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Abstract

The modern-day Ashkenazi and Sephardic Jewish populations were formed 

during the Diaspora of the Jewish people away from the Near East. Classic 

Kaposi's sarcoma (KS) has a relatively high incidence in both populations. 

Kaposi's sarcoma-associated herpesvirus (KSHV) is the cause of KS; variability 

in the first open reading frame (ORF) K1 has been used to define major 

subtypes of KSHV with geographic associations. There are two divergent 

alleles of the gene 0RF-K15, predominant (P) and minor (M), which are not 

associated with 0RF-K1 diversity. Total DMA was extracted from archival 

paraffin-embedded KS biopsy samples from a total of 85 Ashkenazi and 46 

Sephardic Jewish KS patients. Using nested PGR and direct DMA sequencing, I 

have characterised the variability of ORFs K1 and K15 from these Jewish 

patients and compared it with non-Jewish controls. In the same samples, I have 

analysed the variability of the coding and control regions of mitochondrial DMA 

(mtDNA), and of 17 polymorphic markers on the Y chromosome. In this thesis, I 

describe established and novel KSHV subtypes, and mtDNA and Y 

chromosome diversity, within the Jewish population. I show that there are 

significant associations between subtypes A and 0 of KSHV and the Ashkenazi 

and Sephardic Jewish populations respectively, and that recent founder effects 

have caused the evolution of population-specific clades. I also provide evidence 

of an association between KSHV subtype and mtDNA haplogroup, but a lack of 

association of KSHV subtype with Y chromosome haplogroup, within both the 

Ashkenazi and Sephardic Jewish populations, demonstrating the maternal 

transmission of KSHV in these two communities. This is the largest study of 

KSHV subtypes to date and the first to combine the study of KSHV diversity 

with host genetic diversity.
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1 Introduction

1.1 Kaposi’s sarcoma

In 1872, the Hungarian dermatologist Moriz Kaposi reported aggressive 

“idiopathic multiple pigmented sarcomas of the skin” (see Figure 1-a) in elderly 

male patients (Kaposi, 1872). Another dermatologist of the time, Kobner, 

named this neoplastic disease Kaposi’s sarcoma (KS) in 1891. Since then, 

investigators have described four distinct clinical variants of KS: classic, 

endemic, iatrogenic and AIDS-associated.

1.1.1 Classic Kaposi’s sarcoma

This is the form of the disease originally described by Kaposi. Classic KS 

occurs predominantly in elderly HIV-seronegative male patients of Jewish, 

Mediterranean or Eastern European origin (Franceschi & Geddes, 1995). The 

classic form of the disease has a higher prevalence in men than in women 

(Iscovich etal., 2000a; Wahman eta!., 1991). Patients usually present with firm 

pigmented painless plaques or lesions on the skin of their extremities. The 

lesions become nodular and progress up the arms and legs over several years, 

usually in a benign fashion, but may eventually involve the viscera and/or 

mucosa in approximately 10% of patients (Iscovich et ai., 2000a). Median age 

at diagnosis of classic KS has been shown to be 64-67 years (Di Giovanna & 

Safai, 1981; Iscovich etal., 1998).

1.1.2 Endemic Kaposi’s sarcoma

Endemic KS was first reported in the early 1950s in sub-Saharan African 

countries (Davies et al., 1964). This form of the disease can occur in adults or 

children and is typified by the presence of lymphadenopathy, which often kills 

the host (Bayley, 1984).
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1.1.3 Iatrogenic Kaposi's sarcoma

Since the 1960s, cases of KS have been observed among immunosuppressed 

organ transplant recipients (Harwood at a/., 1979; Penn, 1983; Siegel at a/., 

1969). This is known as iatrogenic or transplant-associated KS. Members of 

the ethnic groups that are at an increased risk of developing classic KS also 

develop iatrogenic KS more frequently than the general population (Franceschi 

& Geddes, 1995); this risk is maintained even for individuals who migrate to 

lower-risk areas. This suggests that there may be a genetic predisposition or 

intrafamilially transmitted infectious agent affecting the development of KS in 

these patients.

