................................................................................
Prisorer 5 E » .........................................................................................................................................................................................................................................................................G . . C ............................................................
Prisoner 1 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 2 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 3 H X .....................................................................................................................................................................................................................................................................................................................................................

Prisoner 4 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 5 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 6 H X .............................................................................................................................................. C .....................................................................................................................................G .......................................................C
Prisoner 1 LAN .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 2 IA N .....................................................................................................................................................................................................................................................................................................................................................

Prisoner 3 IAN .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 IA N .............................................................................................................................................. C .....................................................................................................................................G .......................................................C

te io rity  T A T C A A G G T A T G T T G C C C G T T T G T C C T C T A A T T C C A G G A T C A A C A A C A A C C A G T A C G G G A C C A T G C A A A A C C T G C A C G A C T C C T G C T C A A

Prisoner 1 C » .....................................................................................................................................................................................................................................................................................................................................................

Prisoner 2 D » .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 3 O R .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 O JR .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 5 C » . . C . . G .................................................................................................................................................................................................................................................................................... G .....................................
Prisoner 1 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 2 H X .....................................................................................................................................................................................................................................................................................................................................................

Prisoner 3 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 5 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 6 H X ...........................................................................................................................................................C T . . . . C .................C ............................................. C G ................................T . . . .  A .............................
Prisoner 1 IAN .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 2 IA N .....................................................................................................................................................................................................................................................................................................................................................

Prisoner 3 IAN .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 IA N  G ....................................................................................................................................C T . . . . C .................C ............................................. C G ................................T . . . .  A .............................

m jo rity  G G C A A C T C T A T G T T T C C C T C A T G T T G C T G T A C A A A A C C T A C G G A T G G A A A T T G C A C C T G T A T T C C C A T C C C A T C G T C C T G G G C T T T C G C A

Prisoner 1 O JR .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 2 C »  C . . . .
Prisoner 3 C » .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 C » .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 5 C » ...................................C ..............................................................................................................................................................................................................................................................................................................
Prisoner 1 H X .....................................................................................................................................................................................................................................................................................................................................................

Prisorer 2 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 3 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 5 H X .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 6 H X . . A . C ...........................A ......................C .........................................C ......................T . . . . C ..............................................................................................................A  G .
Prisoner 1 IA N .....................................................................................................................................................................................................................................................................................................................................................

Prisoner 2 IA N .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 3 IA N .....................................................................................................................................................................................................................................................................................................................................................
Prisoner 4 I A N . . A . C ...........................A ......................C .........................................C ......................T . . . . C .............................................................................................................. A  G .

te ]0r i ty  A A A T A C C T A T G G G A G T G G G C C T C A G T C C G T T T C T C T T G G C T C A G

Prisoner 1 C W .....................................................................................................................................................................
Prisoner 2 D » .....................................................................................................................................................................
Prisoner 3 E » .....................................................................................................................................................................
Prisoner 4 E » .....................................................................................................................................................................
Prisoner 5 D » .....................................................................................................................................................................

Prisoner 1 H X .....................................................................................................................................................................
Prisoner 2 H X .....................................................................................................................................................................
Prisoner 3 H X .....................................................................................................................................................................
Prisoner 4 H X .....................................................................................................................................................................
Prisoner 5 H X .....................................................................................................................................................................
Prisoner 6 H X . . . . T .........................................................................C ................................. C .............................

Prisoner 1 IAN .....................................................................................................................................................................
Prisorer 2 IA N .....................................................................................................................................................................
Prisoner 3 IA N .....................................................................................................................................................................
Prisoner 4 IAN . . . .  T .........................................................................C ................................. C .............................

Decoration 'Decoration *1 ':  Hide (as ' . ' I  residues that match the Consensus exactly.
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Figure 3.1b Nucleotide alignment of core gene PCR product sequences 

amplified from prison samples. DUR=Durham; HUL=Hull; LAN=Lancaster.

b b jo r iC y  G G A G C T A C T G T G G A G T T A C T C T C G T T T T T G C C T T C T G A C T T C T T T C C T T C C G T C A G A G A T

P r i s o n e r  1 DUR .............................................................................................................................................................................................................................................................................................................

P r i s o n e r  2 CUR .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  3 DUR .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  4 CUR .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  5 C U R .............................................. C . . C .................................................................................................. C A .............................................................................................................................

P r i s o n e r  1 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  2 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  3 HUL .............................................................................................................................................................................................................................................................................................................

P r i s o n e r  4 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  5 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  1 LAN .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  2 LAN .............................................................................................................................................................................................................................................................................................................

P r i s o n e r  3 LAN .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  4 L A N .................................................................................................................A ...................................................................................................................................G . . A C ........................

m j o r i t y  C T C C T A G A C A C C G C C T C A G C T C T G T A T C G A G A A G C C T T A G A G T C T C C T G A G C A T T G C T C A

P r i s o n e r  1 EUR ...................................................................................................................................................................
P r i s o n e r  2 DUR ...................................................................................................................................................................

P r i s o n e r  3 DUR ...................................................................................................................................................................
P r i s o n e r  4 CUR ...................................................................................................................................................................
P r i s o n e r  5 D U R ................................................... T . . . A . C .....................................................A . . . .
P r i s o n e r  1 HUL ...................................................................................................................................................................

P r i s o n e r  2 HUL ...................................................................................................................................................................
P r i s o n e r  3 HUL ...................................................................................................................................................................
P r i s o n e r  4 HUL ...................................................................................................................................................................
P r i s o n e r  5 HUL ...................................................................................................................................................................

P r i s o n e r  1 L A N ...................................................................................................................................................................
P r i s o n e r  2 LAN ...................................................................................................................................................................
P r i s o n e r  3 LAN ...................................................................................................................................................................

P r i s o n e r  4 L A N . . T .....................T ....................................................................................................... G . . T

t e j o r i t y  C C T C A C C A T A C T G C A C T C A G G C A A G C C A T T C T C T G C T G G G G G G A A T T G A T G A C T C T A G C T

P r i s o n e r  1 CUR .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  2 C U R .....................................................................................................................................................................................................................................................C  G .
P r i s o n e r  3 DUR .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  4 CUR .............................................................................................................................................................................................................................................................................................................

P r i s o n e r  5 C U R ......................................................................... A .............................................................................................................................................................................................................................
P r i s o n e r  1 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  2 HUL .............................................................................................................................................................................................................................................................................................................

P r i s o n e r  3 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  4 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  5 HUL .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  1 LAN .............................................................................................................................................................................................................................................................................................................

P r i s o n e r  2 LAN .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  3 LAN .............................................................................................................................................................................................................................................................................................................
P r i s o n e r  4 L A N .................................................................................C ........................................ A .........................T ..........................................................C . A ............................................................

M a jo r i t y  A C C T G G G T G G G T A A T A A

P r i s o n e r  1 CUR ..................................................................................

P r i s o n e r  2 EUR ..................................................................................
P r i s o n e r  3 EUR ..................................................................................
P r i s o n e r  4 CUR ..................................................................................
P r i s o n e r  5 DUR T .............................................................................

P r i s o n e r  1 HUL ..................................................................................
P r i s o n e r  2 HUL ..................................................................................
P r i s o n e r  3 HUL . . T ...................................................................
P r i s o n e r  4 HUL ..................................................................................

P r i s o n e r  5 HUL ..................................................................................
P r i s o n e r  1 LAN ..................................................................................
P r i s o n e r  2 LAN ..................................................................................
P r i s o n e r  3 LAN ..................................................................................

P r i s o n e r  4 L A N ............................................................G T . . .

D e c o r a t io n  'D e c o r a t io n  # 1 ';  H id e  ( a s  r e s i d u e s  t h a t  m a tc h  t h e  C o n se n su s  e x a c t l y .
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Figure 3.2 Autoradiograph o f SSCP assay on samples from a cluster of 

acute HBV infections in a Liverpool prison, and controls. The HBV 

surface and core PCR products derived from each sample were run in the 

same lane as indicated. Lanes 1,10 and 20 were amplified from the 

plasmid control pHBV130; Lanes 2-7, 9, 11-17 were amplified from 14 

inmates and lanes 18 and 19 originate from epidemiologically unlinked 

controls.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

# Surface

Core
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As shown in Figure 3.2, 12 samples, in lanes 2-7, 9 and 13-17, appeared identical 

in both regions of the genome analysed. The other two were identical in the core 

region only; one was negative in the surface region PCR (lane 11) and the other 

had a different banding pattern in the surface region (lane 12).

Three of the 12 samples with both matching fragments were sequenced to 

confirm the SSCP result (prisoners x, y and z, corresponding to lanes 6, 9 and 15 

on the autoradiograph in Fig. 3.2). They were added to the multiple alignments 

of 15 samples received from the three original prison outbreaks described above 

(Fig. 3.1), and the resulting dendrograms are shown in Figure 3.3. It was evident 

that the 12 sequences from Liverpool were identical in both subgenomic regions 

to the common "prison variant". The deduced amino acid sequence of the surface 

gene fragment indicated that the prison variant (from now on referred to as 

HBV^^) was of subtype adw2, genotype A (Norder et al., 1994).

In the above investigations, where DNA sequences were generated, the analysis 

was carried out using the CLUSTAL V and neighbour-joining algorithms 

available in MegAlign. Further phylogenetic techniques were not required as 

theprimary aim was to search for identical sequences, rather than inferring 

evolutionary relationships between them. This information could have been 

extracted from the nucleotide alignments, although the dendrograms provided a 

convenient graphical representation, which was easy to interpret.

3.2.2 HBV^^ in the community: Warrington

The HBV^"  ̂sequences were subsequently found in a number of samples derived 

from the community. In 1996 and 1997, 12 samples from patients acutely 

infected with hepatitis B were received. These patients were residents in and 

around the Warrington area. Molecular investigation was requested as the 

patients reported no risk factors, and their infections were apparently unrelated. 

Following DNA sequencing, multiple sequence alignments were created. The 

resulting dendrograms are shown in Figure 3.4.
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Figure 3.3 Dendrograms from multiple alignments of HBV PCR product 

sequences amplified from inmates of four prisons in the north of England. 

DUR -  Durham; HUL = Hull; LAN = Lancaster; LIV = Liverpool. 

Prisoners x, y and z from Liverpool correspond to lanes 6, 9 and 15 on the 

SSCP autoradiograph in Figure 3.1.

Surface gene fragment
Prisoner 1 DUR

Prisoner 2 DUR
P risoners DUR 
Prisoner 4 DUR 
Prisoner 1 HUL 
Prisoner 2 HUL 
Prisoner 3 HUL 
Prisoner 4 HUL 
Prisoner 5 HUL 
Prisoner 1 LAN 
Prisoner 2 LAN 
Prisoner 3 LAN 
Prisoner x LIV 
Prisoner y LIV 
Prisoner z LIV

j —  Prisoner 6 HUL 
  Prisoner 4 LAN

4.8

% divergence

Prisoner 5 DUR

Core gene fragment

Prisoner 1 DUR
Prisoner 5 DUR

Prisoner 3 DUR 
Prisoner 4 DUR 
Prisoner 1 LAN 
Prisoner 2 LAN

  Prisoner 3 HUL
Prisoner 3 LAN

-------------- Prisoner 2 DUR
Prisoner 1 HUL 
Prisoner 2 HUL 
Prisoner 4 HUL 
Prisoner 5 HUL 
Prisoner x LIV 
Prisoner y LIV 
Prisoner z LIV 
Prisoner 4 LAN

9.7

% divergence

66



Figure 3.4 Dendrograms from multiple alignments of HBV PCR product 

sequences amplified from a cluster of acute infections in the Warrington area.

Those matching the HBV^^ sequence are shown in red.
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Seven of the 12 samples (WI to W7) carried the HBV^^ core gene sequence. 

Four of these (WI to W4) also shared the HBV^^ surface gene sequence, whilst 

the other 3 (W5 to W7) had the same single nucleotide substitution in this 

fragment. Thus WI to W4 carried HBV^^, while W5 to W7 carried a variant that 

was very closely related to HBV^^. The remaining 5 samples contained different 

HBV sequences, 3 of genotype A and 2 of genotype D (one was negative in the 

core gene PCR).

3.2.3 HBV^^ in the community: Hull

The HBV^^ sequence was further identified in 1996 during the routine 

investigation of clusters of acute HBV infection in Hull, the location of one of 

the prisons. Risk factor information suggested that the infections were associated 

with attendance at a tattoo parlour (3 cases) and injecting drug use (2 cases). 

Again, these were isolated requests and were not thought at the time to be linked 

to any other outbreaks.

3.2.4 HBV^^ in the community: London

In 1998, a female patient had surgery in a London hospital and later developed 

acute hepatitis B. An investigation was initiated, which revealed that both she 

and a male patient at the same hospital shared the HBV^^ sequence in both 

surface and core PCR products. A transmission link between them could not be 

found, although they were treated in the same intensive care unit. The only 

HBsAg positive health care worker involved in the female patient’s operation 

was carrying a different variant of genotype A. The possibility therefore existed 

that transmission could have occurred from the male patient to the female 

patient, perhaps due to inadequate implementation of cross-infection procedures.

3.2.5 Questions raised by the prevalence of HBV^^

Although HBV is not a rapidly mutating virus, compared to RNA viruses, it was 

unexpected to find these 2 sequences (surface and core fragments, comprising a 

total of 601 bp, or approximately one fifth of the genome) in such a large number 

of apparently unlinked infections. As the earliest identification of the variant was 

in prison outbreaks of HBV infection, it was hypothesised that the variant might 

have spread from prisons to the outside community, particularly in the north of
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England. It is possible that in the early 1990s, the prevalence of the variant was 

low, but it was permitted to spread following its introduction into a prison. 

Frequent transfers of HBV^^ carrying inmates then led to the occurrence of 

outbreaks in multiple prisons. Hence the infected inmates were able, upon 

release, to transmit the virus to the outside community, for example to other 

IDUs or to sexual partners.

To substantiate this hypothesis, a study was initiated to look for HBV^^ in serum 

samples from community cases of acute HBV infection. Three questions were 

addressed:

1) What is the prevalence of HBV^^ in the general population?

2) Has its prevalence been increasing in recent years?

3) If so, could its spread in prisons in the north of England have contributed to 

the increase?

3.3 Tracking the spread of HBV^^

3.3.1 Choice of DGGE as the molecular screening method 

In order to establish the prevalence of this variant in a large number of samples, a 

rapid and sensitive screening method was required. DNA sequencing was 

considered inappropriate as, despite automated improvements, it remains a 

lengthy and expensive procedure. Also, the amount of information provided by 

sequencing was not required in this study; it was sufficient to be able to 

distinguish HBV^^ sequences from non-HBV^^ sequences. Similarly, the 

radioisotopic SSCP technique described in Section 2.2 was considered unsuitable 

for large-scale screening. It too is a lengthy procedure, capable of analysing only 

26 samples at a time on the available apparatus, as band resolution diminished if 

more samples were loaded onto the gel. Moreover, this technique suffers from 

the safety and disposal problems inherent in working with radioactive labels. The 

DGGE method was chosen, and developed to screen both surface and core gene 

PCR products for sequence identity.
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3.3.2 Samples used for screening

The Hull region was selected as the test site, as this was the location of one of 

the prisons where HBV^^ was first identified, and where five community cases 

were subsequently detected. The Public Health Laboratory in Hull receives 

samples for HBV testing from an area with a population of approximately 

460,000. These samples are referred from local GPs and hospitals. The 

catchment area also includes three prisons (R.E Meigh, pers. comm.). Serum 

samples from all laboratory confirmed acute HBV infections from 1990 to 1996 

were screened. The total number of acute cases that occurred during that time 

was 108. The number of cases per year is shown in Figure 3.5.

Figure 3.5 Number of acute cases of HBV infection occurring in Hull per year

jiSk —

---- —

---- —
---- —

---- —

1990 1991 1992 1994 1995 1996

A risk factor for infection was recorded for 60/108 cases (55.6%). Eleven of 60 

cases (18.3%) originated from countries of high endemicity, 16/60 cases (26.7%) 

were in prison at the time of diagnosis and 33/60 cases (55.0%) were IDUs. 

Other possible risk factors, such as sexual contact or surgery, were not made 

known.

As a comparison, two groups of samples were also chosen from those referred to 

CPHL and confirmed as having acute HBV infection. Thirty sera were selected 

at random from those received in 1990 and a further 30 from 1996. All samples
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originated from hospitals and Public Health Laboratories located in the south 

east of England. Risk factor information was only available for 16/60 cases 

(26.7%).

3.3.3 Optimisation of DGGE conditions

The DGGE technique was developed from that described by Myers et al., (1987) 

and Sheffield et al., (1989). In order to optimise the gel and electrophoresis 

conditions, the first 18 samples from Hull (those from patients diagnosed in 1990 

and 1991) were used to constitute an optimisation panel. DNA was extracted as 

described in Section 2.1.1 and GC-clamp PCRs were used to amplify the surface 

and core gene fragments as described in Section 2.4.1. These PCRs amplified 

DNA fragments corresponding to those in the 2 standard HBV PCRs (Section 

2.1.2). However, a 40 bp GC-rich sequence was added to the 5' end of the inner 

sense primers, which resulted in its incorporation into the PCR products. The 

function of this high melting temperature domain was to prevent complete 

dénaturation of the products on electrophoresis and thereby increase the 

sensitivity of the DGGE technique (Sheffield et a l, 1989).

One sample, obtained in 1990 (1990/7), was negative by PCR. This may have 

been due to target DNA loss from suboptimal storage of the serum. The 

remaining 17 samples were positive for both HBV surface and core gene 

amplification, and the PCR products were sequenced as described in Section 2.3. 

The nucleotide alignments are shown in Figure 3.6. Three samples (1990/3, 

1991/1 and 1991/2) were found to be identical to HBV^^ in the surface region. 

These samples also matched HBV^^ in the core region. One further sample 

(1991/3) carried the HBV^^ core sequence, but showed 1 nt difference in the 

surface region. The remaining sequences contained up to 28/404 nt differences 

(median=7) from HBV^^ in the surface region, and up to 24/197 nt differences 

(median=13) in the core region.
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Figure 3.6a Nucleotide alignment of surface gene PCR product sequences 

amplified from optimisation panel. PV Surface indicates the H B V ^^ 

sequence for comparison.

Major-icy A A T T T T C T A O O O O O A T C A C C C O T O T C T C T T a o C C

1990/2  A .  T A ........................................................................................

T O T a T C T O c a a c o T

T T T A T C A T A T T C C T C T X

C C O T T T O T C C T C T A A T T C C

PV/ S u rfa c m ........................

M ajority A C A A A

1990/11 C .
1990/12 . . C . .

Majoaricy A A A T A

PV S u r f a c # .........................

Dacor-acion ' Dacormcio

C T T T C O C A

C C C T T T C T C T T a O C T C A O

s id L iM  ClMC m a t c h  c h a  C c r ^ a
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Figure 3.6b Nucleotide alignment of core gene PCR product sequences 

amplified from optimisation panel. PV Core indicates the H BVP^ 

sequence for comparison.

M a j o r i t y  G G A G C T A C T G T G G A G T T A C T C T C G T T T T T G C C T T C T G A C T T C T T T C C T T C C G T C A G A G A T

EV C o r e  
1 9 9 0 / 1

1 9 9 0 / 3
1 9 9 0 / 4

................................ T ...................................................................................................T ................................................................................................................................................................. T A . T C ..............................
1 9 9 0 / 6  .........................................................................................................................................................................................................................................A .  - A ....................................
1 9 9 0 / 8  ................................ T .................................................................................................. T ..................................................................................................................................................................T A . T C .............................
1 9 9 0 / 9  .....................................................................................................................................................................................................................................................................................................................A .  . A C .............................
1 9 9 0 / 1 0  ................................T ...................................................................................................T ..................................................................................................................................................................T A . T C ..............................
1 9 9 0 / 1 1  ......................................................................................................................................................................................................... G ................................................................................................... A .  . A C ..............................
1 9 9 0 / 1 2  ................................ T ...................................................................................................C ................................................................................................................................................................. A .  . A C ..............................
1 9 9 1 / 1  ...................................................................................................................................................................................................................................................................................................................................................................................
1 9 9 1 / 2  ...................................................................................................................................................................................................................................................................................................................................................................................
1 9 9 1 / 3  ...................................................................................................................................................................................................................................................................................................................................................................................
1 9 9 1 / 4  ................................ T . . . C ................................................................................................................................................................................................................................................................C ..........................................
1 9 9 1 / 5  . . C ......................... A . . . C C T ...............................................................................................................G . G .....................................................................................................................................................
1 9 9 1 / 6   T .......................................................................................................................................................................................... C ..............................

M a j o r i t y  C T C C T A G A C A C C G C C T C A G C T C T G T A T C G G G A A G C C T T A G A G T C T C C T G A G C A T T G C T C A

1 9 9 0 / 3
1 9 9 0 / 4
1 9 9 0 / 5

1 9 9 0 / 1 0  . . . .
1 9 9 0 / 1 1  . . T  .
1 9 9 0 / 1 2  . . T  .
1 9 9 1 / 1  . . . .
1 9 9 1 / 2  . . . .
1 9 9 1 / 3  . . . .
1 9 9 1 / 4  . . . .
1 9 9 1 / 5  . . . .
1 9 9 1 / 6  . . . .

M a j o r i t y  C C T C A C C A T A C T G C A C T C A G G C A A G C C A T T C T C T G C T G G G G G G A A T T G A T G A C T C T A G C T

1 9 9 0 / 1
1 9 9 0 / 2

1 9 9 0 / 4  ...........................................................................................................................................
1 9 9 0 / 5   G ...................................................................
1 9 9 0 / 6   T .........................................................................................................
1 9 9 0 / 8   G ......................................................................................T ............................. G . . T ............................. T . .  G ...........................................A ........................................C
1 9 9 0 / 9   A ............................. T ............................................................................ C . A .......................................................................
1 9 9 0 / 1 0   G ...................................................................................................................G . G .  . T ..................................T . . G . . A . . . . A ....................................C
1 9 9 0 / 1 1   A ...............................T ..................................................................T C . A . . A . A . . . . T . C
1 9 9 0 / 1 2   A ...............................T ................................................................. C C . A .........................................................................
1 9 9 1 / 1  ...................................................................................................................................................................................................................................................................................................................................................................................
1 9 9 1 / 2  ...................................................................................................................................................................................................................................................................................................................................................................................
1 9 9 1 / 3  ...................................................................................................................................................................................................................................................................................................................................................................................

1 9 9 1 / 5  T A ................................................................................ A
1 9 9 1 / 6   A  . . . .

M a j o r i t y  A C C T G G G T G G G T A A T A A

FV C o r e  .....................................................................................................
1 9 9 0 / 1   C .............................
1 9 9 0 / 2   G T  . . .
1 9 9 0 / 3  .....................................................................................................
1 9 9 0 / 4   C ..............................
1 9 9 0 / 5   A  . G  . . .
1 9 9 0 / 6   G T  . . .
1 9 9 0 / 8   A  . G  . . .
1 9 9 0 / 9   G T  . . .
1 9 9 0 / 1 0   A  . G . . .
1 9 9 0 / 1 1   G G  . . .
1 9 9 0 / 1 2   G  G  . . .
1 9 9 1 / 1  .....................................................................................................
1 9 9 1 / 2  .....................................................................................................
1 9 9 1 / 3  .....................................................................................................
1 9 9 1 / 4  .....................................................................................................
1 9 9 1 / 5  . A  G .  A . .
1 9 9 1 / 6   C ..............................

D é c o r a t i o n  ‘ D é c o r a t i o n  # 1 * :  H i d e  ( a s  ' . ‘ ) r e s i d u e s  t h a t  m a t c h  t h e  C o n s e n s u s  e x a c t l y .
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Using this panel of 17 samples, several DGGE runs were carried out. The 

concentration of acrylamide and the gradient of dénaturants were varied in each, 

in order to optimise the discriminatory power of the technique. Different voltage 

and electrophoresis times were also examined. As migration of the product 

effectively ceases once all but the GC-clamp region has denatured, the 

electrophoresis time could be varied with no effect on the resulting gel. 

Electrophoresis was therefore performed overnight (18 h) at a low voltage 

(100 V) to make the procedure more streamlined. The final conditions are 

described in Section 2.4.

Figure 3.7 shows the gel pictures of the optimisation panel DGGEs, along with 

the dendrograms resulting jfrom the sequence alignments. As Figure 3.7a shows, 

the surface region DGGE was not able to discriminate single nucleotide 

mutations, most likely due to the large size of the PCR product (Fodde and 

Losekoot, 1994). Thus, while samples 1990/1, 1990/4, 1991/3 and 1991/4 all 

showed a single nucleotide difference from HBV^^ in this region, and sample 

1991/5 had 3 different nucleotides, they all migrated to the same position as 

those that exactly matched the HBV^^ surface sequence. These sequences are 

denoted by * in Figure 3.7a. The discrimination was not improved by lowering 

the acrylamide concentration or by altering the dénaturant gradient. However, the 

core region DGGE did distinguish single nucleotide substitutions. Samples 

1990/1 and 1990/4 both differed from HBV^^ by 1 nucleotide in this region, and 

both showed different band positions on DGGE (Figure 3.7b).

The core region of sample 1990/5 contained two bands on the gel picture, one of 

which migrated to the same position as the HBV^^ control, although the 

sequence of this sample was very different as shown on the dendrogram. It was 

thus decided that in order to be considered as carrying HBV^^ a sample must 

match the HBV^^ control band migration in both surface and core DGGEs. By 

employing this criterion the anomalous band in sample 1990/5 core region, 

where a divergent HBV sequence happened to melt at the same temperature as 

the HBV^^ control, would not be classified as HBV^^, as the surface region band 

clearly did not match HBV^^ (Fig. 3.7a). Sequences that matched in only one 

region were therefore considered to originate from different variants.
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Figure 3.7a DGGE gel picture (upper panel) and dendrogram (lower panel) of 

optimisation panel surface gene PGR products.

Upper panel; Lanes marked with |  are those with identical band positions, which 

match or are similar to the surface sequence.

Lower panel: * denotes the corresponding sequences on the dendrogram.
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Figure 3.7b DGGE gel picture (upper panel) and dendrogram (lower panel) of 

optimisation panel core gene PGR products.

Upper panel: Lanes marked with |  are those with identical band positions, which 

match the core sequence.

Lower panel: * denotes the corresponding sequences on the dendrogram.
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Further analysis of the melting temperatures (Tm) of surface and core PCR 

products with theoretical point mutations was carried out using the MELT87 

program (Lerman and Silverstein, 1987). It was confirmed that the calculated Tm 

of these hypothetical PCR products were sufficiently different to be 

distinguished firom the HBV^^ PCR products if there was a single substitution in 

the core region or more than 3 substitutions in the surface region. Furthermore, 

discrimination was not dependent upon the position of the substitution within the 

PCR product.

Surface and core gene secondary PCR products that had been shown to match 

HBV^^ on DNA sequencing were cloned using the TOPO TA Cloning Kit in 

order to make a stock of control HBV^^ GC-clamped PCR products. Three 

colony PCRs were performed on each, using the secondary HBV PCR conditions 

(Section 2.1.2) and the colony PCR products were sequenced to confirm their 

identity to HBV^^. Plasmid DNA was purified using a QIAfilter Plasmid Midi 

Kit and this was used as template material to make the surface and core controls 

using the secondary GC-clamp PCR described in Section 2.4.1. Three controls 

were run on each DGGE for comparison.

The DNA from all remaining Hull serum samples (n=90) and south east England 

serum samples (n=60) was extracted as described in Section 2.1.1 and GC-clamp 

PCRs used to amplify the surface and core gene fragments as described in 

Section 2.4.1. Thirteen samples from Hull were negative in one of the two PCRs 

and were excluded from further analyses. Eight DGGE gels were run (two at a 

time) with 28-35 samples and three HBV^^ controls loaded on each (Sections 

2.4.2 - 2.4.4).

3.3.4 DGGE results

The gel pictures showing DGGE analysis of the Hull samples surface and core 

PCR products are shown in Figure 3.8. The comparison samples from the south 

east of England are shown in Figure 3.9. Those that migrated to the same 

position as the HBV^^ control sequences are denoted by *.
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Figure 3.8 DGGE results of PCR products from Hull samples (1992-1995). 

Lanes marked with E contain control HBV^^ sequences for comparison.

I  denotes lanes where the band migration matches that of the HBV^^ control. 

When this occurs in both gels (surface and core) the corresponding sample is 

considered to be carrying HBV""^.

Surface fragment

[ 1992 Jl 1993 1994 ]| 1995 J

P 1 2 3 4 5 1 2  3 4 5 6 7 8 10 1112 13 P 1 3 5 6 7 8 9 10 11 12 13 1 3 4 5 P

* * j *  *  *  *  *  * * * * * *  * * * * *

-

Core fragment

[ 1992 J[ 1993 1994 ][ 1995 ]

P 1 2 3 4 5 1 2 3 4 5 6 10 1112 13 P 3 4 5 7 8 9 10 I! 12 13 14 I 2 3 4 5 P 

*  *  *  *  *  *  *  *  * * * * * *  *  *  *  *
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Figure 3.8 (cont.) DGGE results of PCR products from Hull samples 

(1995-1996).

Surface fragment

1995 1995 ][ 1996 ]

P 6 7 8 9 10 1 112 13 14 15 16 17 18 P 19 20 21 22 23 24 25 26 1 2  3 4 5 P

* * * * * * * * * * * *  * * * * * * * *  *  *

Core fragment

1995

9  10 II  12

][ 1996

24 25 26 2 3 4 P

*  *  *  *  *
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Figure 3.8 (cont.) DGGF results of PCR products from Hull samples (1996).

Surface fragment

1996 1996

P 6 7 8 9 10 11 12 13 14 15 16 17 18 P 19 20 21 23 24 25 26 28 29 30 31 32 P

* * * * * *  *  *  *  *  *  *  * * * * * *

èm JiteM ê l^U  ^ —

Core fragment

1996 1996

P 6 7 8 9 10 11 12 13 14 15 16 17 18 P 19 20 21 22 23 24 25 26 28 29 30 31 32 P

* * * * * *  *  *  *  *  *  *  *  * * * * *
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Figure 3.9a DGGE results of PCR products from south east England samples 

(1990). Lanes marked with S contain control HBV^^ sequences for comparison. 

I  denotes lanes where the band migration matches that of the control.

When this occurs in both gels (surface and core) the corresponding sample is 

considered to be carrying HBV^" .̂

Surface fragment

P 1 2 .1 4 5 6 7 8 9 10 11 12 13 14 15 P 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 P

*  *  *  *  *  * * *  *  * *  *

Core fragment

P 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 P 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 P

*  *  *  *



Figure 3.9b DGGE results o f PCR products from south east England samples 

(1996). Lanes marked with E contain control HBV^^ sequences for comparison. 

I denotes lanes where the band migration matches that of the HBV^^ control. 

When this occurs in both gels (surface and core) the corresponding sample is 

considered to be carrying tlBV^^.

Surface fragment

P 1 2 3 4 5 6 7 8 y 10 1112 13 14 15 P 16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 P

*  *  *  *  *  * *  *  *  *  *  * *  *  *  *

■US L . - M  _

Core fragment

P I  2 3 4 5 6 7 8 9 10 11 12 13 14 15 P 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 P

*  *  *  *  * *  * *  * *  *
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Some samples produced more than one band following DGGE (eg., Fig. 3.7b, 

sample 1990/5, Fig. 3.8, samples 1993/2 and 1995/6 surface fragment). This may 

bave been due to the presence of more than one sequence in the PCR products, 

resulting in the formation of bomoduplex and beteroduplex bands. The 

amplification of more than one sequence can occur if HBV exists as a 

heterogeneous quasispecies population in the original serum specimens. 

However, this is likely to occur rarely as specimens from acutely infected 

individuals usually contain a homogeneous HBV population at this stage (S. 

Wballey, pers. comm.). The sequence chromatogram data from sample 1990/5 

core region did not contain double peaks, which are characteristic of a mixed 

population of PCR product sequences.

Another potential mechanism for the generation of heteroduplexes is the 

misincorporation of one or more nucleotides during PCR by Taq polymerase.

The probability that this would occur was reduced in this screening process by 

using the EXPAND PCR System. This contains a mix of two polymerase 

enzymes, Taq polymerase and Pwo polymerase. Pwo polymerase has 3'-5' 

exonuclease proof-reading activity, which enables the majority of Taq 

polymerase-induced errors to be corrected. Consequently, the EXPAND PCR 

system has a fidelity three times higher than that of Taq polymerase (8.5 X 10'  ̂

errors per base pair per PCR cycle). It has been estimated that, for a 30 cycle 

PCR amplifying a 200 bp product, the proportion of PCR products containing a 

misincorporated nucleotide would be 5% using Taq polymerase alone, or 2% 

using EXPAND. Therefore, even when a secondary PCR is performed, the 

proportion of products containing a mutation would be insufficient to be 

visualised as separate homoduplex and heteroduplex bands following DGGE.

A final possible cause of the appearance of multiple bands is the presence of 

excess primer dimers, or, more likely, of non-specific PCR products. Although 

these fragments were invisible on standard agarose gel electrophoresis, they may 

have been visualised more readily using this more sensitive polyacrylamide gel 

system followed by SYBR Green staining. This would seem to be the most likely 

cause as, in later gels, less PCR product was loaded and the appearance of 

double bands diminished (Figure 3.9).
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Initial examination of the DGGE pictures yielded the observation that HBV^^ 

was the dominant HBV type in both the Hull and comparison (SE England) 

populations. The large increase in cases of acute HBV in Hull in 1995 and 1996 

was predominantly due to this variant. In south east England, however, the 

HBV^^ prevalence appeared to be constant, constituting about one third of the 

samples studied at both time points (1990 and 1996).

Table 3.1 summarises the data obtained from DGGE analysis of both sets of 

samples. A chi square test for linear trend was carried out on the Hull data, 

which showed a significant increase in the proportion of samples with HBV^^ 

over the seven years studied (p<0.01). It can be seen that a peak of acute HBV 

infection caused by HBV^^ occurred in 1995, when 23 of the 25 PCR positive 

samples (92%) matched the HBV^^ control band in both surface and core 

fragment DGGEs.

Table 3.1 Summary of DGGE results from both patient groups 

Samples from Hull * S = surface, C = core

Year No. of samples 

tested

No. of samples positive in 

both S and C* PCR

No. of samples matching 

in both S and C DGGEs

1990 12 11 1

1991 6 6 3

1992 5 5 0

1993 13 10 5

1994 14 9 7

1995 26 25 23

1996 32 28 19

Samples from SE England

1990 30 30 8

1996 30 30 11
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When the proportion of samples with HBV^^ in the samples from south east 

England was compared, no difference between 1990 and 1996 was found 

(p=0.405). Comparisons were then made between the Hull samples received in 

1990 and the SE England samples received in the same year. Again, no 

difference in the proportion with HBV^^ was found (p=0.228). However, when a 

chi square test was carried out for the 1996 samples from both populations, the 

difference in HBV^^ proportion was significant (p=0.0175). These analyses 

suggest that whilst HBV^^ had become the dominant variant in the Hull 

population, it had remained at a constant level in the south east of England. It is 

noted, however, that the number of samples received from Hull, particularly in 

the early 1990s, was small and no south east England samples were tested from 

the years between 1990 and 1996. The results of statistical analyses must 

therefore be interpreted with caution.

Table 3.2 shows the Hull data analysed according to risk groups. This 

breakdown was not carried out for the south east England comparison samples, 

as risk factor information was recorded in only a minority of cases.

Table 3.2 Summary of DGGE results from Hull patient group, analysed 

according to risk groups.

Risk No. of samples positive No. of samples matching the % of samples with

category in both S and C PCR PV in both S and C DGGEs PV

Ethnic 8 0 0.0%

Prison 15 12 80.0%

IDU 29 26 89.7%

Unknown 42 20 47.6%

Total 94 58 61.7%

Several studies have shown that the major risk factor for the transmission of 

bloodbome viruses within prisons is the sharing of needles and other equipment 

during injecting drug use. Approximately 60% of admissions to one of the 

prisons in the Hull area have some connection with drug use (R.E.Meigh, pers.
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comm.). Sexual activity is thought to be responsible for a comparatively small 

number of infections acquired by inmates (Bird et al., 1993; Curtis and Edwards, 

1995; Weild et a l, 2000). The data shown in Table 3.2 indicate that infection 

with HBV^^ is strongly associated with the prison/IDU risk group in this 

population.

3.4 The emergence and spread of the HBV autohaemotherapy variant 

(HBV' '̂')

3.4.1 HBV outbreak in an alternative therapy clinic

A large outbreak of hepatitis B occurred in 1998, which was associated with 

attendance at an alternative therapy clinic. The first report was received from a 

Consultant in Communicable Disease Control in the Midlands who had 

identified a symptomatic case of acute hepatitis B infection in a 43 year old 

woman. Her only reported risk factor was attendance at an alternative therapy 

clinic in London. Case finding procedures identified a further nine serologically 

confirmed acute hepatitis B infections associated with the clinic, including two 

of the clinic workers. All had received a treatment known as autohaemotherapy, 

which involved the drawing of 1-2 ml of the patient's blood, mixing of the blood 

with an equal volume of saline in the same syringe and then injection of the 

mixture into the patient's buttocks or acupuncture points.

This mode of treatment was strongly implicated as being responsible for HBV 

transmission. During the outbreak investigation it was found that, although new 

needles and syringes were used for each patient, saline was drawn from a multi

use bottle directly after venepuncture, when the syringe also contained the 

patient's blood. The bottle was topped up from a larger container of saline and 

was not made available for analysis. It was not possible to identify the source 

patient, as most patients visited the clinic more than once before and during the 

outbreak.

A lookback investigation was launched and, including the original 10 cases 

described above, a total of 399 patients were identified as having been treated at 

the clinic between January 1997 and February 1998. Of these, 352 provided
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serum samples for testing (216 females; mean age 42 years, range 1-86 years). 

Serological assays revealed that 299 patients had no markers of HBV infection, 

24 showed evidence of resolved HBV infection and 33 were HBsAg positive. All 

serum samples were tested hy PCR as described in Section 2.1. HBV DNA was 

amplified fi*om 32 of the 33 HBsAg positive samples, and fi*om 1 secondary 

infection case, identified during contact tracing. The results of serological testing 

on these samples are shown in Table 3.3.

Table 3.3 Summary of serological results on 33 HBV DNA positive samples 

fi*om 32 clinic attendees and 1 secondary case.

Serological testing results Stage of infection Number of samples

HBsAg+, anti-HBc IgM-, HBV DNA+ Incubation 9

HBsAg+, anti-HBc IgM+, HBV DNA+ Acute 20

HBsAg+, anti-HBc IgM-, total anti-HBc+, 

HBeAg+, HBV DNA+

Resolving/ Carrier 2

HBsAg+, anti-HBc IgM-, total anti-HBc+, 

anti-HBe+, HBV DNA+

Resolving/Carrier 2

3.4.2 Identification and tracking the spread of HBV^^

Using the methods developed for HBV^^ screening, described above and in 

Section 2.4, DGGE was applied to the 32 HBV DNA positive samples from 

clinic attendees (which included two clinic workers) and the single secondary 

infection case. As before, both surface and core gene fragments were analysed. 

The gel pictures, shown in Figure 3.10, clearly demonstrate that in 30 of the 32 

clinic attendees identical banding patterns occurred in both genomic regions. The 

sample from the secondary case, who was a sexual partner of one of the clinic 

attendees, also matched in both regions (lane 33). This strongly suggested that 

these individuals had been infected hy the same HBV variant, from now on 

referred to as HBV^^. The remaining two samples (lanes 15 and 16) had 

different band positions on the surface fragment DGGE. One of these also 

showed a different band position on the core fragment DGGE; the other was 

negative in this PCR.
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Figure 3.10 DGGE results o f PCR products from samples associated with the 

autohaemotherapy outbreak. Lanes 1 and 2 contain PCR products from clinic 

workers, 3-32 are from clinic attendees and lane 33 is from a secondary infection 

case.

Surface fragment

1 2  3 4 5 6 7 X V II) II 12 13 1413 16 17 IX IV 20 2 1 22 23 24 23 26 27 2X 2V 31) 3 1 32 33

Core fragment

2 3 4 3 6 7 X V II) II 12 13 14 13 16 17 IX IV202I 22 23 24 23 26 27 2X 2V 3031 32 33

5  11 r  SL' *  I  ,v
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These two different samples were derived from patients with a resolving or 

chronic carrier serological profile. Both patients originated from geographical 

regions of medium endemicity for HBV infection.

To confirm that the bands migrating to identical positions on the DGGE gels 

were derived from PCR products with identical or very similar sequences, DNA 

sequencing was carried out on the surface and core fragments from 3 

representative samples (patients 5, 22 and 30) with matching DGGE bands, and 

from the two non-matching samples. The resulting nucleotide alignments are 

shown in Figure 3.11, which demonstrate that the 3 samples with matching band 

patterns on DGGE had identical sequences in both regions. The deduced amino 

acid sequence of the surface gene fragment indicated that HBV^^ was of subtype 

ayw3, genotype D (Norder et a l, 1994). Patient 15 was also infected with a 

genotype D variant and patient 16 carried a genotype A variant; these were 2.3% 

and 7.6% divergent from H B r e s p e c t i v e l y ,  in the surface gene region.

DGGE was also employed to track HBV^^ in cases of acute HBV infection 

(n=20) that were received in CPHL during the same time period (January to 

June, 1998), but were not epidemiologically linked to the alternative therapy 

clinic. These randomly selected samples did not originate from any specific 

geographical location. Three HBV^^ samples and two HBV^^ samples were also 

included for comparison. PCR and DGGE conditions were as described in 

Section 2.4, and the gel pictures are shown in Figure 3.12. On both gels, none of 

the randomly selected samples migrated to the same position as HBV^^, 

suggesting that it was not a common variant circulating in the community at that 

time. In contrast, four new examples of HBV^^ were identified in patients with 

no epidemiological link (patients c, e, n and t). Furthermore, a cluster of four 

IDUs infected by a common variant was revealed, in that they had identical band 

positions on both surface and core DGGEs (patients g, h, i and j). These IDUs 

were residents of a town in the Midlands.
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Figure 3.11a Nucleotide alignment of the surface gene PCR product sequences 

amplified from five clinic attendees. Patient numbers correspond to the lanes on 

the DGGE in Figure 3.9.

Majority A A T T T T C T A G G G G G G A C C A C C G T G T G T C T T G G C C A A A A T T C G C A G T C C C C A A C C T C C A A T

Patient 5 ............................................................................
Patient 1 5  A . . T .
Patient 1 6  A T . A C
Patient 22 ............................................................................
Patient 30 ............................................................................

Majority C A C T C A C C A A C C T C C T G T C C T C C A A C T T G T C C T G G T T A T C G C T G G A T G T G T C T G C G G C G T

P atia it 5 .........................................................................................................
Patient 15 .........................................................................................................
Patient 1 6 ....................................................................................................... T
Patient 22 .........................................................................................................
Patient 30 .........................................................................................................

Majority T T T A T C A T C T T C C T C T T C A T C C T G C T G C T A T G C C T C A T C T T C T T G T T G G T T C T T C T G G A C

Patient 5 .......................................................................................................................................................................................................................................................
Patient 1 5 ............................................................................C ...............................................................................................C ..................................................................
Patient 1 6 ..............................A .................................................................................................................................................. A ...........................................................T
Patient 22 .......................................................................................................................................................................................................................................................
Patient 30 .......................................................................................................................................................................................................................................................

Majority T A T C A A G G T A T G T T G C C C G T T T G T C C T C T A A T T C C A G G A T C T T C A A C C A C C A G C G T G G G A

Patient 5 .......................................................................................................................................................................................................................................................
Patient 1 5 .................................................................................................................................................................................................................................A C . . . .
Patient 1 6  A A . . . .  A ...................... T A G . . . .
Patient 22 .......................................................................................................................................................................................................................................................
Patient 30 .......................................................................................................................................................................................................................................................

Majority C C A T G C A G A A C C T G C A C G A C T A C T G T T C A A G G A A C C T C T A T G T A T C C C T C C T G T T G C T G T

P atia it 5 ...............................................................................................................................................
Patient 15 . . C ....................................................................... C . . . C ....................................
Patient 1 6 ......................... A .....................................................C . . . C .......................... C . A
Patient 2 2 ...............................................................................................................................................
Patient 30 ...............................................................................................................................................

Majority A C C A A A C C T T C G G A C G G A A A T T G C A C C T G T A T T C C C A T C C C A T C A T C C T G G G C T T T C G G A

P atia it 5 .......................................................................................................................................................................................................................................................
Patient 15 .......................................................................................................................................................................................................................................................
I^ tient 16 . . A ..........................................T ........................................................................................................................ G  C .
Patient 22 .......................................................................................................................................................................................................................................................
Patient 30 .......................................................................................................................................................................................................................................................