1.1.4 AiDS-associatad Kaposi's sarcoma

In 1981, Friedman-Kien atal. observed that homosexual men in New York were 

suffering an increased incidence of KS involving skin, lymph nodes and mucosa 

(Friedman-Kien at ai., 1981). These men were unusually young to qualify for the 

clinical definition of classic KS, and indeed, this observation heralded the AIDS 

epidemic. This AIDS-associated form of KS (also known as epidemic KS) is 

more aggressive than the other forms, and is often fatal (Bayley at ai., 1985). 

AIDS-associated KS affects HIV-infected male homosexual patients 20 times 

more than male patients with HIV and haemophilia, or HIV-infected intravenous 

drug users (Beral at ai., 1990). This observation led Beral and Jaffe to 

hypothesise that an infectious cofactor for KS exists, and may be sexually 

transmitted (Beral atal., 1990).
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Figure 1-a Kaposi’s sarcoma lesions (from Antman & Chang, 2000).

w mA

u m m m .

Figure 1-b KS spindle cells (from Landau et al., 2001). Spindle cells are 

indicated by arrows.
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1.2 The infectious agent of KS

1.2.1 Epidemiological evidence for an infectious agent

Several compelling pieces of epidemiological evidence support the hypothesis 

that an infectious agent other than HIV is partially or fully responsible for the 

development of KS lesions. These include the peculiar geographic distribution 

of the tumour (high in sub-Saharan Africa and intermediate around the 

Mediterranean, but low elsewhere), the apparent intrafamilial transmission of 

the disease in classic and endemic forms, and the correlation of AIDS- 

associated KS specifically with homosexuality in the USA.

1.2.2 Previous theories

• Electron microscopy revealed the presence of herpesvirus-like particles in 

cells from KS lesions (Giraldo etal., 1972).

• Viral agents previously suspected to be associated with KS include hepatitis 

B virus (HBV) (Siddiqui, 1983), human cytomegalovirus (hCMV) (Giraldo et 

al., 1984), human papillomavirus (HPV) (Huang et al., 1992) and human 

herpesvirus 6 (HHV-6) (Bovenzi et al., 1993). No association has been 

shown, however, between any of these viruses and AIDS-associated KS.

• Nitrite inhalants (amyl and butyl nitrite capsules or “poppers”) have also 

been suggested to play a role in KS pathogenesis (Morabia, 1995).

• It was previously thought that HIV-1 itself may play a role in the 

pathogenesis of AIDS-associated KS, particularly the tat gene product 

(Ensoli et al., 1990, 1991). It is now known that HIV-1 Tat does in fact 

reactivate latent KSHV genomes, as shown by the induction of lytic KSHV 

mRNAs (Merat etal., 2002). This suggests a direct role of HIV-1 in the onset 

of AIDS-associated KS.
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1.2.3 The discovery of KSHV

In 1994, Chang etal. used representational difference analysis (RDA) to search 

for foreign DNA sequences in KS tissue, which were absent in healthy tissue 

from the same patient (Chang et a!., 1994). The unique DNA sequences in the 

KS tissue were found to have sequence similarity to a gene for a structural 

protein encoded in the genomes of the Gammaherpesvirinae, members of 

which include Epstein-Barr virus (EBV) and herpesvirus saimiri (HVS). The 

authors concluded that these sequences defined a previously unidentified 

human herpesvirus, which they named Kaposi’s sarcoma-associated 

herpesvirus or KSHV. The virus is also known as human herpesvirus 8 (HHV- 

8), but will be referred to hereafter as KSHV.

1.2.4 Evidence for KSHV as the causative agent of KS

Evidence implicating KSHV in the pathogenesis of KS is plentiful and 

convincing.

• KSHV DNA can be amplified by the polymerase chain reaction (PCR) from 

fresh KS biopsies of all four clinical disease variants, and from the majority 

of archival paraffin-embedded material, but rarely from other tumours (IARC, 

1997).

• The detection of KSHV DNA by PCR in the peripheral blood of HIV- 

seropositive patients is predictive of those who will develop KS, i.e. these 

patients have a higher KSHV viral load (Whitby etal., 1995).

• Populations at higher risk of developing KS have a higher prevalence of 

antibodies against KSHV, as demonstrated by seroepidemiological studies 

(Chatlynne etal., 1998).