Majority A A A T T C C T A T G G G A G T G G G C C T C A G C C C G T T T C T C C T G G C T C A G

P atia it 5 .................
Patient 15 .................
Patient 16 . . . .  A
Patient 22 .................
Patient 30 .................

D ecoratioi 'Decoration #1': Hide (as ' .  ' ) residues that match the Consensus exactly .
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Figure 3.11b Nucleotide alignment of the core gene PCR product sequences 

amplified from five clinic attendees. Patient numbers correspond to the lanes 

on the DGGE in Figure 3.9.

Ifejority  G G A G C T A C T G T G G A G T T A C T C T C G T T T T T G C C T T C T G A C T T C T T T C C T T C A G T A C G A G A T

r etie n t 5.... ...........................................................................................................................................................................................................
P atient 1 6 ............................................................................ T ..............................A ...................................................... C . . C A ................
P atient 22 ...........................................................................................................................................................................................................
P atient 30 ...........................................................................................................................................................................................................

tfejority  C T T C T T G A T A C C G C C T C A G C T C T G T A T C G G G A A G C C T T A G A G T C T C C T G A G C A T T G T T C A

Patient 5................................................................................................................................................................................................................
P a t ia it  1 6 . . C A . A . . C ...................................................... T . ,  . A ...........................................................................................C . . .
Patient 22 ...........................................................................................................................................................................................................
P a t ia it  3 0 ...........................................................................................................................................................................................................

Majority C C T C A T C A T A C T G C A C T C A G G C A A G C C A T C C T T T G C T G G G G G G A G C T A A T G A C T C T A G C T

P atient 5.......................................................................................................................................................................
Patient 1 6 .............. C .............................................................................. T . . C  A T .  G
% tia i t  2 2 ..................................................................................................................................................................
t e t ie n t  30 ..................................................................................................................................................................

Ifejority  A C C T G G G T G G G T G T T A A

Patient 5............................................................
Patient 1 6  A A . . .
P a t ia it  2 2 .......................................................
P atien t 30 .......................................................

[tecoration 'D ecoratia i #1' : Hide (as '.  residu es th at match the Coisensus e x a ctly .
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Figure 3.12 DGGE results of PCR products from patients with acute HBV 

infection, not associated with the autohaemotherapy outbreak (lanes a-t). Lanes 

marked with Q at either end contain control sequences. Lanes marked

with Q are samples linked to the autohaemotherapy outbreak (HBV^"^), loaded 

onto the gel for comparison.

Surface fragment

P A a b c d e  f g h i  j A k I  i n n o p q  r s  t A  P

Core fragment

P A a b c  d e f g h i j A k l m n o p q r s  t A P

r- — — . ' M l  ,
' " t  Ü  Û - '
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To further confirm the DGGE results, the surface region PCR products from the 

20 randomly selected samples (a-t) were sequenced. These were added to the 

alignment of HBV surface sequences derived from autohaemotherapy patients 5, 

15, 16, 22 and 30, shown in Figure 3.11a. The resulting dendrogram is shown in 

Figure 3.13. This correlates exactly with the DGGE in Figure 3.12. All samples 

with the same band migration on DGGE have identical or very closely related 

HBV surface sequences, and none of the randomly selected samples match the 

HBV^^ sequence (as represented by patients 5, 22 and 30).

3.5 Discussion

Studies of HBV transmission have conventionally been conducted on the basis of 

gathering epidemiological information, serological testing and antigenic 

subtyping (Stevens et al., 1975; Lok et al., 1987; Magnius and Norder, 1995; 

Tobe et al., 2000). These investigations rarely allow definitive links to be made 

due to the lack of discrimination between viral strains or variants. More recently 

it has been common practice to use sequencing or other gel-based analysis 

methods to establish the source of a cluster of infections and to track chains of 

transmission. For example, using sequence analysis, an outbreak of hepatitis B in 

German cardiac transplant patients was traced to contaminated biopsy 

instruments or medication vials (Petzold et al., 1999). Sequencing was also used 

to demonstrate a link between patients attending an electroencephalogram clinic 

in Toronto, Canada (Hepatitis B Outbreak Investigation team, 2000) and to 

support the occurrence of intra-familial transmission in a study of immigrants to 

Australia (McIntosh et al., 1998). A SSCP assay was successfully applied to 

investigate multiple episodes of cross-infection in an oncology unit in South 

Africa (Hardie et al., 1996). Some groups have used whole genome sequencing 

to increase the discrimination between variants in an outbreak (Petzold et al., 

1999; Petrosillo et al., 2000). Where the same or very similar subgenomic 

sequences are identified, it is generally concluded that recent transmissions have 

occurred between infected individuals.
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----- 16

PP

7.3

% divergence

Figure 3.13 Dendrogram of HBV surface PCR product sequences. Samples 

5, 15, 16, 22 and 30 (shown in green) correspond to those shown on the DGGE 

gel pictures in Fig. 3.9. These are from acutely infected patients who had 

autohaemotherapy. Samples a to t correspond to those shown on the DGGE 

gel pictures in Fig. 3.11. These are from acutely infected patients unrelated to 

the autohaemotherapy outbreak. PP designates the sequence of the plasmid 

control used routinely in PCR studies.
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A high-throughput DGGE screening method was developed to analyse serum 

samples collected from cases of acute HBV infection in the north of England 

over a period of 7 years. This enabled the increasing prevalence of 

predominantly in IDUs and prison inmates, to be quickly assessed and compared 

to a population group in the south east.

Two different regions of the genome were chosen for DGGE analysis. The 

surface gene fragment codes for amino acids 40 to 174 of HBsAg, which 

encompasses the major hydrophilic region (amino acids 99 to 169). It is in this 

domain that the mutations associated with vaccine escape and reduced detection 

in serological assays are localised. The HBV^^ surface sequence was examined 

for reported mutations, but appeared to be a wild type. This fragment is also 

relatively conserved. It completely overlaps the polymerase gene and its 

evolution is thus constrained by both surface protein structural requirements and 

by the necessity to encode a functioning polymerase enzyme. The nucleotide 

sequence of the core gene fragment is not similarly restricted, which is reflected 

in its greater diversity. Serological testing had indicated that several of the 

inmates infected with HBV^^ were HBeAg positive so the presence of precore 

mutations, which abrogate the production of HBeAg, were not further 

investigated (Carman et a l, 1989).

In this study, the presence of identical HBV sequences in inmates from four 

different prisons in the north of England between 1993 and 1995 indicated that 

there was a transmission link between them. There is considerable movement of 

inmates between prisons on a countrywide scale, so it is likely that one or more 

inmates became acutely infected in one prison and initiated clusters of infection 

in another, following a transfer. This spread would have been aided by the length 

of time taken for an individual to clear HBV infection; the 95% of adults 

infected with HBV who do not become chronic carriers can remain infectious for 

up to six months (Evans and London, 1998).

In one of the prisons (Hull) the cluster of acute HBV infections occurred during 

1994, when five inmates were found to be infected with the HBV^^ sequence 

(Section 3.2.1, Figures 3.1 and 3.3). This was the year before a large increase in
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the number of acute HBV infections in the local Hull community was seen, 

caused predominantly by HBV^^ (Figure 3.8). Thirteen of these were diagnosed 

in IDUs and a further four in prison inmates. Both this study and previous studies 

of risk behaviours in inmates suggest that the rapid increase of HBV^^ infection 

was brought about by the release of one or more infected inmates into the Hull 

region, when outbreaks in local drug users ensued. It has also been shown that 

many inmates in the UK change sexual partners at a high rate, in between prison 

stays, and so the potential for the sexual transmission of HBV in the outside 

community is also great (Bird et al., 1993; Curtis and Edwards, 1995; Weild et 

al., 2000). The spread of HBV^^ in Hull was therefore most likely associated 

with its prior dissemination in a local prison. The findings highlight the public 

health importance of implementing preventative measures to curb HBV spread in 

prisons.

Prisons provide a unique environment for the transmission of bloodbome 

infections, as high risk behaviours such as injecting dmg use, and to a lesser 

extent, sexual intercourse, occur inside (Gill et a l, 1995; Weild et a l, 2000). In 

the past there has been a lack of facilities for UK inmates to minimise the risk of 

infection from bloodbome pathogens; for example, clean needles, sterilising 

equipment, condoms, and dmg treatment programs were not routinely offered. In 

December 1993, the Scottish Prison Service introduced the provision of 

sterilising tablets to enable prisoners to clean injecting equipment (Taylor et al., 

1995). However, there are no plans to extend this to prisons in England and 

Wales, despite a successful pilot study in England in 1998, (Longfreld, 1999). 

Moreover, HBV vaccination programmes in prisons have not been well 

implemented. A study of 429 inmates in 2 Scottish prisons was carried out in 

1996, and revealed that only 4% had been offered vaccination (Bird et al., 1997). 

Similarly, a HBV vaccine initiative in prisons in England and Wales during 1996 

reached only about 15% of IDU inmates (Weild et al., 2000).

As well as in three other prisons in the north of England, HBV^^ was identified 

in community acquired cases in neighbouring Warrington. The chronology of 

events suggested that the Warrington cluster may, like Hull, have been related to 

the introduction of HBV^^ into the Warrington area by contacts of infected
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prisoners, or by prisoners themselves, following release. However, the 

subsequent identification of HBV^^ in a nosocomial transmission incident in 

London compromised such an inference, since it implied that HBV^^ was more 

prevalent than previously thought.

A BLAST search of the GenBank/EMBL databases using the HBV^^ surface and 

core PCR product sequences returned a large number of identical or very similar 

sequences from various studies, indicating that HBV^^ is a common variant 

worldwide. For example, HBV^^ -like sequences have been isolated from two 

heart transplant patients in France with chronic hepatitis B, fi*om a long-term 

immunosuppressed HBV carrier in Germany, from two Nicaraguan chronic 

HBV carriers and fi*om two South Afiican patients (Stuyver et al., 1999; 

Preikschat et al., 1999; Arauz-Ruiz et al., 1997; Bowyer et al., 1997). Therefore, 

while there is a strong suggestion that in Hull, HBV^^ spread from the prisons to 

the community, the link between HBV^^ from inmates of northern English 

prisons to Warrington, and particularly London, is more tenuous.

The HBV outbreak amongst attendees of an alternative therapy clinic further 

demonstrated the utility of the DGGE method over the more expensive and 

labour intensive DNA sequencing. It was possible to rapidly identify 30/32 HBV 

DNA positive clinic attendees who were infected with an identical HBV variant 

(HBV^^), which included two unvaccinated clinic staff. The epidemic nature of 

the infections (most of the cases being identified within a 6 month period) and 

the lack of other risk factors lent strong support to the inference that these 

individuals had been infected as a result of receiving autohaemotherapy 

treatment. The two further clinic attendees who were carrying different HBV 

variants were most likely chronic carriers. A large number of randomly selected 

acute HBV samples, fi*om epidemiologically unrelated cases, were also screened 

by DGGE to determine whether HBV^^ had been circulating in the wider 

community. None were found to be carrying a variant identical to HBV^^.

The epidemiology of HBV^^ contrasted markedly with that of HBV^^. HBV^^ 

was highly prevalent in the population groups tested. This was probably due to 

its introduction and continuing person-to-person transmission amongst
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individuals engaged in high-risk activities (predominantly prisoners and IDUs), 

as seen in Hull. This behaviour enabled spill over into other sections of the 

community.

In contrast, did not appear to be a prevalent variant in the UK. A search

for H B a n d  HBV^^-like sequences in local HBV sequences database did not 

reveal HBV^^ as having been characterised prior to the autohaemotherapy 

outbreak investigation. Similarly, a BLAST search of the GenBank/EMBL 

databases did not return any sequences identical to the 601 bp examined. This 

rare variant was able to cause an explosive outbreak in individuals who would 

not normally be associated with high risk of bloodbome vims infection because 

it originated from a point source, most likely a contaminated bottle of saline.

In further contrast to HBV^^, HBV^^ did not appear to be transmitted 

secondarily at a high rate. This was because the HBV^^ outbreak was quickly 

identified and vaccination made available to family and sexual contacts. Thus 

only one case of secondary infection was identified. Furthermore, the patients 

were not engaged in high-risk activities for bloodbome vims transmission. 

Prospective monitoring will reveal to what extent, if any, HB penetrates the 

general population.

Estimations of the mutation rate of HBV range from 1 to 8 x 10’̂  substitutions 

per site per year in immunocompetent hosts (Okamoto et al., 1987; Orito et al., 

1989; Lin et al., 1991). This is approximately 10"̂  times faster than the mutation 

rate in many other DNA vimses. It has previously been accepted that such a rate 

of drift in the sequence of circulating HBV genomes would be sufficiently rapid 

to result in the emergence of a highly heterogeneous population, and that this 

would allow discrimination between related and unrelated infections in a 

transmission investigation. However, previous studies have shown that identical 

fragments of the HBV genome can be recovered from individuals with no known 

transmission link between them. When Uy et al., (1992) analysed 22 sera of the 

same subtype from German patients, seven different chains of transmission were 

suspected based on epidemiological data. They sequenced 126 bp covering the 

preSl region and discovered identical sequences in 15 samples, and in a further 5
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control samples. This level of conservation was unexpected, and thus they were 

unable to discriminate between different chains of transmission using the 

sequence data. Similarly, in a nosocomial cluster of infections in Sweden, two 

non-IDU patients were carrying a HBV variant previously found only in local 

IDUs (Kidd-Ljunggren et a l, 1999). Long-term genomic stability has also been 

demonstrated in analyses of intrafamilial transmission (Lin et a l, 1990; 

McIntosh et a l, 1998), and in a recent study of chronic carriers the same viral 

genome-length sequence could be recovered from an individual over periods of 

up to 35 years, when the patients were in the HBeAg positive phase and their 

immune response was consequently weak (Hannoun et a l, 2000).

This study of the molecular epidemiology of HBV^^ confirms the stability of the 

HBV genome. Identical surface and core gene sequences (representing, in total, 

one fifth of the viral genome) were found in samples from epidemiologically- 

unlinked patients, taken up to 8 years apart. This observation is likely due to the 

maintenance of the HBV^^ sequence by continuous transmission. It would be 

interesting, however, to discover whether it contains mutations in other regions 

of the genome not examined here that would render it particularly ‘fit’ or confer 

a replicative advantage.

In summary, the DGGE assay has been successfully used to study a commonly 

circulating HBV variant which had caused several clusters of infections in 

various population groups, and a rarely circulating variant which led to a 

localised outbreak of HBV infection. Close scrutiny of their molecular 

epidemiologies revealed sharp contrasts between transmission patterns of HBV 

in England. The DGGE method provided significant cost and time-saving 

advantages over DNA sequencing in these studies.
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Chapter 4

The molecular characterisation of a variant of TTV
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4.1 Introduction

The discovery of XT virus DNA in patients with post transfusion hepatitis 

prompted the search for further evidence that TTV is the causative agent. 

However, initial reports of an association between TTV DNA positivity and 

various forms of liver disease may have been due to the exposure of these 

individuals to the virus via past bloodbome transmission, as subsequent studies 

have failed to implicate TTV in the aetiology of hepatitis (Kanda et a l, 1999; 

Hsieh et al., 1999; Fukuda et al., 1999; Giménez-Barcons et al., 1999).

It is now clear that TTV displays a high level of genetic heterogeneity. Full- 

length genome sequencing studies showed that the first primers to be used for 

PCR detection were situated in a particularly variable region (N22) within the 

longest ORF, ORF-1 (Okamoto et al., 1999c; Erker et al., 1999). Therefore, the 

initial prevalence studies were likely to have underestimated the true extent of 

TTV infections. Newer primer sets, directed against the more conserved non

coding region, have revealed that TTV is a ubiquitous infection in many 

population groups (Takahashi et al., 19986; Leary et al., 19996; Biagini et al., 

2000).

The genetic diversity seen even within short fragments of the TTV genome has 

led several groups to propose a system of genotyping based on phylogenetic 

analysis (Y. Tanaka et al., 1998; Okamoto et al., 1999c; Khudyakov et a l, 

2000). However, the examination of full-length genomes suggests that these 

classification schemes are premature, and that TTV may possess diversity 

beyond that of a single virus species (Erker et a l, 1999; Okamoto et a l, 19996; 

Hijikata et al., 1999). It has recently been suggested that extensive 

recombination has occurred among divergent TTV types, which may help to 

explain the origin of such high levels of genetic diversity (Worobey, 2000). 

There is also speculation that certain genetic types of TTV may cause disease.

As TTV was the first virus with a circular single-stranded DNA genome to be 

detected in humans, its taxonomic status remains unclear. Viruses with a similar 

genomic structure are found in the Circoviridae family, which comprises two
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genera: Gyrovims, containing CAV, and Circovirus, with porcine circovirus 

(PCV) and beak and feather disease virus (BFDV) as members (Pringle, 1999). 

However, the genomes of TTV are almost twice as long as those of the 

Circoviridae, and little sequence homology has been demonstrated. The unique 

characteristics of TTV and the high level of sequence heterogeneity shown 

between types led Mushahwar et al. (1999) to suggest that TTV be classified as a 

new family of viruses called the Circinoviridae. With the subsequent 

identification of a human DNA virus (TLMV) that shares similarities with both 

TTV and CAV, it is clear that the final classification of these viruses will require 

further examination.

In this study a previously undescribed divergent TTV-like sequence was 

identified, its full genome sequence was characterised and its relationship to 

other TTV sequences was examined using phylogenetic techniques. Similarly, 

comparisons were made between representative TTV sequences, TLMV and 

CAV genomes in an attempt to provide a rational basis for their classification. 

Finally, PCR and sequencing were used to screen sera for the divergent TTV-like 

sequence in order to assess its role as a hepatitis agent.

4.2 Detection of a divergent TTV-like sequence

4.2.1 Survey of TTV sequences present in two patient groups 

Serum samples from two patient groups, British (n=43) and Italian (n=24), were 

tested for TTV DNA. The former were referred to CPHL for routine acute non-A 

to E hepatitis confirmatory testing. The latter were from 20 patients with various 

forms of chronic hepatitis related to infection with HCV (three with steatotic 

hepatitis, ten with chronic active hepatitis, five with asymptomatic HCV 

infection and two with cirrhosis), and from four with no history of hepatitis. All 

samples were tested for TTV DNA following extraction of DNA from 100 pi of 

serum as described in Section 2.1.1. A 271-bp fragment fi*om the N22 region of 

the TTV genome was amplified from 15 samples using PCR conditions 

described in Section 2.6.2. Of these 15, six were British samples and nine were 

Italian. The PCR products were sequenced in both directions (Section 2.3).
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Four of the 15 positive samples, two from each patient group, appeared to 

contain more than one sequence, as evidenced by multiple double peaks on the 

sequencing chromatograms. This suggested that the four patients were infected 

with more than one genetic type of TTV. The secondary PCR products from 

these samples were cloned (Section 2.7) and 15 colony PCR products from each 

were sequenced. The resulting sequences were trimmed to 201 bp in order to 

align them with 22 TTV sequences available in the GenBank/EMBL databases. 

These were chosen to represent the most diverse TTV sequences available in 

order to assess the genetic types circulating in the 15 positive patients. Sixteen of 

the reference sequences had been assigned a genotype by Okamoto et al. (1999c) 

on the basis that they were at least 30% divergent from each other. The 

remaining six reference sequences were at least 30% divergent from each of the 

sixteen genotypes and could therefore be considered as further genotypes 

according to Okamoto’s classification system. Multiple alignments and 

phylogenetic analysis were carried out as described in Section 2.3.2 and the 

resulting dendrogram is shown in Figure 4.1.

Twenty different sequences were identified. Eleven were obtained directly from 

PCR products (samples Ita43, Ita45, Ita46, Ita49, Ita56, Ita61, Ita63, TH, AS, NB 

and PM). The colony PCR products from the four putative mixed infections 

revealed two different TTV types in three of the samples (Ita53, Ita66 and RN) 

and three different types in sample NA. Within each type, some of the clones 

differed by single nucleotide substitutions from the consensus sequence. 

However, only the consensus sequence is shown in Figure 4.1; thus a further 

nine sequences were obtained from these four samples.

Using the alignment and neighbour-joining algorithms available in MegAlign 

(DNASTAR Inc.), eight of the 20 sequences fell into one group, clustering with 

the genotype 1 described by Okamoto et al. (1999c). Ten of the sequences fell 

into the genotype 2 cluster. Two further sequences (PM and NA-Clone7) were 

very divergent and did not fall into either of these two clusters. NA-Clone7 was 

most closely related to genotype 8 (11.9% divergence from ABO 17779). 

Sequence PM was at least 55.8% divergent from all other TTVs shown in Figure

4.1, and was thus considered the prototype sequence of a further genotype.
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Figure 4.1 Dendrogram produced from a nucleotide alignment of 20 TTV N22 

region sequences identified in this study (shown in red) and 22 representative 

TTV sequences from GenBank/EMBL, which are indicated by their accession 

numbers. Genotypes are assigned according to the system of Okamoto et al. 

(1999c) and are shown in parentheses.
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This sequence originated from patient PM, a four year old girl who had 

presented with acute non-A to E hepatitis. She had no risk factors for bloodbome 

infection or travel outside the country.

A homology search was carried out, using both the nucleotide and the amino 

acid sequences of the PM fragment. Sequences contained in the databases 

GenBank/EMBL and SwissProt were searched using the programs described in 

Section 2.8.3. No significant similarity was revealed between PM and any of the 

database sequences.

Figure 4.2 shows an alignment of the predicted amino acid sequences of the 

reference sequences and PM. This clearly demonstrates the extensive 

heterogeneity in this subgenomic fragment. Only 8 of the 72 amino acid sites 

(11.1%) showed complete identity.

4.2.2 Assessment of the stability of TTV DNA

The mutation rate of TTV DNA in a patient with acute non-A to E hepatitis 

(sample TH) was investigated. Four semm samples were taken over a 13 month 

period and the patient remained TTV DNA positive throughout this time. The 

secondary PCR products, amplified from samples taken at months 0 and 13, 

were cloned as described in Section 2.7. Sequence analysis revealed that the 

dominant sequence was the same in both samples, and was identical to the 

sequence obtained directly from the secondary PCR products. It was found in 

6/10 colonies from month 0 and 7/10 colonies from month 13. The remaining 

colony sequences contained either a unique single nucleotide substitution or 

deletion.
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. N F R D V P G R L - - T S V . L L . . E I Y Y H - K G L P K E V T Q . . D D - - T D M Y AB017779 (G8)
N E F D P V C - - V 1 T . F . P I E S Q P F H V I C V . . Q M K - - G K V Q T Y AB017780 (G9)

. V N D L R D R G I Y . - - L E M . M T F V T Q P N V H Q 1 f M - - T N S Y AB017783 (G10)

. K G D N K C Y . - - T L E M . I C F . . T V E T Q P N V H A L I M . . Q M - - N R Y AB017613 (G ll)
T F V K A - - L Q N M L F . E V E S Q P F H V L I V Q . . V M - - D N D M Y AB021088 (G12)

. A L I V G G S . K A H Q I . F I E S E P F V A V L C V . . K M N - - T N A M Y AB021089 (G13)

. A M A T G L Y . - - H E K . L . E F V E S P N V A S V L I V . . I - - K N M W AB021082 (G14)
T E L I A A - - H Q . Y . M T F . . E L Q R T P F V V I I c F C L N N E G K K Y AB021085 (GIS)
T I A A - - T T N I . . Y . G . E L Q R T P Y V L I I c V K . . D V H N S A D K K D Y AB021084 (G16)

. K N L E K A N V . L E F c A T - T N H L K C C R F . D Q L H T - - L K AF084105

. K N I - - L N . . M C N . . V W V K E T D N - W V N QA L M V . . Y K R E D - - Q F AF173090

. S S K T N K - - M N Y . M C . L W D D H - I N D S E Y C R . . H M M T K A S D - - L AF173103

. A N L K G - - Q I . . . C V F . • Q W I K E S H - W A P L Y L L . . F Q N A T V - - Y Y AF173120
- . V F N R - - . K C H L V I . . . S H . . I F V Q S E Q - E E L N I A L I V . . K K F H - - D N Q AF173429
. E S I F T K N K - - E I . . . S T . E F A Y T - S A Q Y A L V R M I H S D - - R AF173434
. D T F R D L P Q R Y - - A V K I . M . . R . V T A H - P G L S K E V . T . . K K N P D S - - T D E Y PM

Figure 4.2 Deduced amino acid alignment of 22 reference TTV sequences from the N22 region of ORFl and PM.



4.2.3 Cloning PM PCR products

In order to investigate the potential presence of other TTV types circulating in 

patient PM, the secondary PCR products were cloned as described in Section 2.7, 

and ten colony PCR products were sequenced. These were trimmed to 216 bp 

and aligned with the direct sequence obtained from PM PCR products (Figure 

4.3). Eight of the ten colony PCR products were identical to the direct sequence. 

Each of the remaining two contained a single A—>G substitution, which were 

synonymous mutations, although the possibility that they were a result of Taq 

polymerase misincorporation could not be excluded. The data indicate that 

patient PM was not infected with more than one genetic type of TTV at the time 

of sampling.

4.2.4 Detection of PM sequence in archived liver tissue

DNA was extracted from an archived paraffin-embedded liver biopsy sample 

obtained from patient PM at the time of acute hepatitis, as described in Section

2.6.1, and used as template for the TTV N22 PCR. The expected 271 bp 

fragment was amplified and sequenced, and is shown in the alignment in Figure 

4.3. It was identical to the direct sequence obtained from the serum sample, 

which provides evidence that the virus from which sequence PM is derived can 

infect the liver.

4.3 Characterisation of the PM virus (PMV) genome

4.3.1 Initial sequence analysis and comparison with TTV genomes 

The sequence of the PM fragment was extended to the full-length genome by 

producing three overlapping PCR products, as described in Section 2.8.2. This 

full-length sequence is subsequently referred to as PMV. PCR products A and B 

(Figure 2.1) were generated using standard long range amplification conditions. 

However, PCR product C was not amplifrable in this way due to the presence of 

a GC-rich region in the template DNA, and a PCR under conditions specific for 

GC templates was necessary to produce this fragment (Section 2.8.2). The full- 

length PMV sequence was 3736 nucleotides long and is shown in Figure 4.4.
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Figure 4.3 Nucleotide alignment of PM sequences obtained directly from the 

PCR products amplified from a serum DNA extract (PM Direct), from 10 colony 

PCRs (PM-Clone 1-10) and from PCR products amplified from a liver DNA 

extract (PM Liver).
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Figure 4.4 Nucleotide sequence of PMV genome

Putative coding regions are indicated as: ORF 1 ORF 2 ORF 3

GCTACGTCACTAACCACGTGCACTTCACAGGCCAACCAGAGCCTATG
TCGTGCACTTCCTGGGCCGGGTCTACATCCTAATATAAGTAACTGCAC
TTCCGAATGGCTGAGTTTTCCACGCCCGTCCGCGGCGAGAACACCAC
GGAGGGGAGTCCGCGCGTCCCGTGGGCGGGTGCCGAAGGTGAGTTTA
CACACCGAAGTCAAGGGGCAATTCGGGCACGGGACTGGCTGGGCTAT
GGGCAAGGCTCTTAGGGTTATCATTCTTAAAACATGTTTTTTGG€A6ë
CCGTGGAGAAAGAAAAœAAAGT<3œAÇTGÇqaCCtCTGëAGÀÔS;0
a a c c g c t a c a a c c a c c t a t a c a c a t g a g c g t g t g g a g a c c c c c g g t a
TACAATGTCCCGGGACAAGAfLAGGCAGTTTTÀTGAAGCCTGCCTGCA
FGCTCACGATmZTTTTTGTGGTTG^CGATTTTGTTGCTCATATTAAC
AGTGTGGCGGCTCGTGTTGGÀCGf#TTCAGÀCAATCAACCCCCGAG
AÇCCCAGAGGCCACCTGCAATAAGlTCCATGiGAGCTCTACCAGCTC
CTICCAAGTAG€GGCACATCCACAGA€AACCAGGGAGCACAATG^GGT
GGAGATGGTGGTGGAGAAGGCGCGGAAGGTGGCCCAGACGACG(^G
GACG^aH^#ACGGAGACCTCd^CCCAGAAGACGTAGAAGAACT
GdTAGAACFbGtCGAAGAGGCAGAGTAAGGAGATGGAGGCGGAGAG
GGAGAGGGTGGCGGAGAAGGACCTATATAAGACGTAGAAGGCGCCG
CAAAAAGAAAATTAACATACAACAGTGGAACCCCGCCACTGTAAAG
AAATGCGTGGTCACCGGATACGTACCCCTCCTCATCTGTGGAACGGG
TACCACGGGAACCACCTACAAAAACTATGGCAGCCACATAAATGACT
ATACAAAGTTTGACCCCTTTGGAGGTGGGTTTAGTACTTTAATGTTTA
ACCTAAGAATACTATTTGATGAATATAAAAAGCAAAGATGTCGCTGG
AGCAGATCTAACGATGAACTAGAACTTGTAAGGTACCTAGGCTGTAG
CTTTACCTTGTACAGAGAGCAAAATGTTGACTTTTTATTTAAATATAA
TAGAAGACAGCCATTTTCAGACAGCCAACTTACAGGACCTAGCTTAC
ACCCAGGCATAATAATGAAACAAAAAAGAAAAGTAATAGTGCCTAG
CTACAAAACTAAACCTAAAGGCAGACCCGTAAAAAGAATAAGAATA
AAGCCCCCAACTCTCTTTACAGACCGTTGGTACTTTCAAAAGGACTTT
AGTAACTTCCCCCTAGTAACTATCAGTGCCTCTGCGGCTAGCCTGCGG
TTTCCGTTCTGCTCACCACAAACTGGCAACATTTGCATATACTTCCAG
ATTTTAGATCCCTACTGGTATAACCGCCGGATGTCCATAACCCCAGAC
TTACTAAAGTCAAACTATGAAAGTTTTTTTAGTGTATTAAACACTAAA
TTTAGTAGCAGCCCCCTTTATCCAAATGTAGCCACCACAGTACCATCA
GGACCAATAGGCACTGTATTTAACACATTTAAAACCCAAGAACACGT
AGTAGACCCCAGATGGGATACTGTAAAAAAACAGAGCACAGGCAGT
CAGTGGTCTAATACTTTTGTAGACTCACATTGGGGAGACCACATATAT
GAAAACACCAGCAGTAAATCAATACTAACTGCTATGAAAGACAATGC
AACTAAAATGTATGACAGAAGAAAAAGAGATACATACCTAGGCAGT
AAATATTTAAACTATAGAACAGGACTATACAGCAGCATATTTTTAGC
TAATGAAAGAACCAGCCCTGACTTTCCAGGCCTATACCAAGAAGTAG
TTTACAACCCTTTAGTAGATGAAGGAGAAGGCAACATAGTATGGATA
GACTGGTGCTCTAAAGACGACACCACCTTTCGAGATCTACCACAGAG
ATATGCTGTAAAAGACATTCCTTTATGGGCAGCATTTATGGGCTACAG
AGACTATGTTACTAAGGCTCTCCACGACCCCGGACTCAGTAAAGAGG
TCAGAGTAACTATTATATGCCCATATACAAAACCCAAGCTCTACAAC
CCAGACAGCACAGACGAAGGCTACGTACCCTATGACTATAACTTTGG
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AAAAGGGAAAATGCCAGACGGCAACGGGTACATACCCATAGCCTAC
AGATTTCAGTGGTACCCTTGCATGTTCCACCAACAGAACTTTATGAAT
GACATTGTACAGTCAGGACCCTTTGCATACCACGGAGAAGAAAAAAG
CTGCACTCTAACTGCAAAGTACCGCTTCAGATTTTTATTTGGGGGCAA
TCCTATATCTCAACAGGTCATTAAAGATCCCTCTAAACAACCCGACTT
CCAAATACCCGGAGCCCGTGACCTCTTTAGCACAGTACAAGTCACGA
ACCCGAAACTCATCGACGAGGGATACTTCTTCAACGCCTGGGACATC
AGACGTGGGCTATTTGGCTTCTCAGCTATTAAAAGAATGCAAAACCA
ACAAATCCCTACTAAATATTTTACAGGCCCACCAAAGCGCCCGCGAT
TCGAGGTACCCGCCATTGCAAACGCAGGCTCAGATTTACACCCTACC
AAATGGCACCCCTGGAACGAAACCAGCGAGGAGGAAGAAGACCAGA
AAGAAGACTCCCCCTCGCCGCAAACGAAGGCACCATTACAGCTCATC
CTCAAACAGCAGCTCAGGGAGCAAAGAGAGCTCAAGCGACGAATCC
AATTCCTAGTAAAACAGCTAGTAAAGACCCAATATCACCTCCACGCA
CCCATTATCCCTAGTAGGACCTCCAGCCTTACTGTTCCCAGAGATGAC
CAAAAAAATATTTTCCAGCAACGACTGGAAATGTGAGTATGAATC
CTGTAAGCAGTGGGACAGGCCAGCTAGACAAAGCCTTACAGACA
CCCCTTACTACCCTTGGATGCTACCCCCAAAACAGCCATTCTCTG
TAACATTTAAACTAGGCTTCAAATAAACAAGGCCGTGGGAGTTTCA
CTTGTCGGTGTCAGCTTATTAAGGTCACTAAGCACTCCGAGCGAAGC
GAGGAGTGCGACCCTTACTGTGGGGCCCACTTCTTCGGAGCCGCGCG
CTACGCCTTCGGCTGCGCGCGGCACCTCAGACCCCCGCTCGTGCTGAC
ACGCTTGCGCGTGTCAGACCACTTCGGGCTCGCGGGGGTCGGATGCT
TTATTAAACAGACTCCGAGGTTGTCTTGGACACTGAGGGGGTGAACA
GCAACGTAAGTGAGTGGGGCCAGACTTCGCCATAAGGCCTTTATCTT
CTTGCCATTTGTCAGTAACTTAAATTGCCATAAACTTCGACCTCAATT
TTAGGCCTTCCGGACTACAAAAATCGCCATTTTAGTGACGTCACAGC
AGCCATTTTAAGTAAGGCGGAAGAGCTCTAGCTATACAAAATGGCGG
CGGAGCACTTCCGCTTTGCCCAAAATGGTGGGCAAGCACATCCGGGT
CAAAGGTCATGCCTACGTCACAAGTCACGTGGGGAGGGTTGCCGTGT
AACCCGGAAGTCAATCCTCCCACGTGGCCTGTCACGTGACGCATACG
TCACGGCGGTCATTTTGTTTTACAAAATGGCGGACTTCCTTCCGCTTT
TTTGAAAATAACGGCCCAGCGGCGGCGCGCGCGCTACGCGCGCGCGC
CGGGGGGCTACCGCCCCCCCCGT

Other TTV-like sequences that were at least 90% of full genome length were 

sought in order to make comparisons with PMV, and 23 were identified in 

GenBank/EMBL. These are listed in Table 4.1. A database homology search was 

carried out using the nucleotide sequence of the PMV genome. It did not reveal 

any significant nucleotide similarity between the PMV sequence and other 

sequences, apart from TTV sequences.
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Table 4.1 Full and near full-length TTV sequences

Accession

number

Sequence name

TA278

Genome 

length (nt)

Reference Genotype”

AB017610 3853 Miyata et ah (1999) 1

AF122913 GHl 3852 Mushahwar et al. (1999) 1

AF122914 JA20 3853 Erker et al. (1999) 1

AF122915 JA9 3852 Erker et al. (1999) 1

AF122916 JAl 3839 Erker et al. (1999) 2

AF122917 JA4 3537“ Erker et al. (1999) 3

AF122918 JA2B 3840 Erker et al. (1999) 2

AF122919 JAIO 3539“ Erker et al. (1999) 3

AF 122920 US35 3839 Erker et al. (1999) 2

AF 122921 US32 3539“ Erker et al. (1999) 2

AF 116842 BDHl 3739 He e/a/. (1999)” 1

AF079173 TTVCHNl 3739 Yusen et al. (1998)” 1

AF129887 TTVCHN2 3739 Huang et al. (1999)” 1

AB017613 TUSOl 3818 Okamoto et al. (19996) Unclassified

AB025946 SANBAN 3808 Hijikata et al. (1999) SANBAN

AB038619 TTVsan-lR1031 3795 Takahashi et al. (20006) SANBAN

AB038620 TTVsan-S039 3792 Takahashi et al. (20006) SANBAN

AB038621 TTVyon-KC009 3676“ Takahashi et al. (20006) YONBAN

AB038622 TTVyon-LCOll 3675“ Takahashi et al. (20006) YONBAN

AB038623 TTVyon-KC186 3676“ Takahashi et al. (20006) YONBAN

AB038624 TTVyon-KC197 3676“ Takahashi et al. (20006) YONBAN

AB028668 TJNOl 3787 Ukita et al. (2000) Unclassified

AB028669 TJN02 3794 Ukita et al. (2000) SANBAN

AF261761 PMV 3736 This study Unclassified

® Incomplete genome sequence 

Published in GenBank/EMBL only

Genotype assigned, based on full sequence analysis, according to Erker et al. (1999: 1, 2 and 3) 

or Takahashi et al. (2000b: SANBAN and YONBAN)
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In a comparison with these full or near full-length TTV genomes it was found 

that PMV shared several features, including the positions of putative ORFs 1 and 

2 and the non-coding region, a GC-rich string of bases and a TATA box. A 

predicted third ORF was not conserved among all TTV genomes. A 

polyadenylation signal (AATAAA), starting at position 3028 in PMV, was found 

in all full and near full-length genomes with the exception of the YONBAN 

group (Takahashi et a i,  2000/?).

? ORF 3

2868

GC  ™  27 q

ORF 2
6083032

poly A

2908 734

3 73 6  nt

ORF I

Figure 4.5 Organisation of the PMV genome. The relative positions of the 

putative ORFs, TATA box (TATA), polyadenylation signal (poly A) and GC- 

rich region (GC) are indicated. Nucleotides are numbered according to the start 

position of the prototype TTV genome sequence, TA278 (GenBank accession 

no. ABO 17610).
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A nucleotide alignment of the 23 full and near full-length TTV sequences and 

PMV was carried out as described in Section 2.8.3, after trimming the full-length 

sequences. Genetic distances were estimated using Dnadist, under Kimura's 2- 

parameter model of nucleotide substitution, and a tree was produced from this 

using the program Fitch (in PHYLIP, Felsenstein, 1993). This is shown in Figure 

4.6. Five major groups were identified, corresponding to genotypes 1, 2 and 3 

described by Erker et al. (1999), and the SANBAN and YONBAN groups 

(Hijikata et al., 1999; Takahashi et al., 20006). Sequences TUSOl, TJNOl and 

PMV formed distinct, highly divergent branches.

In subsequent analyses, one representative sequence from each of the five major 

groups was used, as well as TUSOl, TJNOl and PMV. These were:

TA278 (genotype 1)

JAl (genotype 2)

JA4 (genotype 3)

SANBAN (SANBAN group)

TT Vyon-KC 186 (YONBAN group)

When the phylogenetic analysis was repeated using just these 8 trimmed 

sequences, a different branching order was evident. However, a similar tree was 

recovered when using both a distance method, under all available models of 

substitution (Dnadist and Fitch) and a maximum likelihood method (Dnaml). 

These are shown in Figure 4.7. Bootstrap values from 1000 replicates are 

indicated on the Fitch tree. A low value for the branching position of sequences 

TUSOl and TJNOl suggests that their relationship to the other TTVs was not 

easily resolvable. The calculated genetic distances are given in Figure 4.8. The 

mean genetic distance between each sequence was 0.61 (range 0.34 - 0.77).
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‘SANBAN’ ‘YONBAN’

US35

Figure 4.6 Phylogenetic tree of 23 trimmed TTV sequences from GenBank 

and PMV (shown in bold). Genotypes 1, 2 and 3 have been assigned by 

Erker et aL, (1999). The scale bar indicates the proportion of nucleotides 

substituted for a given branch length.

114



a)
TUS01

b)
TJN01

SANBAN

PMV
TTVyon-
KC18

TA278

JA 4

JA l

TUS01
SANBAN TJN01

7.0
93.0

100PMV
99.4'

100
99.7

TA278
JA l

JA 4

TTVyon-
KC18

0.1 0.1

Figure 4.7 Phylogenetic trees of seven representative trimmed TTV sequences and PMV, produced using a) Dnaml, a maximum likelihood 

method, and b) Dnadist and Fitch, a distance method. Tree b) is the consensus tree obtained after 1000 bootstrap replicates, and the percentage 

occurrences of each node is indicated. The scale bars indicate the proportion of nucleotides substituted for a given branch length.



Figure 4.8 Genetic distances used to produce the Fitch tree in Figure 4.7 b.

JAl

TUSOl

SANBAN

KC186
PMV

TA278

0.3700

0.3780 0.3375

0.6574 0.6192 0 6 1 7 2 ^ TJNOl

0.5919 0.6167 0.5961 0.4236 TUSOl

0.6708 0.6775 0.6681 0.5790 0.4734 rSÂNBAN

0.6471 0.7382 0.7279 0.7584 0.7057 * 0.7536 TTVyon-
KC186

0.6123 0.6431 0.6393 0.6307 0.6070 0.6127 0.7665

The similarity of PMV to the seven representative sequences was plotted across 

the complete nucleotide alignment (Figure 4.9a). This analysis was carried out 

using PlotSimilarity as described in Section 2.8.3, and reveals domains of 

conservation, primarily in the non-coding region, and variability across the 3.7 

kb studied. The average nucleotide sequence similarity by this method was 0.51.

4.3.2 Open reading frames

The longest putative ORF, ORF-1, of the PMV genome coded for 767 amino 

acids and had an average amino acid identity of only 32.5% with the 

corresponding ORFs of 23 other TTVs (Table 4.1). It had an N-terminal 

arginine-rich region, noted previously in other TTVs (Takahashi et al., 1998a). 

Also, three N-glycosylation motif sites were present (NTS, NAT and NET), 

suggesting that the product may be a glycoprotein. When the amino acid 

sequence of ORF-1 was submitted to a FASTA search of the SwissProt database, 

the N-terminal was found to be more than 50% identical to 20 different arginine- 

rich sperm protamine proteins, over a 53-62 amino acid stretch.
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Figure 4.9a Similarity plot of an alignment of the PMV genome sequence with seven representative TTV genomes. 
The average nucleotide sequence similarity is indicated by the red dashed line



A shorter ORF, ORF-2, could be identified in PMV, but again there was a high 

degree of sequence divergence from other TTVs, with the average amino acid 

identity being 32.3%. The sequence motif containing the initiation codon of 

ORF-1 in PMV had a single nucleotide difference from that described by Kozak 

(1986) as the optimal sequence for translation initiation (ACCATGG). The ORF- 

2 initiation motif possessed two suboptimal nucleotides. These were ACAATGG 

and AACATGT respectively (suboptimal nucleotides underlined). Conserved 

binding sites for the transcription initiators Spl (GGCGGG) and Cap 

(CAATTC), immediately upstream of the ORF-2 initiation codon, were also 

identifiable in PMV (Hijikata et al. 1999).

An amino acid similarity plot for ORF-1 revealed hypervariable regions between 

amino acid positions 300 and 440, and between 700 and 770 in a multiple 

alignment of PMV with the seven representative sequences. The amino acid plot 

for ORF-2 showed a similar level of overall similarity to ORF-1 (Figure 4.9b).

The putative ORF-3, proposed by Erker et al. (1999), was 165 nucleotides long 

in PMV. However, it overlapped with the C-terminal end of ORF-1 by 41 

nucleotides, a feature not seen in TTV genome sequences so far described. Erker 

et al. (1999) reported ORF-3 to be highly conserved, but when the full or near 

full-length TTV sequences from their study were analysed with sequences 

TUSOl, SANBAN, TJNOl and PMV, ORF-3 was revealed to be variable. The 

four sequences comprising the 'YONBAN' group had a similar coding region, 

downstream of ORF 1, but they lacked an initiation codon. The average amino 

acid sequence identity between PMV and all other ORF-3 sequences was 45.3%. 

The Kozak optimal initiation motif could not be identified at the PMV start 

codon.
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Figure 4.9b Amino acid similarity plots of alignments of ORFs 1 and 2 from 

PMV and seven representative TTVs. The average amino acid similarity is 

indicated by the red dashed line.
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4.3.3 Non-coding region

A conserved non-coding region was found to stretch from the polyadenylation 

signal to the initiation codon of ORF-2, encompassing the GC-rich region. 