• In advanced KS lesions, KSHV is latently expressed in all the tumour 

(spindle) cells (Dupin et a!., 1999; Sturzl et ai, 1999). This is reminiscent of
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other oncogenic viruses such as EBV in post-transplant lymphoproliferative 

disorder (Delecluse et al., 1995; Tanner & Alfieri, 2001) and in naso

pharyngeal carcinoma (Pathmanathan et a!., 1995), and HPV in cervical 

cancer (Schneider etal., 1991; Schneider, 1993).

• It has been shown, by analysis of the size of the terminal repeats using 

pulsed-field gel electrophoresis (PFGE), that KSHV is monoclonal within 

nodular (i.e. late-stage) KS lesions, indicating that the virus is present prior 

to the clonal expansion of KS tumour cells (Judde et al., 2000). This has 

also been shown for other human oncogenic viruses, e.g. HTLV-1 in adult T- 

cell leukaemia/lymphoma (Mortreux etal., 2001).

• Perhaps most crucially, KSHV has fulfilled several of Bradford-Hill’s criteria 

for causation (Bradford-Hill, 1965). These include consistency of findings by 

different investigators, strength of association (effectively 100% for KSHV), 

biological plausibility, temporality (i.e. exposure to KSHV occurs before the 

development of KS) and coherence of evidence.

1.2.5 Other neoplasms associated with KSHV

1.2.5.1 Multicentric Castleman’s disease

Castleman’s disease (Castleman et al., 1956) is a rare lymphoproliferative 

disorder that is more frequently diagnosed in HIV-positive individuals (Codish et 

al., 2000). It has a systemic variant called multicentric Castleman’s disease 

(MCD), which is associated with multiple organ involvement, weight loss and 

fever. KSHV DNA is present in plasmablasts from the B-cell lineage in some 

cases of MCD (Parravicini et al., 2000; Soulier et al., 1995) but these 

plasmablasts are not present in KSHV-negative MCD (Dupin et al., 1999). It 

appears that KSHV-positive MCD has a poorer prognosis than the KSHV-
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negative form, possibly due to an aggressive form of plasmablastic lymphoma 

(Chadburn etal., 1997; Oksenhendler etal., 2002).

1.2.5.2 Primary effusion lymphoma

In 1995, Cesarman etal. noted that KSHV was also specifically associated with 

a rare form of lymphoma called body cavity-based lymphoma (now known as 

primary effusion lymphoma or PEL), but not with other AIDS-related 

lymphoproliferations (Cesarman et al., 1995). This lymphoma usually presents 

as malignant effusions in the pleural, pericardial or peritoneal cavities, often 

without any tumour mass (Cesarman & Knowles, 1999). PEL usually occurs in 

AIDS patients with advanced immunosuppression (Karcher et ai, 1992), and is 

also occasionally seen in HIV-negative individuals at risk of developing classic 

KS (Codish et ai, 2000). An unusual, elderly, female, HIV-negative patient was 

diagnosed with all three KSHV-related diseases (KS, MCD and PEL) (Codish et 

ai, 2000); furthermore, molecular characterisation (see section 1.7.1.3) 

indicated that all of these neoplasms were caused by the same strain of KSHV 

in this patient (Stebbing et ai, 2001 ).

1.3 The pathology of KS lesions

1.3.1 Progression of disease

Early KS lesions are composed of irregular, endothelial-lined spaces infiltrated 

by inflammatory cells, which surround normal blood vessels (patch stage). As 

the lesion progresses, spindle cells form irregular, slit-like vascular networks 

that contain erythrocytes and expand through the skin (plaque stage). Nodular 

lesions (the late-stage of the disease) are solid tumours that consist of sheets of 

spindle cells and vascular channels (reviewed in Jenner & Boshoff, 2002).

16



1.3.2 The spindle cell

Spindle cells (see Figure 1-b) are believed to be the tumour cells of Kaposi’s 

sarcoma, but their cellular origin is undetermined. The majority of spindle cells 

express markers of lymphatic endothelial cells (Dupin et al., 1999; Weninger et 

al., 1999); others express proteins characteristic of smooth muscle, 

macrophages, dendritic cells or several different cell types at once. This 

suggests that the spindle cells are derived from a pluripotent precursor of 

haematopoietic and endothelial cells (Boshoff & Weiss, 2002).