Comparisons were carried out between PMV and five full-length TTV sequences 

(TA278, JA l, TUSOl, SANBAN and TJNOl). There were no full-length 

sequences available for any genotype 3 or 'YONBAN' sequences. In three TTV 

genomes, the non-coding region was about 1040 nucleotides long; in TUSOl and 

TJNOl it was shorter at 1014 and 1011 nucleotides respectively. The equivalent 

region in PMV was only 972 nucleotides long, the most noticeable truncation 

being in the GC-rich region, which was 58 nucleotides in length compared to 

117 in the prototype TTV genome TA278 (Miyata et aL, 1999).

The mean nucleotide divergence between PMV and the five analysed sequences 

in this region was 20.6%, (range 12.4% - 29.2%), verifying that the non-coding 

region is more conserved than the ORFs. A maximum likelihood tree and a 

distance method tree (Fitch), based on an alignment of the non-coding region, 

are shown in Figure 4.10. It can be seen that the branching positions of TA278 

and TUSOl differ between the two, and the low values obtained on bootstrapping 

indicate that there was little support for any one topology. However, in both 

analyses, PMV and SANBAN were closely related, an observation not apparent 

following the phylogenetic analysis of near full-length sequences (Figure 4.7).

Hijikata et al. (1999) proposed that the domain immediately downstream of the 

polyadenylation signal in the non-coding region of TTV forms a stem-loop 

structure. The corresponding region in PMV, analysed in this way, predicted a 

secondary structure that was very similar to other TTV genomes (Figure 4.11). 

By contrast, the secondary structure of the GC-rich region of the PMV genome is 

likely to be affected by deletions: Figure 4.12 shows how the GC-rich region of 

PMV might be different from the GC-rich stretch in sequences TA278 and JAl. 

Sequences SANBAN, TUSOl and TJNOl also displayed altered folding 

properties in this region, compared to the prototype TA278 (data not shown).
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Figure 4.10 Phylogenetic trees produced from an alignment of the non-coding region (NCR) of five TTV sequences and PMV, 

Using a) Dnaml, a maximum likelihood method, and b) Dnadist and Fitch, a distance method. Tree b) is the consensus tree 

obtained after 1000 bootstrap replicates, and the percentage of occurrences of each node is indicated. The scale bars denote the 

proportion of nucleotides substituted for a given branch length.
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4.4 Relationship of PMV and other TTVs to TLMV and CAV

The recent discovery of TLMV has added to the debate regarding the 

classification of TTY and related viruses. TLMV has a similar genetic 

organisation to TTV, with a circular single-stranded DNA genome containing 

three putative ORFs and a conserved non-coding region. The lengths of the nine 

complete genomes currently deposited in GenBank/EMBL range from 2765- 

2952 nt, placing them midway between TTV and CAV in size. When these 

TLMV genomes are subjected to phylogenetic analysis, they display a similar 

level of diversity to TTV sequences, the mean nucleotide divergence between 

each being 55.8%. The genomes of CAV isolates are, however, relatively 

conserved (Meehan et a l, 1992).

Little sequence homology is evident between these three virus groups. In their 

description of TLMV, Takahashi et al. (2000a) identified an amino acid motif 

that was present in ORF 2 of representatives of all three: W X7 H X3 C X C X5 

H, where X is any amino acid. The motif was sought in PMV, and an amino acid 

alignment (40 residues) of the ORF 2 fragment encompassing the motif was 

carried out using two CAV sequences (CAE26P4 and CAU66304), nine TLMV 

sequences (TLMV-CBD203, CBD231, CBD279, CLC062, CLC138, CLC156, 

CLC205, NLC023 and NLC026), the seven representative TTVs (Figure 4.7) 

and PMV. This alignment is shown in Figure 4.13, and demonstrates that the 

motif was interrupted in PMV, TLMV-CLC156 and TLMV-CLC062.

The 120 nucleotides that coded for this region were aligned, genetic distances 

were calculated using Dnadist and Fitch analysis was applied in PHYLIP. The 

resulting phylogenetic tree (Figure 4.14) clearly demonstrates the high level of 

variability between TTV sequences and between TLMV sequences in this small 

fragment of ORF 2. By contrast, the CAV sequences were almost identical. 

Interestingly, in this region the CAV sequences were more closely related to the 

TTV sequences than to the TLMVs. PMV again demonstrated a close 

relationship to SANBAN.
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Figure 4.13 Amino acid alignment of a conserved motif within ORF-2 of TTV, TLMV and CAV, according 

to Takahashi et al, (2000a). The motif is indicated in red.
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Figure 4.14 A distance method phylogenetic tree (Fitch) produced from an 

alignment of the 120 nucleotides coding for the conserved ORF-2 amino acid 

motif. The scale bar indicates the proportion of nucleotides substituted for a 

given branch length.

C A E 2 6 P 4
C A U 6 6 3 0 4

SANBAN
JA1

T T V y o n K C 1 8  

T A 2 7 8  V

T JN 01
T U S 01

JA 4

T L M V N L C 023

T L M V N L C 026

TL M V C B D 279 ^  A
T L M V C L C 205 I

T L M V C L C 138 TLM V CBD 231

T L M V C L C 156
'  T L M V C B D 203 

T L M V C L C 062

0.1

127



4.5 Recombination in PMV

In order to test whether PMV was a recombinant genome, the RIP program was 

used, as described in section 2.8.3, to identify potential breakpoints in an 

alignment of PMV with the seven representative TTV sequences. The trimmed 

alignment that was used to generate the phylogenetic trees in Figure 4.7 and the 

PlotSimilarity profile in Figure 4.9a was also used as input to RIP. A sliding 

window size of 2 0 0  nucleotides was selected and the resulting plot is shown in 

Figure 4.15. At various points along the alignment, PMV was most similar to all 

of the representative sequences, except TTVyon-KC186. However, no strong 

evidence for the existence of recombinant domains within the PMV genome was 

apparent.

4.6 Screening for PMV-Iike sequences

PMV-like sequences were searched for in 197 sera belonging to two patient 

groups, UK blood donors (n=99) and acute non-A to E hepatitis patients (n=98). 

A PCR assay with primers situated in the non-coding region was used to amplify 

TTV DNA as described in Section 2.6.2 (Leary et al., 1999a). These 'set B' 

primers were demonstrated to amplify the expected region of PMV by using 

cloned PMV DNA as template (fragment B, Figure 2.1). A total of 49 (17 blood 

donors and 32 hepatitis patients) were positive and of these, 36 gave readable 

DNA sequence data. The remaining 13 were presumed to contain mixed 

infections, due to the appearance of multiple double peaks on the sequence data 

chromatograms.

A CLUSTAL W alignment was performed, using these 36 sequences with the 

equivalent region of PMV and the 23 TTVs shown in Table 4.1. A neighbour- 

joining tree was then drawn using MegAlign (Figure 4.16). Although many 

sequences identified in this study were similar to the other TTVs in this 

fragment, it was seen that PMV remained phylogenetically distinct, with the 

most closely related sequences showing around 10% divergence. This suggested 

that PMV may be a rare TTV type.
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Figure 4.16 Dendrogram produced from an alignment of set B region PCR 

product sequences. The prefix BD indicates sequences derived from blood 

donors (shown in red); AH indicates sequences derived from patients with 

acute hepatitis (shown in green).
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4.7 Discussion

TTV DNA sequences were detected in both acute non-A to E hepatitis patients 

and UK blood donors in this study, and the existence of multiple infections in a 

single host was confirmed using PCR-cloning and sequencing. Most of the 

sequences identified using the N22 primers were closely related to those already 

described. However, a highly divergent fi*agment was detected and the full 

genome was then sequenced and characterised.

PMV shared its genome organisation and a moderately conserved non-coding 

region with other TTV sequences. Its genome also contained the typical motifs 

identified in most other TTVs, such as a conserved TATA box and 

polyadenylation signal. It is the shortest TTV-like genome reported so far, the 

largest deletions being in the GC-rich region. A similarity plot of an alignment of 

PMV and seven representative TTV sequences showed a high degree of 

sequence heterogeneity, with genetic distances between them varying from 0.34 

to 0.77. Sequence variation was more common in the coding regions, which may 

lead to major antigenic differences between the viruses.

The protein encoded by the ORE-1 of PMV contained a region that was similar 

to several sperm protamine protein sequences. These proteins are conserved 

among different animals, such as cuttlefish, wallabies and quail, where they 

function in the same way as histones. During the haploid phase of 

spermatogenesis, they compact sperm DNA into a highly condensed stable 

complex. This is consistent with the ORE-1 product being a virion capsid protein 

that enwraps the viral DNA genome. Nishizawa et al. (1999) and Erker et al. 

(1999) have previously proposed that the ORE-1 of TTV codes for the viral 

capsid protein on the basis that its N-terminal arginine-rich region is shared with 

the circovirus capsid proteins. The functions of the proteins encoded by ORE-2 

and ORE-3 are not known. No significant similarity to proteins in the Swissprot 

database was evident.

The non-coding region was relatively conserved, suggesting that it plays an 

important regulatory role in viral replication. The effect that the truncated GC-
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rich stretch may have on the replication of PMV is yet to be determined. The 

non-coding region of CAV also contains a GC-rich stretch and several binding 

sites for transcription factors. A tandem array of four 19 nt repeats, thought to 

function as an enhancer, was not present in PMV or other full-length TTV 

sequences. As CAV infects lymphoid cells, causing anaemia, lymphoid depletion 

and haemorrhages in chicks, sequences that are recognised by lymphoid-specific 

proteins can be identified in the non-coding region of CAV. For example, the 

sequence GGGGATTCCCC is recognised by NF-kB, and motif CTATTC is 

thought to be involved in globin gene expression (Meehan et a l, 1992; Plumb et 

a l, 1989). These were not present in any TTV sequences.

The binding sites of liver-enriched transcription factors were also sought, such as 

hepatocyte nuclear factors 1,3 and 4, and the CCAAT/enhancer-binding protein 

alpha (Tronche et al., 1997; Overdier et al., 1994; Rastegar et al., 2000). These 

sequences are abundantly present in the HBV genome. However, none were 

found in the non-coding regions of the full length TTVs or PMV, apart from one 

CCAAT motif in the non-coding region of SANBAN.

The circoviruses PCV and BFDV have a stem-loop structure with a conserved 

nonanucleotide motif at the tip, within the non-coding region. This is found in 

plant nanoviruses (recently re-classified from plant circoviruses), such as 

coconut foliar decay virus (CFDV) and banana bunchy top virus (BBTV) and in 

the related geminiviruses, which are also plant pathogens containing a small, 

circular single-stranded genome (Bassami et al., 1998; Niagro et al., 1998). It 

functions as a cw-acting element required for rolling-circle replication (RCR). 

CAV, however, does not have this motif and the mechanism for CAV replication 

is not fully understood (Notebom and Koch, 1995). The amino acid sequence of 

CAV ORF-1 possesses three motifs found in the replication associated (Rep) 

proteins of the other circoviruses (Niagro et al., 1998). It is also known that, in 

culture, CAV-infected cells generate double stranded replicative DNA forms, 

although Todd et al. (1996) found no evidence for rolling-circle replication in 

CAV, using plasmid constructs containing CAV DNA.
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TTV sequences so far described, including PMV, do not contain the 

nonanucleotide motif, nor do they possess an ORF that resembles the Rep 

proteins encoded by PCV and BFDV. Mushahwar et al. (1999) reported that two 

TTV sequences (TA278 and GHl) each contained two of the three amino acid 

motifs found in CAV ORF-1, which are associated with RCR (FTL and YuxK, 

where u is a bulky, hydrophobic residue). These were also found in PMV ORF- 

1. Moreover, double-stranded forms of TTV have been detected in hepatocytes 

and bone marrow cells (Okamoto et a l, 20006 and c). This suggests that their 

method of replication may be more like that of CAV then the other circoviruses.

Twenty-three full-length and near full-length genomes of TTV-like viruses fell 

into eight major groups on phylogenetic analysis, with a mean genetic distance 

of 0.61 between them (Figure 4.6). The branching order observed on analysis of 

PMV with seven representative trimmed nucleotide sequences (Figure 4.7) was 

also seen when their ORF-1 amino acid sequences were aligned. However, the 

branching patterns observed on phylogenetic analysis of the ORF 2 and putative 

ORF 3 amino acid sequences differed in the relative positions of TUSOl, TJNOl, 

SANBAN, TTVyon-KC186 and PMV (data not shown). When different models 

of DNA substitution were applied during phylogenetic analysis, it was found that 

branch lengths showed some variation, although tree topology did not change. It 

has been suggested that, as sequence divergence between TTV types is so 

extreme, current methods for estimating evolutionary distance are inadequate and 

basic, uncorrected /7-distances should be used (where p  is the proportion of 

different nucleotides between 2 sequences) (Prescott et al., 1999).

The eight TTV groups corresponded to the previously defined genotypes 1, 2 and 

3 (Erker et al., 1999), with TUSOl, TJNOl, the SANBAN clade, the YONBAN 

clade and PMV forming five distinct branches. Following the nomenclature of 

Erker et al. (1999), these five could be considered new ‘genotypes’. However, 

the level of genetic divergence within the TTV cluster was higher than would be 

expected if  all these sequences were from viruses of the same species.

Historically, virus species have been typed according to differences in 

serological reactivity. With the use of DNA sequencing and phylogenetic
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analysis it is now increasingly common to segregate a virus species into 

genotypes. However, there is no standard definition of the level of divergence 

required to separate genotypes. Using other DNA viruses as examples, the 

information in Table 4.2 demonstrates that the way in which viruses are 

genetically typed varies considerably.

Table 4.2 Examples of the criteria used to type DNA viruses

Virus Number of 
types

Criteria for typing Reference

JC Virus (JCV) >7 genotypes Nucleotide divergence of 
1.2% to 2.3% between 
each, on phylogenetic 
analysis of coding region 
sequences.

Jobes et al. (1998) 
Agostini et al. (1998)

Human
papillomavirus
(HPV)

> 80 types Nucleotide identity of 
<90% between LI ORF 
sequences.

Delius et al. (1998)

Adeno-associated 
virus (AAV)

6  serotypes Nucleotide identity of 82% 
or less across whole 
genome.

Bantel-Schaal et al. 
(1999)

Hepatitis B virus 
(HBV)

6/7 genotypes Nucleotide divergence of 
>8 % across whole genome.

Okamoto et al. (1988) 
Norder et al. (1994)

For circoviruses, although there is very little sequence similarity between the 

three (CAV, PCV and BFDV), individual isolates of each virus are moderately 

conserved. For example, the maximum nucleotide divergence shown between six 

full-length CAV genomes, available in GenBank/EMBL, was 5% (not shown). 

This may reflect a more ancient origin of TTV.

The analysis presented here, using full and near full-length genomes and amino 

acid sequences, confirms that until the full extent of divergence within the TTVs 

is known, it is inappropriate to determine genotypes based on short TTV-like 

sequences.
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Short stretches of sequence similarity between TTV and CAV have been 

reported (Miyata et al., 1999; Hijikata et al., 1999). Furthermore, TLMV was 

recently discovered in human serum and described as an intermediate relative of 

TTV and CAV (Takahashi et al., 2000a). In order to further assess the 

relationships between these viruses, the nucleotide sequences that code for a 

semi-conserved amino acid motif in ORF-2 of all three virus groups were 

compared. Phylogenetic analysis demonstrated that in this short fragment, CAV 

was more related to TTV sequences than to TLMV sequences. The PMV 

fragment grouped with SANBAN, although the eight TTVs maintained distinct 

branching positions. The nine TLMV sequences also showed extensive 

heterogeneity and formed seven main branches. By contrast, the CAV sequences 

were nearly identical.

It is questionable whether, in the absence of 'ancestor' sequences for comparison, 

the phylogenetic methods currently available are sufficiently complex to 

accurately infer evolutionary relationships between the virus groups studied in 

this chapter. The genetic distances between TTV types are very large over much 

of the genome, and regions of potential homology between TTV, TLMV and 

CAV are short. The simple corrections used for multiple hits are likely to be 

inadequate. It is also becoming increasingly clear that viruses evolve in a way 

which is very unlike their hosts, due to the unique constraints of single-stranded 

genomes, overlapping ORFs and vast population sizes (Simmonds, 2001). 

Therefore, phylogenetic methods developed to study eukaryotic evolution may 

need substantial revision before they can be meaningfully applied to viral 

sequences.

Despite this, phylogenetic analyses remain useful for assessing relatedness 

between groups of sequences and thus it is still appropriate to use them for 

taxonomic purposes. Both the analysis presented in Figure 4.14 and the near-full 

length alignment of the eight representative TTVs suggest that they should have 

equal taxonomic rank with each other and with the gyrovirus genus of 

Circoviridae. It is proposed that TTV be classified as a new virus family, and 

that the eight representative TTV sequences are each assigned a different genus.
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How is the wide diversity, observed between TTV genomes, achieved? Studies 

of long term infection indicate that the mutation rate in chronically infected 

individuals is low (Biagini et al., 1999; Ball et al,, 1999). This is supported by 

the sequence analysis of a persistently infected patient’s TTV sequence in this 

study, which remained very stable over a 13 month period. Low mutation rates 

are consistent with the assumption that TTV uses a host cell polymerase during 

replication.

A plausible explanation for the extensive heterogeneity between TTV types has 

been that they are derived from an ancient virus lineage that has infected and co

evolved with humans over many millions of years (Prescott et al., 1999). This 

also provides a possible answer to the question regarding its apparent lack of 

pathogenicity; as the parasite-host relationship has evolved, the virus has become 

so adapted to the host as to persist with minimum harm, thereby increasing its 

chances of survival and propagation.

Homologous recombination between widely divergent types may also be a 

mechanism by which TTV heterogeneity is created and maintained (Worobey, 

2000). This is supported by the finding that an individual can be infected with up 

to seven different genetic types at any one time (Ball et al., 1999; Niel et al., 

2000). Sequences that change positions in trees based on different subgenomic 

regions may indicate the existence of recombinant genomes. PMV was revealed 

to have a relatively close relationship to SANBAN, both in the tree produced 

from the non-coding region alignment (Figure 4.10) and from the ORF 2 motif 

alignment (Figure 4.14), in contrast to their apparent distance in the tree 

produced from a near full-length alignment (Figure 4.7). The low bootstrap 

values obtained for the non-coding region tree may also be indicative of 

conflicting phylogenetic signal in this region, which may be due to the presence 

of recombinant sequences.

The potential mosaic structure of PMV was further explored using the program 

RIP. The resulting plot did not give a clear indication that recombination with 

any of the seven representative TTVs had occurred. Additional analysis would 

be required to substantiate the evidence for recombination in PMV. If repeated
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recombination is an evolutionary feature of the TTVs, methods such as RIP, 

which recognise stretches of nucleotides from a different lineage to others in the 

same sequence, will not be effective at detecting it (Maynard Smith, 1999). The 

possibility of frequent recombination occurring in the geminiviruses was 

investigated using the homoplasy test, which is a more appropriate method for 

the analysis of potential multiple recombination events (Padidam et al., 1999; 

Maynard Smith and Smith, 1998). However, it has been suggested that the 

method is only useful if intra-group nucleotide divergences are < 5%. It may be 

helpful to wait until the full extent of TTV diversity is known before applying 

further recombination analysis methods.

The existence of extensive recombination would help to explain why TTV types 

do not appear to be geographically segregated in the same way as, for example, 

HCV and HIV types, where opportunities for mixed infections to occur are 

restricted by the requirement for them to be transmitted by bloodbome and 

sexual routes. Thus, for HCV and HIV, few population groups are multiply 

exposed. In contrast, many transmission routes probably exist for TTV, as 

indicated by the detection of TTV DNA in several body fluids (Okamoto et al., 

19986; Toyoda et al., 1999; Inami et al., 2000; Ross et al., 1999) and it may be 

transmitted transplacentally (Morrica et al., 2000). Thus, studies of the age- 

distribution of TTV prevalence in endemic areas have suggested that it is 

acquired early in life (Yamada-Osaki et al., 1998; Davidson et al., 1999), and 

multiple infections are known to be common (Takayama et al., 1999; Niel et al., 

2000; Ball é ta l,  1999).

The ability of the two sets of primers used to detect TTV DNA differed. During 

the initial detection of TTV sequences, the primers used were directed against 

the variable N22 region within ORF-1 (Okamoto et a l, 1998a). They detected 6  

TTV infections in 43 acute non-A to E hepatitis patients from the UK (14%). 

When ’set B' primers (Leary et a l, 1999a), which amplify a fragment of the more 

conserved non-coding region, were used to screen 98 similar patients, they were 

able to detect 32 positive serum samples (32.7%). This discordance in detection 

rates by different primer sets has also been noted in several other studies, and it 

has been suggested that whilst the full extent of divergence between TTV
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sequences is unknown, multiple sets of primers should be used to estimate the 

prevalence of TTV infection (Desai et al., 1999; Leary et al., 19996).

The presence of TTV in a very large proportion of healthy individuals worldwide 

suggests that, at least in the majority of cases, it is not causing disease and that 

the concept of a normal viral flora should now be considered (Simmonds et al., 

1999). The detection of TLMV, another potential family of benign viruses, 

strengthens this notion. The possibility that non-pathogenic circovirus-like 

viruses may be found in other species was predicted by Tischer et al. (1995) 

when they discovered antibodies that cross-reacted to PCV antigen in human, 

mice and cattle sera. Furthermore, TTV-like DNA sequences have been 

discovered in domestic farm animals and several primate species (Leary et al., 

1999a; Verschoor et al., 1999; Okamoto et al., 2000a; Abe et al., 2000; Romeo 

et al., 2000). In at least 2 species (chimpanzees and macaques), some of these 

sequences appear to be genetically distinct from those circulating in humans. 

Others, however, are highly related to human TTV sequences, raising the 

possibility that extensive cross-species infection occurs. In contrast, all three 

animal circoviruses and the related plant nanoviruses have restricted host ranges.

It is perhaps too soon to conclude that TT viruses have no pathogenic effect. Up 

to 10"̂  copies of TTV can circulate in the blood of persistently infected 

individuals. Also, viral DNA is present in many extracellular body fluids, liver 

tissue and bone marrow cells. It is thought that the human host recognises it as 

foreign, as indirect immunoprécipitation experiments have indicated that an 

antibody response can be elicited, although this apparently does not clear 

infection, or prevent reinfection with many different TTV types (Tsuda et al., 

1999).

Is PMV, in particular, pathogenic? PMV may be hepatotropic, as its DNA 

sequence was also detected in liver. However, since a pre-hepatitis serum 

specimen from the patient was not available, it was impossible to determine if 

PMV carriage occurred from the onset of disease. It is noted that viruses 

showing less sequence divergence than the TTV group can cause different 

clinical syndromes. For example, a strain of PCV, reported to be associated with
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a disease in pigs known as postweaning multisystemic wasting syndrome, shows 

only 26% divergence from the genome of the prototype PCV, which is common 

in domestic herds and apparently does not cause disease (Morozov et al., 1998). 