1.3.3 Latent or lytic infection ?

KSHV is latent in the majority of cells it infects; this is characteristic of 

herpesvirus infection. Localisation studies, using techniques such as 

immunofluorescent assay (IFA) and in situ hybridisation (Boshoff et ai., 1995), 

have shown that essentially all spindle cells in a nodular KS lesion are infected 

by KSHV (Dupin et ai., 1999). These cells have been shown to develop from 

polyclonal hyperplasia in early lesions to a fully monoclonal nodular tumour in 

which the cells have a growth advantage (Judde et ai., 2000). However, only a 

minority of cells (<1-5%) in KS and PEL are infected with lytic, actively 

replicating KSHV at one timepoint (Zhong et al., 1996). In contrast, a higher 

proportion of infected cells in MCD express markers of lytic replication (Du et 

al., 2001), suggesting that plasmablasts in lymph nodes (i.e. the tissues 

affected in MCD) may be a site of KSHV replication within the infected host 

(Jenner & Boshoff, 2002).
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1.4 The KSHV genome

1.4.1 Sequencing of the KSHV genome

Since the discovery of KSHV in 1994 (Chang et al., 1994), research has 

progressed rapidly. The first almost-complete genome sequence of KSHV (from 

the BC-1 cell line, established from a body cavity-based lymphoma: an example 

of a PEL cell line) was published in 1996 (Russo et a!., 1996), although this 

sequence actually contains a duplicated fragment. Many more strains of KSHV 

have since been sequenced and published, although only one more almost- 

complete KSHV sequence has been published, which was obtained from a KS 

lesion (Neipel et a!., 1997). The KSHV genome (see Figure 1-c) consists of a 

long unique region (approximately 140kb in length) flanked by terminal repeats, 

each of approximately 800bp. The total size of the genome is dependent on the 

number of terminal repeats and can be determined by PFGE.

1.4.2 Open reading frames

More than 90 KSHV open reading frames (ORFs) have been identified so far, of 

which nearly 70 have some sequence similarity to related herpesviruses. Novel 

ORFs, which had no homologues in other herpesviruses at the time, were 

designated ORFs-KI to K15, although it is now known that some of these, e.g. 

K8 (a transactivator, which causes G1 cell cycle arrest) and K13 (the viral 

FLIP), do have homologues in related viruses. 0RF-K7, which was thought to 

encode a unique product, has since been found to have sequence and 

functional similarity to the human survivin gene (Wang et al., 2002). In addition, 

other ORFs unique to KSHV have been found since the original nomenclature 

was devised; these have been named 0RFs-K4.1, K4.2, K8.1, K10.1, K10.5, 

K10.7, K11.1 and K14.1. Function has been assigned to many KSHV genes
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based on the function of their homologues in other herpesviruses, but the 

functions of many of the ORFs encoded by KSHV are still unknown.

1.4.3 Host origin of KSHV genes

Approximately 10% of the genes encoded on the KSHV genome appear to be 

homologous to cellular genes; it is likely that these were “pirated” from the 

cellular genome at some point during the evolution of KSHV within its hosts 

(McGeoch & Davison, 1999). These viral cellular homologues include cyclin D, 

bcl-2, FLIP, survivin and interleukin-6 ; these are all genes which, in the host 

cell, are involved in pathways regulating the cell cycle or apoptosis i.e. cellular 

proliferation (Choi et ai., 2001). It is feasible that KSHV utilises its cellular 

homologues to block apoptosis in infected cells, and drive them through the cell 

cycle so that clonal tumour expansion occurs. Other cellular homologues in the 

KSHV genome, such as the macrophage inflammatory proteins (MIPs) I II! and 

interferon regulatory factors (IRFs) l-IV are probably involved in viral escape 

from the host's immune response. The viral G-protein coupled receptor (GPCR) 

is thought to be involved in both cellular proliferation and immune response 

(Schwarz & Murphy, 2001).
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1.4.4 The KSHV episome

The KSHV genome persists as an episome (see Figure 1-c) within the infected 

cell; there is no current evidence that it may integrate into the host genome. The 

latent (or latency-associated) nuclear antigen (LNA- or LANA-1), encoded by 

ORF-73 of KSHV, has been shown to tether the viral episome to the histones of 

host chromosomes during mitosis, ensuring that KSHV DNA is delivered to all 

the daughter cells (Cotter & Robertson, 1999). LNA-1 has also been shown to 

bind p53 (Friborg Jr et a/., 1999) and pRb (Radkov et a/., 2000), and is likely to 

regulate transcriptional control via the E2F-pRb pathway to induce cell 

proliferation. Some of the potential oncogenes are only expressed under lytic 

conditions, so their role in the pathogenesis of KS lesions (which are 

predominantly latent) has yet to be determined.
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Figure 1-c The KSHV episome (from Sharp & Boshoff, 2000). Numbers 

within the episome represent KSHV-encoded ORFs. Blue arrows indicate 

ORFs that are encoded in the forward (positive) direction; red arrows 

indicate ORFs that are encoded in the reverse (negative) direction; green 

arrows indicate ORFs that are expressed during latent infection. Putative 

functions are given for ORFs with known homology to other proteins. TR, 

terminal repeat region.
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1.5 Relationship of KSHV to other herpesviruses

KSHV is the eighth human herpesvirus to be identified, and belongs to the y- 

herpesvirus subfamily, of which EBV is also a member (see Figure 1-d). KSHV 

is a rhadinovirus (or 72-herpesvirus), whereas EBV is a lymphocryptovirus (of 

the 7I-herpesvirus lineage). One of the closest relatives of KSHV is herpesvirus 

saimiri (HVS), a virus which infects the New World squirrel monkey without 

causing obvious disease (Albrecht etal., 1992). However, HVS infection of New 

World primates other than its natural host causes a range of T-cell 

lymphoproliferative disorders. y-Herpesviruses (such as EBV) are known to 

cause tumours, especially lymphoproliferative disorders (including lymphomas) 

in humans (Lombardi et a/., 1987). Other KSHV-like herpesviruses have 

recently been identified in chimpanzees, gorillas and other Old World primates 

(Lacoste et al., 2000c, 2001; Schultz et al., 2000) which are more closely 

related to KSHV than any other virus of this genus. KSHV is estimated to have 

diverged from the herpesvirus saimiri lineage in the same era that the Old and 

New World monkeys separated from each other, approximately 35 million years 

ago. Since then, the rhadinoviruses appear to have diverged with their hosts.
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Figure 1-d Phylogenetic relationships of gammaherpesviruses, based on a 

151-aa fragment of DNA polymerase (adapted from Lacoste et a/., 2001). 

The tree was constructed by using the neighbour-joining algorithm 

(NEIGHBOR) In PHYLIP.
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1.6 Transmission of KSHV

1.6.1 Horizontal transmission

In homosexual men at risk of contracting AIDS-associated KS, the most 

probable mode of transmission is via sexual contact (Blackbourn et al., 1999; 

Martin et al., 1998). KSHV DNA has been amplified from saliva (Koelle et al., 

1997; Pauk et al., 2000; Vieira et al., 1997), semen (Howard et al., 1997) and 

prostatic fluid (Diamond et al., 1998). Sexual transmission of KSHV between 

spouses has also been suggested by serological studies in Israel (Davidovici et 

al., 2001) and Tanzania (Mbulaiteye et al., 2003). Orogenital transmission has 

been suggested as a more specific means of sexual transmission of KSHV 

(Dukers et al., 2000). Several serological surveys have shown evidence of non- 

sexual horizontal transmission of KSHV, e.g. between siblings in French Guiana 

(Plancoulaine et al., 2000), between Italian children (Whitby et al., 2000), in 

Malawian families (Cook et al., 2002), between children in eastern and Central 

Africa (Serraino et al., 2002) and within families in Tanzania (Mbulaiteye et al., 

2003). KSHV seropositivity is found to increase with age in many populations 

(Davidovici et al., 2001; Dukers et al., 2000; Mbulaiteye et al., 2003; 

Plancoulaine et al., 2000; Serraino et al., 2002; Sitas et al., 1999) suggesting 

that the processes by which KSHV infection is acquired continue throughout 

life. Saliva is a probable means of horizontal sexual and non-sexual 

transmission.