Similarly, JC virus is an established causative agent of progressive multifocal 

leukoencephalopathy (Padgett and Walker, 1973), while another polyoma virus, 

BK, which shows around 30% nucleotide divergence from JC, is associated with 

haemorrhagic cystitis (Hashida et al., 1976; Gluck et al., 1994). Therefore, the 

pathogenic capacity of PMV cannot be totally ruled out.

Further study is required to unravel the precise evolutionary and taxonomic 

connections between the circular single stranded genomes examined here. It is 

clear that current phylogenetic techniques may not adequately depict the true 

relationship between them, as models of DNA substitution are too simplistic to 

cope with such extensive genetic heterogeneity, and the possibility of 

recombination cannot easily be accommodated. While PMV may be unique 

genetically and might be hepatotropic, it appears to be a rare virus in humans. 

The emerging pattern of infection with TTV-like viruses is that of a collection of 

related but different viruses, with varying prevalences. Their pathogenic 

potential has yet to be elucidated.
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Chapter 5

Conclusions and Further Work
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The use of appropriate genetic methodologies in the study of viral variants can 

dramatically increase the amount of information gained regarding their 

epidemiology and relationships to other similar viruses. Several procedures were 

developed and applied during the course of this investigation, including standard 

PCR and gel-based methodologies, and computer-based analysis programs, in 

order to examine the epidemiology and evolutionary history of three significant 

viral variants.

S.l HBV’’''and HBV*''

In the initial work on HBV, a gel-based screening assay was chosen in 

preference to DNA sequencing. As the question asked was "are these PCR 

products the same or different?", sequencing was considered both too slow and 

unnecessary. DGGE was applied to the study of two defined variants in different 

contexts. It was thus possible to track a variant common to the UK, HBV^^, over 

time and describe its increasing prevalence in one location. DGGE was also 

applied to establish which patients were and were not infected in a point source 

outbreak, and this led to the conclusion that the variant involved, HBV^^, was 

not prevalent in the UK. The rapid screening of large numbers of samples in the 

study of both variants allowed their contrasting epidemiologies to be described.

Despite the widespread use of PCR fragment analysis for the investigation of 

clusters of HBV infection, there are few descriptions in the literature of genetic 

studies of defined HBV variants circulating in a population. The closest example 

is the study of Flodgren et al. (2000). Here, the pre-S2 region was sequenced 

from 30 epidemiologically unlinked patients with acute HBV infection in a 

Russian city. Twelve samples were found to have identical sequences in this 

fragment, and a further 8  shared a second identical sequence. The analysis was 

not extended to determine how the predominantly circulating variants were 

transmitted over time.

This study further demonstrated that the relative genetic stability of the HBV 

genome during continual transmission amongst high-risk populations can lead to 

the situation where one variant becomes dominant. Using DGGE, it was possible 

to observe the increase in homogeneity of PCR product sequences yielded by the
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infecting HBV genomes in the Hull community, and to correlate this with a 

previous outbreak in a local prison. It is evident that attempts to identify specific 

transmission events of HBV^^ using sequence-based analysis of small PCR 

products would not be possible, due to the confounding effect of high HBV^^ 

prevalence.

Further work: In the light of the very high prevalence of HBV^^, how can a 

basis be formulated for assessing its role in future transmission incidents? It 

seems clear that it must continue to rest on epidemiological data. Thus, if two 

people with no known connection are determined to be acutely infected with 

HBV^^, the probability that their infections have arisen by chance can be 

estimated only if a large study of HBV^^ prevalence is undertaken in the vicinity 

of the potential transmission. The use of a high-throughput assay such as DGGE 

would allow rapid screening of sera from unlinked acute hepatitis cases to be 

carried out, thereby enabling such a statistical analysis.

One possible bias in estimating HBV^^ prevalence when using selected study 

groups arises from its potential to cause symptomatic infection. All samples 

tested from Hull and south east England came from acutely infected patients 

with specific symptoms, such as jaundice and passage of dark urine, which 

warranted testing for hepatitis. As approximately two thirds of infected adults do 

not experience such symptoms, the prevalence of HBV^^ in these cases remains 

unknown. To circumvent this possible source of bias, it would be useful to 

screen a number of asymptomatic HBsAg-positive specimens to determine if 

they are also carrying HBV^^.

5.2 PMV

The third variant identified in this study, PMV, was a novel and divergent type 

of TTV. It was fortuitously amplified using prototype primers directed towards 

the variable N22 region of ORF-1 (Okamoto et al., 1998a). For PMV, unlike the 

situation with the HBV variants, PCR and sequencing were the only feasible 

methods to use in the study of its epidemiology and relationship with other 

similar viruses, due to the high level of genetic heterogeneity amongst the TTVs
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so far described. Even a PCR fragment from the relatively conserved non-coding 

region showed such variability that a close relative of PMV might have differed 

by several nucleotides, and would therefore appear different using a DGGE or 

SSCP assay. Using the PCR-sequencing approach, acute non-A to E hepatitis 

patients and UK blood donors were screened for PMV, but no identical or 

closely related sequences were found, leading to the conclusion that PMV rarely 

circulates in the UK.

In order to make full comparisons with the few full-length or near full-length 

TTV sequences available in the GenBank/EMBL databases, the sequence of the 

entire PMV genome was determined. It was found to share many features with 

other TTVs, such as the positions of putative ORFs, a polyadenylation signal and 

a relatively conserved non-coding region.

Two procedures based on multiple alignment scanning with a sliding window 

were used to plot nucleotide and amino acid similarity between PMV and 

representative TTVs, and to assess the possibility of recombination amongst 

them. The first identified regions of conservation and hypervariability, and 

demonstrated that, surprisingly, the putative coding regions were the most 

heterogeneous between types. The second showed no clear evidence for 

recombination between PMV and any other genome. However, the phylogenetic 

analysis of subgenomic regions suggested that certain domains of the PMV 

genome were quite closely related to homologous domains of the SANBAN 

genome, indicating that these domains may share a relatively recent common 

ancestry.

The extreme variability of the TTV genomes may confound attempts to unravel 

the true relationships between them, particularly if multiple recombination 

events are a common feature of TTV evolution. The use of parsimony was 

considered inappropriate for phylogenetic analysis due to the probable presence 

of a high level of homoplasy. Distance methods and maximum likelihood did not 

always result in a similar tree, as demonstrated by the NCR dendrograms (Figure 

4.10). When sequences are so different, it is questionable whether current models 

of DNA substitution are sufficiently complex to reconstruct an accurate
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evolutionary tree. However, phylogenetic analysis remains useful in this 

situation to group similar sequences. For example, the 23 full-length and near 

full-length TTV sequences analysed (including PMV) fell into 8  major clades 

(Figure 4.6). The use of newer techniques such as split decomposition may be 

advocated for the analysis of the TTVs, where conflicting phylogenetic signals in 

an alignment are interpreted as a network, thus displaying alternative possible 

relationships between the sequences.

The methods used in this study enabled the genomic characteristics of what may 

be a new species of TTV to be evaluated, and will be a useful starting point for 

the further examination of this newly discovered virus family. The final 

classification of TTV types awaits a decision by the International Committee on 

Taxonomy of Viruses (ICTV). It seems clear that they possess a level of 

divergence beyond that of genotypes, and that further TTV types may yet be 

discovered.

Further work: The potential hepatopathic role of PMV could not be confirmed 

by this work. In order to implicate PMV as an agent of liver disease, it would be 

necessary to correlate infection with subsequent liver injury, and to demonstrate 

replication in the liver. Further screening, using either PCR and sequencing of a 

conserved region of the genome, or PCR using PMV-specific primers, could be 

employed to search for more examples of this virus in hepatitis patients and 

compare its prevalence with that in healthy controls. To this end, it would also be 

worthwhile searching for PMV in different blood compartments or even different 

body fluids. Recent studies by Okamoto et al. (1999a and 2000J) showed that, in 

the same individuals, the peripheral blood mononuclear cells contained genetic 

types of TTV different to those in the plasma.

Several questions remain as to the origin of the TTVs and the mechanisms by 

which they have developed such extensive genomic variability. Also, the 

presence of TTV-like sequences in domestic farm animals, and in a number of 

nonhuman primate species requires further investigation. Many of the sequences 

detected are similar to those already found in human hosts, leading to the 

conclusion that TTV has an extended host range and that cross-species
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transmission may be common. However, a small number of TTV types appear at 

present to be species specific. A more extensive study of the TTVs of other 

nonhuman species is required in order to further our understanding of the origin 

and evolutionary history of this intriguing group of viruses.

5.3 Ethical considerations

The ethical issues surrounding the use of archived specimens for research, 

teaching and quality control have been debated by several professional clinical 

bodies in recent years, particularly those concerning patient consent and 

confidentiality. Difficulties in this area have arisen when trying to strike a 

reasonable balance between what is in the best interests of individual patients, 

whose tissues are used, and what is in the best public interest in terms of health 

benefits accruing from medical research.

Archived samples that are retained after surgery, or after diagnostic tests have 

been carried out, can be a very valuable resource for new research projects. 

However, consent would not have been given when samples were taken, for 

research that had not even been considered. Contacting patients months, or more 

usually years, after samples are collected to seek consent is very difficult or 

impossible.

To ensure that existing archives are not wasted most professional bodies have 

reached a consensus, which is that the use of anonymised left-over tissue for 

research is ethically acceptable, and that consent from the original donors is not 

required (Royal College of Pathologists, RCP, 1999; Medical Research Council, 

MRC, 2000). In 1996, the Royal College of Pathologists guidelines also stated 

that research on anonymised left-over tissue would not need to be submitted to a 

research ethics committee. However, this is now considered unacceptable 

(Ashcroft, 2000; MRC, 2000). The trend is towards full anonymisation. This 

ensures patient confidentiality and exempts research projects from the Data 

Protection Act of 1998 (General Medical Council, CMC, 2000; Furness, 2001). 

If patient data remains associated with the specimens, a decision by a Local 

Research Ethics Committee (LREC) would be required, which would consider
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whether or not the likely benefits of the research outweigh the undesirable 

outcome of loss of complete confidentiality and the lack of specific consent.

It has also been suggested that new archives should be established under much 

more stringent conditions than in the past (Ashcroft, 2000). In order to ensure 

that left-over tissues can still be made available for research The Medical 

Research Council recently proposed that a two-stage consent form be used, so 

that patients can be made aware that their tissues may be used for currently 

unspecified research and be given the option to refuse to this without affecting 

their treatment (MRC, 2000; RCP, 1999). It is then recommended that samples 

are anonymised and unlinked whenever possible, or at least coded when it is 

essential to keep patient data linked to the samples. All research projects will be 

subject to LREC approval. However, these guidelines do not allow for the 

possibility that the findings of future research may have implications for 

individual donor's health or treatment, in which case it would be useful to be able 

to feedback information to the donor's clinicians. This would clearly be 

impossible if  samples were irreversibly anonymised and unlinked. It may be 

desirable in certain cases for donors to have access to the results of future 

research projects that have involved their samples. Also, the value of certain 

research projects may be diminished if there is no possibility to collect follow-up 

samples. These issues have yet to be resolved.

With regard to this thesis, the specimens used in the study of HBV variants 

described in Chapter 3 were anonymised, archived samples. Although no 

application was made to a research ethics committee to carry out the DGGE 

screening, and no consent was sought, it was considered that the specimens were 

studied within the framework of recent guidelines, as patient confidentiality was 

protected and the research could not have provided information that would have 

had clinical implications for the patients.

The research with TTV described in Chapter 4 was more speculative in that a 

new virus was tested for in an attempt to discover the cause of cryptic acute 

hepatitis. Certain details about the medical history of the patients were retained 

and some samples were identified by the patients initials. The recent guidelines
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indicate that such practices will no longer be acceptable. This will be particularly 

important for future virological research when new disease-causing agents are 

sought. It is clear that if and when the research conducted could have an impact 

on an individual's clinical care, such as with the discovery of a new virus, 

informed consent and LREC approval must be obtained before projects can 

begin.
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Characterization of a highly divergent TT virus genome
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A novel TT v irus (TTV)-like DNA se q u e n c e  w as d e te c te d  in th e  se ru m  of a  p a tie n t (PM) with a cu te  
non-A -E  h ep a titis . The fu ll-leng th  g e n o m e  se q u e n c e , re fe rre d  to  h e re  a s  PM virus (PMV), w as 
o b ta in e d  an d  its re la tio n sh ip  to  o th e r  full o r n e a r  fu ll-leng th  TTV se q u e n c e s  ex am ined . A lthough it 
sh a re s  a  com m on g en o m ic  a r ra n g e m e n t a n d  sh o r t  co n se rv ed  reg io n s , th e  m ajo rity  o f th e  g e n o m e  
is ex trem ely  d iv e rg e n t, d isp lay ing  an  a v e ra g e  g en e tic  d is tan ce  of O 6 0  from  all o th e r  TTV 
se q u e n c e s . By co m p arin g  PMV with TTV g e n o m e s  re p re se n tin g  th e  m ost d iv e rg e n t ty p e s  so  fa r 
d e sc rib e d , six m ajo r g ro u p s  can  b e  d is tin g u ish ed . The level of g e n e tic  d iversity  s e e n  b e tw een  th e s e  
g e n o m e s  is h ig h e r th a n  w ould  b e  ex p ec te d  within a sin g le  v irus sp ec ies . In d eed , PMV could  be  
c o n sid e re d  th e  p ro to ty p e  of an  in d e p e n d e n t taxonom ic  g ro u p  within th e  Circoviridae family. A 
g e n o p re v a le n c e  s tu d y  of s e ra  from  b lo o d  d o n o rs  an d  p a tie n ts  with a cu te  h e p a titis  su g g e s ts  th a t  
PMV is ra re .

Introduction _____________________________
Efforts continue to isolate agents responsible for viral 

hepatitis that cannot be attributed to hepatitis viruses A to E. 
As part of these investigations, DNA from a novel virus was 
identified in the serum of a patient with post-transfusion 
hepatitis of unknown aetiology (Nishizawa et al., 1997). The 
virus was named TT virus, and has subsequently been 
characterized as an unenveloped single-stranded DNA virus 
with a caesium chloride density of 1-31-T34 g/cm* 
(Mushahwar et ai, 1999). Several complete TTV DNA 
sequences have now been published, revealing a circular 
genome which ranges from 3808 to 3852 nucleotides in length 
(Erker et al., 1999; Okam oto et ai, 1999b; Hijikata et ai, 1999). 
Nuclease protection assays suggest that the genome is 
negative-stranded (Mushahwar et ai, 1999).

TTV was initially reported to share some physical charac
teristics with the Parvoviridae, although no nucleotide similarity 
was demonstrated. A resemblance between TTV and chicken 
anaemia virus (CAV), a circovirus, has been described by 
Takahashi et ai (1998a) on the basis of arginine-rich regions in 
the open reading frames (ORFs) from both viruses, and on 
similarities in their genomic arrangements (Miyata et ai, 1999).
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However, no significant sequence similarity to any other 
member of the Circoviridae has been shown, and this has led 
Mushahwar et a i (1999) to propose that TTV be placed in a 
new virus family called Circinoviridae. Recently, three novel 
human DNA virus sequences (CBD203, CBD231 and CBD279) 
have been described that appear to be intermediately related to 
TTV and CAV (Takahashi et ai, 2000). They have been named 
TTV-like mini virus (TLMV). It is not clear from these reports 
whether TTV, CAV and TLMV belong to one family of 
viruses.

Considerable genetic variability of TTV has been demon
strated, with a 222 bp fragment of the genome from the 
longest ORE (ORF-1) showing as much as 65% divergence 
between sequences. Several groups have assigned up to 16 
genotypes based on the sequence variability in short TTV PCR 
products (Tanaka et ai, 1998; Okam oto et ai, 1999 b). In 
contrast, phylogenetic analysis of full-length or near full-length 
TTV sequences reveals division into three main types, 
represented by the prototype TA278 in group 1, US35 in 
group 2 and JAlO in group 3 (Erker et ai, 1999). M ost of the 
sequence variability occurs in the coding regions. In addition 
to these three TTV groups there are two other highly divergent 
complete sequences, TUSOl and SANBAN (Okamoto et ai, 
1999 b; Hijikata et ai, 1999).

In this study we have sequenced the full genome of another 
TTV-like virus, named PMV, with a view to characterizing its 
genetic organization and to ascertaining its taxonomic status. 
We have also conducted a survey of its prevalence.
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Methods _________________________________
■  Specimens. Serum samples referred to our laboratory from patients 
with acute non-A -E  hepatitis and UK blood donors were examined for 
the presence of TTV D N A  by PCR. In som e cases of acute non-A -E  
hepatitis, archived liver samples were also investigated.

■  DNA extraction. D N A  was extracted from serum (100 nl volumes) 
by a guanidinium thiocyanate-silica method (Boom et a i .  1990). D N A  
was also extracted from paraffin-embedded liver biopsy samples by 
sequential treatments with Tw een 20, proteinase K, C helex-100 and 
chloroform, as described by Coom bs et al. (1999).

■  PCR. A semi-nested PCR was used to amplify part of ORF-1 as 
previously described (Okam oto et a i ,  1998). A  PCR using primers located  
within the conserved non-coding region (set B; Leary et a i ,  1999) was 
also used. All positive PCR products were gel-purified and sequenced as 
described below.

■  PCR product cloning and sequencing. PCR products were 
recovered from 2% agarose gels after staining with ethidium bromide 
and visualization under UV, and were purified with an Igenie D N A  
Extraction Kit (Helena BioSciences). They were sequenced in both 
directions using an ABl Prism D N A  Sequencing Kit and an ABI 373  
automated sequencer (PE Applied Biosystems). ORF-1 PCR products 
were cloned using an Invitrogen TO PO  TA Cloning Kit and colony  
PCRs performed using the TTV-specific inner primers NG 061 and 
NG063 (Okamoto et a l ,  1998). Ten colony PCR products from each 
sample were sequenced.

■  PMV genome sequencing. PCR products covering the whole 
genom e were generated using an Expand High Fidelity PCR System  
(Roche Diagnostics) according to the manufacturer's protocol for 
amplification of products up to 3 kb, and with a Clontech Advantage-GC  
2 PCR kit. All PCRs were carried out in a 50 pi volume. First or single 
round PCRs contained 10 pi of extracted D N A  as template; second  
round PCRs used 2 pi o f first round product. The PCR primers used to  
generate the entire PMV genom e sequence were: for fragment A, T801 
and NG 063 (Takahashi et al„ 1998 b; Okam oto et a l .  1998); for fragment 
B, NG059, NG 061 and BRI (Okam oto ef a/., 1998; Leary et a l ,  1999); for 
fragment C, first round sense IN V l (S' CCTTACAGACACCCCTT- 
ACTACCCT), first round antisense 1NV2 (5' CAGTGGCACTTTCC- 
TTTTCTTTC), and second round sense 1NV3 (S' ACTAAGCACT- 
CCGAGCGAAGC) with second round antisense 1NV4 (S' ATAACC- 
CTAAGAGCCTTGCCCATAG).

The positions of the three PCR products are indicated in Fig. 1. All 
three were cloned using an Invitrogen T O PO  TA  Cloning Kit. Plasmid 
D N A  containing the inserted PCR products was purified using a 
QIAfilter Plasmid Midi Kit (Qiagen) and sequencing was carried out by 
Cambridge Bioscience. The resulting three fragments were assembled 
using programs EditSeq and M egA lign in the Lasergene Navigator 
package (Dnastar) to g ive the complete genom e sequence of 3736  
nucleotides.

■  Sequence analysis. Sequences contained in the GenBank/EMBL 
and SWISS-PROT databases were searched using BLASTN, BLASTP and 
F ASTA (Altschul et a l ,  1997; Pearson & Lipman, 1988). D N A  and 
protein alignments were carried out using the ClustalW algorithm  
(Thompson et a l ,  1994). Pairwise distances were calculated and 
phylogenetic analysis performed using programs in the Phylip package 
(Seqboot, DNA dist and Fitch, Neighbor and D NAm l) (Felsenstein, 1993). 
Tree diagrams were generated using Treeview (Page, 1996). Secondary 
structure predictions of the non-coding regions in the PMV genom e were 
made using the GCG program Mulfold (Jaeger et a l ,  1989). By using the 
GCG program Plotsimilarity, with a sliding w indow  of SO nucleotides, 
sequence similarity was plotted across a multiple alignment of PMV and

G C ^ A T A

O R F2
V  6083032

poly A

2908 ,734
2868 PMV genome 

(3736nc)

ORF I
Fig. 1. Putative stru c tu re  of th e  PMV g en o m e . D otted  lines (A, B an d  C) 
sh o w  th e  positions of th e  th re e  PCR p ro d u c ts  th at w e re  a sse m b le d  to 
provide th e  co m p le te  g en o m e  se q u en c e . S h a d e d  a rrow s ind icate  th e  
co n serv ed  ORFs, with th e  n u m b ers  sh ow ing  their nu c leo tid e  positions. 
O ther co n serv ed  ch arac te ristics  a re  a  TATA box, polyadenylation  signal 
(polyA) an d  GC-rich reg ion  (GO).

six full or near full-length TTV genom es representing the most divergent 
genetic types. This analysis was also carried out on the amino acid 
sequences of ORFs 1 and 2 using the same genom es and a sliding w indow  
of 20 amino acids.

Results __________________________________
Initial d e te c tio n  an d  cloning

The initial TTV PCR, carried out on serum from a 4-year 
old girl (PM), revealed a 222 bp fragment of DNA from ORF- 
1 that was highly divergent from all other equivalent TTV 
sequences deposited in GenBank. This sequence was recovered 
from eight of ten colonies of cloned PCR products (the 
remaining two colonies contained one point mutation in each), 
and also from an archived liver sample from the same patient. 
This UK patient had acute non-A-E hepatitis and co
agulopathy. She had no risk factors for bloodborne infection or 
travel outside the country.

G enom e analysis

The entire genome of PMV was sequenced by producing 
three overlapping PCR products, as shown in Fig. 1. PCR 
products A and B were generated with standard long-range 
amplification conditions. However, PCR product C was not 
amplifiable this way due to the presence of a GC-rich region in 
the template DNA, and a PCR under conditions specific for 
GC templates was necessary to amplify this fragment (see 
Methods). A database hom ology search was carried out using 
the nucleotide sequence of the PMV genome. It did not reveal 
any significant nucleotide similarity between the PMV se
quence and other sequences, other than TTV sequences.
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Fig. 2. P red ic ted  se co n d a ry  s tru c tu re  of tw o a re a s  of th e  PMV n on-cod ing  region. The gen o m ic  s tran d  (negative  s e n se )  w as 
u se d  in th e  an a ly sis: (o) reg io n  im m ediately  d o w n stream  of the  polyadenylation  signal (n u cleo tid es  31 3 3 - 3 2 3 7 )  ; (b) 
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In a comparison with full or near full-length TTV genomes 
it was found that PMV shared characteristics, including the 
positions of ORFs 1 and 2 and the non-coding regions, a GC- 
rich string of bases and a TATA box (Fig. I). A polyadenylation 
signal (AATAAA), starting at position 3028 in PMV, was 
found in all full and near full-length genomes with the 
exception of SANBAN (Hijikata et ai, 1999).

O pen  read in g  fram es

The longest ORF, ORF-1, of the PMV genome encodes 
767 amino acids and has an average amino acid identity of only 
3 1 1 %  with the corresponding ORFs of other TTVs. It has an 
N-terminal arginine-rich region, noted previously in other 
TTVs (Takahashi et ai, 1998a). W hen the amino acid sequence 
of ORF-1 was used to BLAST search the SWISS-PROT 
database, 37% identity to a cuttlefish protamine protein (PRT2 
SEP OF) was revealed.

A shorter ORF, ORF-2, was found in PMV, but again there 
was a high degree of sequence divergence from other TTVs, 
the average amino acid identity being 32-7%. The sequence 
motif (ACCATGG) containing the initiation codon of ORF-1 
in PMV had a single nucleotide difference from that described 
by Kozak (1986) as the optimal sequence for translation 
initiation. The ORF-2 initiation motif had two suboptimal 
nucleotides. Conserved Spl (GGCGGG) and Cap (CAATTC) 
sites, immediately upstream of the ORF-2 initiation codon, 
were also present in the PMV genome (Hijikata et ai, 1999).

The putative ORF-3 proposed by Erker et al. (1999) was 
165 nucleotides long in PMV. However, it overlapped with 
the C-terminal end of ORF-1 by 40 nucleotides, a feature not 
seen in TTV genome sequences so far described. Erker et al.

(1999) reported ORF-3 to be highly conserved, but when the 
full or near full-length TTV sequences from their study were 
analysed with sequences TUSOl, SANBAN and PMV, ORF-3 
was revealed to be variable. The average amino acid sequence 
identity between PMV and these ORF-3 sequences was 
46 3%. The Kozak initiation motif was not identified at the 
start codon in PMV.

N on-coding reg ion

A conserved non-coding region was found to stretch from 
the polyadenylation signal to the initiation codon of ORF-2, 
encompassing the GC-rich region. Comparisons were carried 
out between PMV and five full-length TTV sequences (TA278, 
JA20, US35, TUSOl and SANBAN). For four of these, the non
coding region was about 1040 nucleotides long; in TUSOl it 
was shorter at 1014 nucleotides. The equivalent region in 
PMV was only 972 nucleotides long, the most noticeable 
truncation being in the GC-rich region, which was 58 
nucleotides in length compared to 117 in the prototype TTV 
genome TA278 (Miyata et al., 1999). The average nucleotide 
identity between PMV and the five analysed sequences in this 
region was 69 8%.

Hijikata et al. (1999) proposed that the domain immediately 
downstream of the polyadenylation signal in the non-coding 
region of TTV forms a stem -loop structure. The corresponding 
region in PMV, analysed in this way, predicted a secondary 
structure that was very similar to the TTV structure (Fig. 2 a). 
By contrast, the secondary structure of the GC-rich region of 
the PMV genome is likely to be affected by deletions: Fig. 1(b) 
shows how the GC-rich region of PMV might be different 
from the GC-rich stretch in isolates TA278 and TUSOl 
(Okamoto et ai, 1999 b).



R. L. Hallett and others

2000
N iucieoiide pi»icict>

OR F IORF 2

0 800 1000

Fig. 3. (o) Similarity plot of an  a lignm en t of th e  PMV g en o m e  s e q u e n c e  with six rep resen ta tiv e  TTV g e n o m e s . The a v e ra g e  
nu c leo tid e  s e q u e n c e  identity  is ind ica ted  by th e  d a sh ed  line, (b) Amino acid similarity p lot of an  a lignm ent of ORFs 1 and  2 
from th e  sa m e  se v en  se q u e n c e s . The b a rs  d e n o te  hypervariab le  reg io n s  w ithin O R F-1. The six g e n o m e s  u se d  a re  T A 278,
JA 20, U S S S J A IO , TUSOl an d  SANBAN (M iyata ef o/., 1 9 9 9 ;  Erker e t o/., 1 9 9 9 ;  O kam oto  e t  o/., 19 9 9  b ; Hijikata e t  a/., 1 9 9 9 ) .
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Fig. 4 . (a) A neighbour-jo in ing  ph y lo g en e tic  tre e  d em o n stra tin g  th e  g en e tic  re la te d n e ss  b e tw e en  PMV an d  six rep re se n ta tiv e  
full o r neair full-length TTV g e n o m e s , with (b) th e  co rre sp o n d in g  g e n e tic  d istan ces . B oo tstrap  p e rc e n ta g e s  from 1 0 0 0  rep lica tes  
a re  sh o w n  on  th e  b ran ch es . T he sca le  b a r  in d ica tes  th e  proportion  of n u c leo tid es  su b s titu te d  for a  given b ran ch  length.

R ela tionsh ip  to  o th e r  TTV-like g e n o m e s

The similarity of PMV to the overlapping part of the six 
representative sequences is shown in Fig. 3 (a), which reveals 
regions of conservation and variability across the 3'7 kb 
studied. The average nucleotide sequence identity was 55% 
(by Plotsimilarity). The amino acid similarity plot for ORF-1 
revealed hypervariable regions between amino acid positions 
300 and 440, and between 710 and 760 in the multiple 
alignment. For ORF-2, the amino acid plot was smoother, 
indicating that a high level of variability occurs across the 
whole ORF, rather than being concentrated into hypervariable 
zones.

The phylogenetic tree and corresponding genetic distances 
produced from a multiple alignment of PMV with the six 
representative TTV sequences are shown in Fig. 4. It is clear

that the sequences of TUSOl, SANBAN and PMV are highly 
divergent from the prototype TTV sequence, TA278, and 
from each other. Six major groupings were observed, con
sisting of TA278 and JA20 as one group, with the other five 
sequences each representing a separate group. The average 
genetic distance between each group was 0 48. Strong support 
for these groupings was obtained from bootstrap resampling.

Phylogenetic sequence comparisons were also made be
tween PMV, TTV, and complete CAV and TLMV sequences 
(CAE26P4 and CBD279 respectively), by first carrying out 
individual pairwise alignments to identify homologous 
regions, and then performing a multiple alignment using gap- 
stripped 2 5 kb sequences. Fig. 5 shows that there is one cluster 
of sequences that includes the TTVs (TA278, JA20, JAIO and 
US35), and five other sequences (PMV, TUSOl, SANBAN, 
TLMV and CAV), each of which is divergent from the others.
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T U SO l

JAIO

US35

S A N B A N

PMV

Fig. 5. A neighbour-jo in ing  p h y lo g en e tic  tre e  show ing  th e  rela tionsh ip  
b e tw een  2  5  kb h o m o lo g o u s  reg io n s  of TTV g e n o m e s , a  CAV g e n o m e  
(CAE26P4) and  a TLMV g e n o m e  (C B D 279). A m ultiple a lignm ent w as 
m ade  of the  h o m o lo g o u s  reg io n s  to  th e  CAV g en o m e , w hich w ere  
identified by individual pa irw ise  a lig n m en ts  w ith CAV, The a lignm ent w as 
u sed  in DNAdist an d  N eig h b o r with a  tra n sitio n /tran sv e rs io n  ratio of 1 1 .  
The scale  bar in d ica te s  th e  p rop o rtio n  of n u c leo tid es  su b s titu te d  for a 
given branch  length.

PMV was about equally closely related to TA278 and JA20, 
and to SANBAN.

P revalence  of PMV

PMV-like sequences were searched for in 197 sera be
longing to two patient groups, UK blood donors (ti =  99) and 
acute non-A-E hepatitis patients (n =  98). A PCR assay with 
set B primers situated in the non-coding region was used to 
amplify TTV DNA (Leary et ai, 1999). Cloned PMV DNA 
(fragment B, Fig. 1) was used as a positive control. A total of 
49 (17 blood donors and 32 hepatitis patients) were positive 
and, of these, 36 gave readable DNA sequence data. Similar to 
TTV, but not PMV. O n alignment with the set B PCR product 
from PMV it was seen that PMV remained phylogenetically 
unique, with the most closely related sequences showing 
around 10% divergence.

D iscu ssio n  _____________________________________
The circular genome of a novel TTV-like virus, PMV, has 

been characterized. PMV shares its genome organization and a 
moderately conserved non-coding region with other TTV

sequences. Its genome also contains the typical motifs 
identified in other TTVs. It is the shortest TTV-like genome 
reported so far, the largest deletions being in the GC-rich 
region. The similarity plot of an alignment of PMV and the six 
most divergent TTV sequences shows a high degree of 
sequence heterogeneity, with genetic distances between them 
varying from 0T 7 to 0 68. Sequence variation is more common 
in the coding regions, which may lead to major antigenic 
differences between the viruses. The protein encoded by the 
ORF-1 of PMV was homologous to a cuttlefish protamine 
protein that is involved in the folding and packaging of sperm 
DNA in the nucleus. This is consistent with the ORF-1 product 
being a virion capsid protein that enwraps the viral DNA 
genome. Nishizawa et al. (1999) and Frker et al. (1999) have 
previously proposed that ORF-1 of TTV encodes the viral 
capsid protein on the basis of its N-terminal arginine-rich 
region, which is shared with the circovirus capsid proteins. The 
functions of the proteins encoded by ORF-2 and ORF-3 are 
not known.

The non-coding region is relatively conserved, suggesting 
that it plays an important regulatory role in virus replication. 
The effect that the truncated GC-rich stretch may have on the 
replication of PMV is yet to be determined.

Representative full-length and near full-length genomes of 
TTV-like viruses fall into six major groups on phylogenetic 
analysis, with an average genetic distance of 0 48 between 
them (Fig. 4). The groupings observed on analysis of the 
overlapping nucleotide sequences are also seen when the 
amino acid sequences of ORF-1 are aligned (data not shown). 
The six groups correspond to the previously defined groups la  
(the prototype TA278) and lb  (JA20), 2 (US35) and 3 (JAIO) 
(Frker et ai, 1999), with TUSOl, SANBAN and PMV forming 
three new branches. Following the nomenclature of Frker et al. 
(1999), TUSOl, SANBAN and PMV could be considered new 
'genotypes'. However, the level of genetic divergence within 
the TTV cluster is higher than would be expected if all these 
sequences were from viruses of the same species. Several 
groups have postulated a genotyping system based on the 
phylogenetic analysis of short PCR products (Tanaka et ai, 
1998; Okamoto et al, 1999a-, M ulyanto et al, 2000). The 
analysis presented here, using full and near full-length 
genomes, suggests that until the full extent of divergence 
within the TTVs is known, it is premature to classify short 
TTV-like sequences in this way. The possibility that further 
divergent genomes remain to be discovered cannot be 
excluded.

Several groups have reported short stretches of sequence 
similarity between TTV and CAV (Miyata et al, 1999; Hijikata 
et al, 1999). Furthermore, TLMV was recently discovered in 
human serum and reported as an intermediate relative of TTV 
and CAV (Takahashi et al, 2000). In order to further assess the 
relationships between these viruses, we compared represen
tative TTV sequences, a CAV genome and a TLMV genome 
(Fig. 5). Phylogenetic analysis shows that six lineages can be
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discerned : the lineage to which the TTV cluster of groups 1, 2 
and 3 belongs, and five others (PMV, SANBAN, TLMV, 
TUSOl and CAV).

The Circoviridae has recently been divided into two genera: 
Gyrovirus, containing CAV ; and Circovirus, with porcine 
circovirus (PCV) and beak and feather disease virus (BFDV) as 
members (Pringle, 1999). A lthough there is very little sequence 
similarity between them, individual isolates of each virus are 
moderately conserved; for example, the maximum divergence 
shown between six full-length CAV genomes, available in 
GenBank, was 5% (not shown). By this criterion, TUSOl, 
SANBAN, PMV and TLMV individually, and TA278, JA20, 
US35 and JAlO as a cluster, should have equal taxonomic rank 
with each other and with the Gyrovirus and Circovirus genera 
of Circoviridae.

Although TTV was initially considered a hepatitis virus, 
this is not yet substantiated. PMV may be hepatotropic as its 
sequence was also detected in liver, but since a pre-hepatitis 
serum specimen from the patient was not available we were 
unable to determine if PMV infection was associated with 
onset of disease. It is noted that circoviruses showing less 
sequence divergence than the TTV group can cause different 
clinical syndromes. For example, a strain of PCV, reported to 
be associated with a disease in pigs known as postweaning 
multisystemic wasting syndrome, shows only 26% divergence 
from the genome of the prototype PCV, which is common in 
domestic herds and apparently does not cause disease 
(Morozov et al., 1998).

Further study is required to unravel the precise evolutionary 
and taxonomic connections between the circular single
stranded genomes examined here. While PMV may be unique 
genetically and might be hepatotropic, it appears to be a rare 
virus in humans. The emerging pattern of infection with TTV- 
like viruses is that of a collection of related but different 
viruses, with varying prevalences. Their pathogenic potential 
has yet to be elucidated.

W e thank Dr )im Gray for provision of serum and archived liver 
specimens.
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Molecular epidemiology of a large outbreak of hepatitis B linked 
to autohaemotherapy

George J M W ebster, Rachel Hallett, Simon A Whalley, Margie Meltzer, Koye Balogun, Dave Brown, Conor P Farrington, 
Sukhdev Sharma, Gervase Hamilton, S tephen C Farrow, Mary E Ramsay, Chong-Gee Teo, Geoffrey M Dusheiko

Summary

B a c k g r o u n d  Unregulated skin-piercing procedures 
potentially fac ilita te  the transm ission o f bloodborne 
pathogens. In February, 1998, a patient who had recently 
received autohaemotherapy at an alternative medicine clinic 
in the UK was diagnosed with acute hepatitis B. The 
autohaemotherapy procedure involved the drawing of 1 mL 
of the pa tient’s blood, mixing with saline, and reinjection of 
the autologous blood mixture. We investigated the extent of 
hepatitis B virus (HBV) infection in patients and s ta ff of the 
clinic.

M e t h o d s  Patients who had attended the clinic between 
January, 1997, and February, 1998, were tested for 
serological markers of HBV, and for HBV DNA by PCR. HBV 
DNA was sequenced to assess the relatedness of the virus 
identified in the cases. We analysed the number and dates 
of visits with regard to HBV status.

F i n d i n g s  Serum samples were received from 352 patients 
and four s ta ff members. Serological evidence of exposure to 
HBV was found in 57 (16%). Of the 33 patients and staff 
who were positive for hepatitis B surface antigen, 30  (91%) 
showed complete nucleotide identity in the DNA segments 
derived from the surface and core genes. Five patients with 
linked infection had markers of chronic hepatitis B, and one 
of these was regarded as the likely source of the outbreak. 
The attack rate was associated with the number of visits 
(p<0 0001) and the week of v is it (p=0-011). Contaminated 
saline in a repeatedly used bottle was the probable vehicle 
of transm ission.

I n t e r p r e t a t i o n  We have described a large community-based 
outbreak of hepatitis B due to transm ission by a single HBV 
variant. Our findings emphasise the continuing risk of 
transm ission of bloodborne viruses in all health-care 
settings where skin-piercing procedures are used.
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Introduction
In countries of high endemicity, hepatitis B virus (HBV) 
infection is a major cause of m orbidity and mortality,' 
but the incidence of acute hepatitis B is low in the UK^ 
and USA.’ M ost infected adults develop an acute 
symptomatic hepatitis followed by loss of circulating 
hepatitis B surface antigen (HBsAg). However, about 5% 
of adults and 90% of infants do not become HBsAg- 
negative after infection. M ost sporadic infections in non
endemic regions occur after high risk behaviour, 
including unprotected sexual intercourse and injecting 
drug use. After the introduction of widespread screening of 
blood products, the immunisation of health-care workers, 
and the implementation of infection-control regulations,’ 
hospital outbreaks in more developed countries are now 
infrequent. Community-acquired outbreaks of HBV 
infection due to skin-piercing procedures, such as 
tattooing’ and acupuncture,"’ were reported in the 1970s 
and 1980s, and in the U K  led to the introduction of 
licensing and hygiene regulations." We report a large 
outbreak of acute hepatitis B linked to autohaemotherapy 
done at an alternative medicine clinic in the UK.

Methods
Background and epidemiological investigation 
In February, 1998, a 43-year-old woman living in central 
England developed acute icteric hepatitis B. She had 
attended a clinic in London in October and November, 
1997, where she had received a treatm ent known as 
autohaem otherapy. This technique involved the drawing 
of about 1 m L of the patient’s blood with a needle and 
syringe, mixing of this blood with an equal volume of 
saline, then injection of the mixture into the buttocks or 
acupuncture points. After the case came to light, the 
C onsultant in Com municable Disease Control (C C D C ) 
with responsibility for the local authority in which the 
clinic was based advised the clinic staff to cease 
autohaem otherapy. Directors of the public health 
laboratories and C C D C s were sent an electronic message 
asking them to report any cases of hepatitis B possibly 
linked to this clinic. Sexual and household contacts of 
index cases were tested as recom m ended.” Through these 
case-finding procedures, seven further HBsAg-positive 
cases were identified over the next 4 weeks. An 
investigation was started to identify other cases arising 
from this clinic, to characterise the epidemiology of the 
outbreak, and to limit secondary spread of the disease. In 
M arch, 1998, a patient was referred to one of us by the 
N orth London Blood Transfusion Service, with evidence 
of hepatitis C virus (HCV) seroconversion. She had 
received autohaem otherapy at the clinic in M arch, 1997. 
As a result, the study was extended to include HCV.

Patients who attended the clinic between January, 
1997, and February, 1998, were identified, either
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through their clinic records^ or after media coverage. A 
lookback investigation was carried out between February 
and September, 1998, by the local health authority and 
the Public Health Laboratory Service Com municable 
Disease Surveillance Centre. Each patient was asked to 
give a serum sample for serological testing, and to 
complete a questionnaire detailing the dates on which 
they received autohaem otherapy. Clinic staff were tested 
for markers of HBV and HCV infection.

M ethods
Serum samples were tested for HBsAg by ELISA 
(Hepanostika U ni-Form  II, Organon Teknika, Boxtel, 
Netherlands), and for total antibody against hepatitis B 
core antigen (HBc) with an in-house competitive 
radioimmunoassay. Samples with positive or equivocal 
results for HBsAg were tested for hepatitis B e antigen 
(HBeAg), antibody against HBe (Hepanostika HBe, 
Organon Teknika), IgM antibody to HBc (Murex 
Biotech, Dartford, U K ), and antibody to HBsAg (IMX 
Abbott G m bH  Diagnostika, W iesbaden-Delkenheim, 
Germany). If negative for HBsAg, samples were tested 
for total antibody to HBc, IgM antibody to HBc, and 
antibody to HBsAg. Antibody to hepatitis delta virus 
(HDV; ETI-AB -D ELTAK-2, Diasorin Sri, Saluggia, 
Italy) was tested for in all patients who were HBsAg- 
positive.

Patients who were HBsAg-positive were defined as 
having active HBV infection. Those who were also 
positive for IgM  against HBc were defined as having 
acute infection, and those who were negative for IgM 
against HBc, or who remained HBsAg-positive for more 
than 6 m onths, were defined as having chronic hepatitis. 
Patients who were HBsAg-negative but positive for total 
antibody against HBc and HBsAg were defined as having 
a resolved HBV infection, as were those who were 
negative for antibody against HBsAg, but positive for 
antibody against HBc on sequential sampling. In the 
latter category, patients who were positive for IgM 
against HBc were defined as having a recently resolved 
infection. Patients were classed as having no serological 
markers of HBV infection if they were negative for 
HBsAg and antibody against HBc and HBsAg, or if they 
were negative for HBsAg and antibody to HBsAg but 
positive for antibody against HBc in a single specimen.

All samples were tested for HBV DNA after extraction 
of DNA from serum  samples by the guanidium - 
thiocyanate-silica m ethod.'" Fragments from the hepatitis 
B core and surface genes were amplified by nested 
PC R ." T he PC R  products from all HBV-DNA-positive 
samples were sequenced with both sets of inner primers. 
Sequencing reactions were done with the ABI Prism 
DNA Sequencing kit, and reactions were electrophoresed 
on an ABI 373 autom ated sequencer (PE Applied 
Biosystems, W arrington, UK). T he resulting sequences 
(197 nucleotides from the core gene and 404 nucleotides 
from the surface gene) were aligned by use of the 
C LU STA L V algorithm in the Lasergene Program 
(DNASTAR Inc, U SA )." HBV DN A from patients with 
acute hepatitis B, whose serum had been referred to the 
Hepatitis and Retrovirus Laboratory during 1997, was 
also sequenced and was used as a control. T he genetic 
relatedness of aligned sequences was compared by 
phylogenetic analysis." Serum HBV DNA was quantified 
with the A M PLIC O R  HBV M O N IT O R  assay (Roche 
Diagnostic Systems, NJ, USA).

Samples were analysed for antibody to HCV with one 
of two ELISAs (M O NOLISA anti-H C V  PLUS, Sanofi 
Diagnostics Pasteur, M arnes-la-C oquette, France; and 
Ortho HCV 3.0, Ortho-Clinical Diagnostics, Neckarge- 
m und, Germ any). A supplemental recom binant 
im m unoblot assay (RIBA; C hiron RIBA HCV 3.0 SIA, 
Chiron Corporation, Emeryville, CA, USA), and repeat 
ELISAs were done where equivocal or positive results 
were found. Patients were defined as serologically 
positive for H C V  if they were ELISA-positive and RIBA- 
positive. HCV RNA detection was carried out by reverse- 
transcription PCR. RNA was extracted from serum by 
use of the Roche A M PLIC O R  Extraction Kit. 
Amplification of the 5 ' non-coding region and 
genotyping was done with a restriction fragment length 
polymorphism assay.'"

All patients with serological markers of HBV or HCV 
infection were referred for clinical assessment. A history 
of acute hepatitis, and enquiry into other risk factors for 
exposure to viral hepatitis was sought. H ousehold and 
sexual contacts of these patients were identified and 
counselled, and, when appropriate, offered serological 
testing and HBV vaccination."

Statistical analysis
If the num ber of treatm ent visits was known, the relation 
between the proportion of patients with serological 
markers of HBV and the num ber of visits was assessed by 
means of a test for trend. T rends over time in the 
probability of HBV infection per patient visit were 
investigated by use of data on patients with known visit 
dates. This analysis was complicated by the fact that 
many patients visited on several occasions; hence for 
these patients, the precise date of infection is not known. 
This analysis was therefore done with a likelihood 
m ethod which allowed for multiple visits. In each week 
(tü) of the study period, we assumed that all patients 
undergoing treatm ent in that week had the same 
probability (P J  of acquiring infection. All patients were 
regarded as equally susceptible to infection at the outset, 
and the outcom e for different patients was assumed to be 
independent. Given a patient’s sequence of visits (eg, 
weeks . . . w j ,  the patient’s probability of escaping 
infection is n  (1-P„.)- The overall likelihood was obtained 
by multiplying the outcom e probabilities for all the 
patients. T he weekly infection probabilities, P„, were 
estimated by maximisation of the likelihood. The 
hypothesis of a constant infection probability P„=P was 
tested by the likelihood ratio test. If information on the 
date of onset of clinical hepatitis was available, this was 
incorporated by exclusion of visits in weeks in which 
infection could not have occurred (ie, more than 
6 m onths before onset of clinical disease).

Results
HBV infection
399 patients at the clinic between January, 1997, and 
February, 1998, were identified. Serum samples were 
received from 352 (216 women, 136 men; m ean age 42 
years, range 1-86 years). Including the original cases, 54 
patients (15%) had evidence of HBV infection (figure 1). 
23 had markers of resolved infection, six of whom had a 
recently resolved infection. 31 had evidence of active 
hepatitis B on initial blood testing. Antibodies against 
HDV were negative in all tested patients.
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Figure 1: HBV serological sta tu s  a t  th e  tim e of Initial blood 
tes tin g  in clinic staff and p atien ts  who received  
autohaem otherapy

T he clinic was staffed by four members of the same 
family, one of whom was a registered physician. Two staff 
members developed acute hepatitis B in M arch 1998, of 
whom one was also positive for antibodies against HCV, 
but HCV RNA negative. Another had resolved hepatitis 
B, and was positive for antibodies against HCV, but HCV 
RNA negative. The fourth staff m em ber had no markers 
of HBV or HCV infection. T he two staff members with 
acute hepatitis B cleared HBsAg after an icteric illness. 
Autohaemotherapy had been done by several of the staff 
members on each other during the previous year.

HBV DNA could be amplified and sequenced from 32 
of the 33 HBsAg-positive patients and staff members. 
There was complete nucleotide identity in both the 
surface and core genes in 30 cases (91% of HBsAg- 
positive cases). T he sequences had nucleotide motifs 
characteristic of variants belonging to genotype D. The 
variant found in these 30 linked cases was different from 
control samples from acutely infected patients, as shown 
by phylogenetic analysis (figure 2).

25 of the 30 cases linked by HBV DNA sequence 
analysis cleared circulating HBsAg during the first 
6 m onths of assessment. Clinical hepatitis was 
docum ented in 23, and jaundice occurred in 16. Six of 
the 30 linked cases were identified in the preclinical phase 
of acute hepatitis, when they were HBsAg-positive, with 
high serum concentrations of HBV DNA, but normal or 
slightly raised concentrations of serum aminotransferases. 
All six patients developed a typical biochemical and 
serological pattern of acute hepatitis, followed by 
clearance of HBsAg.

Five of the patients with linked infection did not clear 
HBsAg over a 6-m onth period, and so were classified as 
having chronic hepatitis B. None had a history of acute 
clinical hepatitis, but three were positive for IgM against 
HBc at presentation. T he remaining two patients were 
negative for this antibody, but positive for IgG against 
HBc when first tested. One was a 79-year-old man 
(patient 16), born in India, who was HBsAg-positive, 
HBeAg-positive, and with HBV DNA concentrations of 
T 2 X 10'“ copies/mL. T he other was a 79-year-old woman 
(patient 18) with diabetes mellitus, also born in India, 
who remained HBsAg-positive and HBeAg-positive. Of 
the three patients with IgM  against HBc at presentation

who became chronically infected, two were taking oral 
steroid therapy. One was a 72-year-old woman (patient 
6), who was taking prednisolone for cryptogenic 
organising pneumonitis, and who rem ained HBeAg- 
positive with very high HBV DNA concentrations 
(10“-1 0 '“ copies/mL) and slightly raised concentrations of 
serum aminotransferases. T he other was a 19-year-old 
woman (patient 11) who was being treated with 
prednisolone and azathioprine for a relapse of ulcerative 
colitis. Patient 22, an 18-year-old woman who had no 
other significant medical problems and took no regular 
medication, also failed to clear HBsAg.

Two of the HBsAg-positive patients in whom HBV- 
DNA was amplified (patients 24 and 27) were not linked 
by sequence analysis (figure 2). They had serological 
evidence of chronic hepatitis B (negative for IgM but 
positive for IgG against HBc), with no history of clinical 
acute hepatitis, and both were born in countries with 
increased endemic rates of HBV carriage. Consequently, 
there was no evidence to link definitively their infection to 
autohaemotherapy.
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6 0 4 0 2-0
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Figure 2; Genetic relatedness of HBV Identified In the  
outbreak
Analysis of 6 6  nucleotide se q u en c e s  from a 4 0 4  bp fragm ent of the  HBV 
surface gene. C a se s  1  and  2 a re  clinic workers; 3 - 3 2  are  pa tien ts  a t the  
clinic. S eq u en ces  M, N, P, and  R a re  from an  ou tb reak  of a cu te  hepatitis  
B am ong injecting drug u se rs . S eq u e n c es  F, 0 , X, Y, and Z a re  from 
an o th er outbreak  involving ta ttoo  clien ts, prison inm ates, and  injecting 
drug u se rs . Other se q u en c e s  are  from single tran sm iss io n  incidents not 
known to be part of any outbreak . PP d e s ig n a tes  th e  seq u en ce  of the  
plasm id control used  in PGR stu d ies .
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Treatments
received

Number of 
patients

Active
Infection

Recently
resolved
Infection

Past
resolved
Infection

Serological 
m arkers of 
HBV Infection

1-4* 194 6 3 12 21 (11%)
5-9 84 12 1 4 17 (20%)
10-14* 27 9 1 1 11 (41%)
15-29 10 3 1 0 4 (40%)

Total 315 30 6 17 53

‘ Including one patient with unlinked active infection.

Frequency of serological m arkers of hep atitis  B virus infection  
in patients w ith  a known number of autohaem otherapy  
treatm en ts

Relation betw een autohaem otherapy and HBV infection 
The dates of 1546 clinic visits in the period January, 
1997, to February, 1998, were available for 315 patients 
(53 with markers of hepatitis B and 262 who were 
negative). T he proponion of patients with markers of 
HBV infection increased with the num ber of treatm ents 
received (x^=18, p<0 0001; table). T he proportion of 
patients with markers of HBV was higher among those 
treated in the m onths after June, 1997, than among those 
treated before this date (figure 3). Analysis by period of 
visit, taking account of multiple visits, showed a 
significant variation in the estim ated probability of 
infection per visit by week of visit (p=0 011), which 
increased over the study period.

Except for the 23 patients with acute clinical hepatitis 
in whom the onset of clinical disease was known (figure 
4), no other cases of acute clinical hepatitis B were 
reported in clinic attendees over the investigation period. 
We postulated that one of the patients with chronic 
hepatitis B and phylogenetically linked infection was 
likely to be the original source. Several factors implicated 
HBV transmission from patient 16, the 79-year-old man 
who only attended the clinic in June, 1997, as the source 
of the outbreak. No patient completing treatm ent in the 
5 m onths before he attended in June, 1997, was infected 
with the comm on source virus or had a recent history of 
clinical hepatitis. All patients with linked active infection 
or recently resolved infection received autohaemotherapy 
at least once after patient 16 had attended. Assuming a 
maximum incubation period for hepatitis B of 6 m onths, 
none of the patients with known onset dates for clinical 
hepatitis had a predicted earliest date of infection before 
June, 1997 (figure 4). T he hepatitis B virus characterised
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Figure 3: Proportion of p atien ts  attend ing  during each month 
who w ere subsequently found to  have serological m arkers of 
HBV infection
P atien ts may have a tten d ed  in more than  1 m onth.
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Figure 4: M onth of onset of acu te  clin ical hep atitis  B and 
earlies t predicted m onth of infection
D ates of au tohaem otherapy  of patien t 18(*) and  patien t 16  ( f) , who were 
possib le  so u rces  of transm ission .

in this outbreak belonged to genotype D, which circulates 
widely in various geographical regions, including India,” 
from where patient 16 originated. T he patient had 
chronic hepatitis B, with a high level of circulating HBV 
DNA. Although transmission from this patient cannot be 
proven, we believe that transmission from the other 
patients with chronic hepatitis B was less likely. Patient 
18 had received treatm ent in January, 1997, and again in 
January, 1998. Since no cases of clinical hepatitis 
occurred for more than 12 m onths after this first date of 
treatm ent, we thought it more likely that she became 
infected in January, 1998. She was not tested until June, 
1998, when she was negative for IgM against HBc. The 
three remaining patients with chronic hepatitis B 
(patients 6, 11, and 22) were positive for IgM against 
HBc at initial testing in M arch, 1998, suggesting recent 
infection. These three patients all began treatm ent after 
patient 16 stopped attending, and so were not regarded as 
the likely source of the outbreak.

A review of the technique used by the clinic staff, and 
detailed reporting from patients, revealed that new 
needles and syringes were used for each patient. 
However, saline was drawn from a m ultiuse bottle 
directly after venepuncture, with the syringe containing 
the patient’s blood. This bottle was refilled from a central 
source. The bottle was not available for analysis.

HCV infection
Five of the 352 patients were positive for antibodies 
against HCV. T he index case was a 54-year-old woman 
who was found during blood donation in October, 1997, 
to be positive for antibodies against HCV, and for HCV 
RNA. She was infected with HCV genotype 2b. She last 
donated blood in January, 1997, when she was negative 
for antibodies against HCV, and for HCV RNA. H er only 
risk factor for HCV infection was having received 
autohaem otherapy in M arch, 1997. Four other patients 
were known to have chronic hepatitis C before they 
attended the clinic. Further testing revealed that all four 
were infected with a different HCV genotype.

Secondary transmission o f HBV
50 household or sexual contacts of patients exposed to 
HBV were identified and tested. 24 contacts of patients 
with active hepatitis B, who had no markers of previous
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HBV infection, were vaccinated. T he sexual contact of 
one patient, who had been lost to follow up, developed 
acute icteric hepatitis B. HBV genetic analysis linked the 
infection to her partner.

Discussion
We have described a large community-based outbreak of 
hepatitis B involving cases definitively linked to a single 
HBV variant. Our findings strongly implicate auto
haemotherapy as having facilitated viral transmission. Many 
people in the USA and Europe consult alternative 
therapists in addition to, or instead of, seeking conventional 
medical help.'^ " There has been debate about the validity 
of some alternative therapies, and the need for greater 
clinical analysis of their efficacy and safety.'* 
Autohaemotherapy is available in clinics worldwide. The 
reinjection of the patient’s own blood, often after 
oxygenation or ultraviolet irradiation, is thought by its 
proponents to invigorate the immune system. It is offered 
for the treatment of a wide range of ailments, including 
allergies, malignancy, viral hepatitis, and herpes zoster."'"'

The point source of infection in this outbreak cannot 
be unequivocally identified. T he observation that all the 
patients with linked acute hepatitis B had received 
treatm ent during the latter m onths of 1997 may be 
biased because blood sampling was done in early 1998, 
when recently infected patients would be more likely to 
be HBsAg-positive than those infected earlier in the year. 
However, the finding that all cases of symptomatic acute 
hepatitis B in this outbreak developed clinical disease 
after Decem ber, 1997, and that the proportion of 
patients with markers of HBV infection increased in the 
last 6 m onths of that year, strongly suggests that this 
outbreak began during the middle of 1997. Since patient 
16, who had chronic hepatitis B, only attended in June, 
1997, the epidemiological data suggest that virus 
transmission occurred from that time. The possibility 
that he became infected at this time from another patient 
with symptomless acute or chronic hepatitis B, who was 
not identified in the outbreak investigation, cannot be 
excluded. T he source of infection in previous health- 
care-related outbreaks has often been attributed to 
practitioners infected with HBV.^' However, although the 
staff in the present outbreak were infected, they 
presented with clinical acute hepatitis several weeks after 
the first case of acute hepatitis was identified, and had 
themselves also received autohaem otherapy.

The risks of bloodborne infection from 
autohaem otherapy have been reported firom Germany, 
where several cases of HCV and HIV infection were 
attributed to viral contam ination of inadequately 
sterilised and repeatedly used equipm ent. 
Transmission of HBV through the use of multidose 
containers has been previously described, in both 
hospital" and com m unity-based” health-care settings. 
Since patients infected at this clinic had received 
treatm ent up to 16 weeks apart, whether transmission 
occurred from viable virus that persisted in the bottle 
from initial inoculation, or whether repeated 
contam ination of the container occurred from the pool of 
reattending infected patients, is difficult to determine.

In previous outbreaks of hepatitis related to skin- 
piercing procedures, cases have been linked on the basis 
of epidemiological data, a history of clinical hepatitis, and 
serological markers of recent infection.*'’ HBsAg 
subtyping has been used to provide further evidence for

the relatedness of infections. However, HBV sequence 
amplification followed by phylogenetic analysis is an even 
more powerful tool with which to link infections to a 
common source.” '”

T he docum entation of HCV seroconversion in a 
patient with no other apparent risk factors suggests that 
HCV was transm itted through a similar mechanism  to 
HBV. The finding of many fewer cases of hepatitis C 
than hepatitis B is of interest, bu t remains unexplained. 
H CV is less easily spread during parenteral health-care 
procedures than HBV,” and the low rate of hepatitis C in 
this outbreak may be a reflection of the small size of the 
inoculum, or of the poor ex-vivo viability of HCV. T hat 
the patient who was thought to be the source of HBV was 
not infected with HCV is of note.

This report emphasises that HBV infection poses a 
continuing risk in non-endem ic countries where universal 
vaccination has not been instituted. Our findings are a 
reminder to patients and health practitioners to be aware 
of the hazards of bloodborne virus transmission, and the 
need for aseptic practice during all skin-piercing 
procedures. In the absence of the strict regulations that 
are applied to conventional medicine, further outbreaks 
of this nature may continue to be associated with this 
type of alternative therapy.
Contributors
M argie M eltzer, Sukhdev Sharm a, S tep h en  F arrow , Koye B alogun, 
Gervase H am ilton , and  M ary Ram say d id  the pub lic-health  investigation; 
Rachel H allett an d  C h ong-G ee  T eo  d id  the virological and  m olecular 
epidem iological analysis; C o n o r F arrin g to n  did the statistical analysis; 
G eorge W ebster, S im on W halley, Dave Brown, and  Geoffrey D usheiko 
were responsible for clinical case m anagem ent; and  G eorge W ebster, 
M ary Ram say, R achel H alle tt, C h ong-G ee  T eo , and  Geoffrey D usheiko  
were involved w ith  the  p ro d u ctio n  o f the  paper.

Acknowledgments
W e thank  G  C olucci o f  Roche D iagnostic System s for the  supply o f the 
A M P L IC O R  HBV M O N IT O R  assays, and  the following for collection, 
and  analysis o f  data: D  Pow er, M  C ollins, C  P arker, S H arb o u r,
F  M oham ed , K H arris, D  T ay lo r, D  Banin, F  M ayet, S Shall, and 
P M ortim er. W e also th an k  D  M u tim er, E O ng, the C onsu ltan ts  in 
C om m unicable  D isease C on tro l, and  the  general practitioners concerned  
for individual pa tien t care, and J H oofnagle  for advice on  the paper.

References

1 Lee W M . H epatitis  B infection. N  Engl J  M ed  1997; 337: 1733-45.
2 Balogun M A, Ram say M E , Fairley C K , C ollins M , H ep tonsta ll J. 

A cute hepatitis  B infection in E ngland and  W ales: 1985-96 . 
Epidemiollnfeci 1999, 122: 125-31 .

3 C en ters for D isease C on tro l and  P revention. H epatitis  Surveillance 
R eport N o. 56. A tlanta: C en ters for D isease C on tro l and  Prevention , 
1996: 36.

4 U K  H ealth  D ep artm en ts . P ro tec ting  hea lth  care w orkers and  patien ts 
from  hepatitis B: recom m endations o f the  Advisory G ro u p  on 
H epatitis. London : H er M ajesty’s Stationery  Office, 1993.

5 L im entani A E, E lliott L M , N oah  N D , L am born  JK . An ou tb reak  of 
hepatitis B from .ta ttoo ing . Lancet 1979; ii: 8 6 -8 8 .

6 Boxall EH . A cu p u n ctu re  hepatitis  in the W est M idlands. J  M ed  Virol 
1 9 7 8 ,2 : 377 -7 9 .

7 Stryker W S, G u n n  RA, Francis D P . O utb reak  o f hepatitis  B 
associated w ith  acupunctu re . 7  F am  fVact 1986; 22: 155-58 .

8 Local G overnm ent (M iscellaneous Provisions) Act. L ondon: H er 
M ajesty’s S tationery  Office, 1982.

9 U K  H ealth  D ep artm en ts . Im m u n isa tio n  against infectious disease, 
1996. London : H er M ajesty’s S tationery  Office, 1996.

10 Boom  R, Sol CJA, Salim ans M M M , Jansen  CL ,
W enheim -van  D illen  P M E , van d e r N o o rd aa  J. Rapid and  sim ple 
m ethod  for purification  of nucleic acids. J  Clin Microbiol 1990;
28: 4 9 5-503 .

11 K aneko S, F e instone  SM , M iller RH . Rapid and  sensitive m ethod  for 
the detection  o f  serum  hepatitis B virus D N A  using the  polym erase 
chain  reaction  techn ique. J  Clin Microbiol 1989; 27: 1930-33.

12 Higgins D G , S harp  PM . Fast and  sensitive m ultip le  sequence 
alignm ents on a m icrocom puter. Compui A ppl Biosci 1989; 5: 151-53 .

13 Saitou N , N ei M , T h e  ne ighbour-jo in ing  m ethod: a new  m ethod  for 
reconstructing  phylogenetic trees. M ol Biol Evol 1987; 4: 4 0 6 -2 5 .

T H E  lA N C E T  • Vol 356 • July 29, 2000 383



ARTICLES

14 H arris  KA, G ilham  C, M o rtim er P P , T eo  C G . T h e  m ost prevalent 
hepatitis  C virus genotypes in E ngland and  W ales are 3a and  la .
J  M ed  Virol 1999, 58: 127-31 .

15 N o rd er H , H am m as B, Lee S -D , et al. G enetic  rela tedness of 
hepatitis  B viral stra ins o f  diverse geographical origin and na tu ra l 
variations in th e  prim ary  s tru c tu re  o f  the  surface antigen. J  Gen Virol 
1993; 74: 1341-48 .

16 E isenberg D M , K essler R C , F o ster C , N orlock  F E , C alkins D R , 
D elbanco  T L . U nco n v en tio n a l m edicine in the  U n ited  S ta tes— 
prevalence, costs, and p a tte rn s  of use. N  Engl J  M ed  1993; 328: 
246 -5 2 .

17 T h o m as KJ, C a rr  J, W estlake L , W illiam s BT. U se o f n o n-o rthodox  
and  conventional hea lth  care in great B ritain . B M J  1991; 302: 
207 -1 0 .

18 Angell M , K assirer JP . A lternative m ed ic ine— the risks o f  u n tested  
and  unregu la ted  rem edies. N  Engl J  M ed  1998; 339: 8 3 9 -4 0 .

19 Bocci V. Is ozonetherapy  therapeu tic?  Perspect Biol M ed  1998; 42: 
1 3 1 ^ 3 .

20 Olwin JH , R atajcak H V , H ouse  RV. Successful trea tm en t o f herpetic  
infections by au tohaem otherapy . J  A h em  Complement M ed  1997; 3: 
155-58.

21 T h e  Inciden t Investigation  T eam s and O thers. T ran sm iss io n  o f 
hepatitis B to p a tien ts  from  four infected  surgeons w ithou t

hepatitis  B e antigen. N  Engl J  M ed  1997; 336: 178-84 .
22 D asch n er FD . H epatitis  C  and h u m an  im m unodefic iency  virus 

infection following ozone au tohaem otherapy . E u r J  Clin Microbiol 
Infect Dis 1997, 16: 620.

23 G abriel C , B lauhut B, G reul R, Schneew eis B, R oggendorf M . 
T ransm ission  o f  hepatitis  C  by ozone en rich m en t o f  autologous 
b lood. Lancet 1996; 347: 541.

24 A lter M J, A htone J, M aynard  JE. H epatitis  B virus transm ission  
associated w ith  a m ultip le-dose vial in a haem odialysis unit. A nn  
Intern M ed  1983; 99: 3 3 -3 3 .

25 C an ter J, M ackey K , G ood  L S , e t al. An ou tb reak  o f  hepatitis B 
associated w ith  jet injections in a w eight red u c tio n  clinic. Arch Intern 
M ed 1990; 150: 1923-27 .

26 Y usof JH M , Flow er AJE, T eo  C G . T ran sm iss io n  o f hepatitis B virus 
analysed by con fo rm atio n -d ep en d en t polym orphism s o f single
s tranded  D I A h .J  Infect Dis 1994; 169: 6 2 -6 7 .

27 T e d d e r RS, Z uckerm an  M A , G oldstone  A H , e t al. H epatitis  B 
transm ission  from  con tam inated  cryopreservation  tank . Lancet 1995; 
346: 137-40.

28 Petrosillo N , P uro  V, Ippolito  G , et al. H epatitis  B virus, hepatitis C 
virus and h u m an  im m unodefic iency  virus infection in health  care 
workers: a m ultip le  regression analysis o f risk factors. J  Hasp Infect 
1995, 30: 273 -8 1 .

384 T H E  L A N C E T  • Vol 356 • July 29, 2000