1.6.2 Vertical transmission

Seroepidemiological studies have shown that vertical transmission (i.e. parent 

to child) of KSHV does occur in endemic populations, for example in South 

African children (Bourboulia etal., 1998), in French Guiana (Plancoulaine et ai,
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2000) and in Tanzania (Mbulaiteye et al., 2003). A recent study of Jewish 

population groups in Israel found that mother-to-child transmission of KSHV 

occurs in this population (Davidovici at a!., 2001). This may explain how KSHV 

seroprevalence has remained at relatively high rates within the Ashkenazi and 

Sephardic populations compared to neighbouring non-Jewish populations. The 

exact mode of viral transmission from mother to child is not yet known, but it is 

thought that saliva may be the most likely route.

1.7 Variable KSHV genes

Within the KSHV genome, the genes that show most sequence variation 

between isolates are located at the extreme left-hand (LHS) and right-hand 

sides (RHS) of the long unique region, next to the terminal repeats (TRs) 

(Hayward, 1999; McGeoch & Davison, 1999). There are also some variable 

genes within the central conserved region of the genome (see Figure 1-e).

ORF-

Long Unique Region (140kb)

ORF26 ORF75 ORF-^
K15

Figure 1-e KSHV genome in linear form, indicating the position of the 

variable genes mentioned in this study. The arrows indicating variable 

ORFs are not proportional representations of their actual length.
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1.7.1 0RF-K1

1.7.1.1 Structure and function of the protein encoded by 0RF-K1

Open reading frame K1, which is specific to KSHV (and its homologues in Old 

World primates) and therefore has a “K” prefix, is expressed during lytic 

replication and encodes a 289-amino acid Type 1 membrane glycoprotein with 

one transmembrane domain (see Figure 1-f). Several possible functions have 

been reported for 0RF-K1; it has been shown to be involved in cell 

transformation (Lee et al., 1998), and to modulate the expression of B-cell 

receptors on the cell surface through phosphorylation of syk (Lagunoff at a!., 

1999; Lee at a!., 2000). The ITAM (immunoreceptor tyrosine-based activation 

motif) in the C-terminus of 0RF-K1 is capable of transducing signals to induce 

cellular activation and calcium mobilisation (Damania at a!., 2000). The entire 

0RF-K1 sequence shows variation, but there are two “hotspots” of variability; 

variable regions 1 and 2 (VR1 and VR2) which are thought to encode loops of 

amino acids on the surface of the cell membrane. The protein has some 

structural similarity to members of the immunoglobulin family of proteins, 

possibly because it may function in a similar way to an immunoglobulin-like 

receptor (Lee at a!., 2000). An 0RF-K1 structural and positional homologue 

named R1 has been described in rhesus rhadinovirus (RRV) (Damania at a!., 

1999).
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Figure 1-f Predicted structure for the 289-aa K1 protein. This protein is 

proposed to be a Type 1 membrane protein with a single transmembrane 

helix, an extracellular N-terminai and a cytoplasmic C-terminai. The signal 

peptide, transmembrane domain and cytoplasmic tail are relatively 

conserved between subtypes, compared to variable regions 1 and 2 (see 

section 1.7.1.3).

1.7.1.2 Positive selection in 0RF-K1

The majority of the open reading frame, with the exception of the conserved 

motifs within the cytoplasmic C-terminus, is thought to be subject to ongoing 

positive selection; this has resulted in variable regions and a hypervariable loop 

comparable to the antigen-binding loops of immunoglobulins (Zong et a/., 

1999). The theory of ongoing positive selection for 0RF-K1 is supported by 

pairwise comparisons of sequence variants (Cook at ai, 1999). Frequencies of 

non-synonymous substitutions (i.e. those that lead to amino acid changes) are
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significantly higher than synonymous (or silent) changes across the entire 

protein, but are especially concentrated in the variable regions. This implies that 

the variability is not solely due to mutations caused under neutral 

circumstances, which would result in an equal range of synonymous and non- 

synonymous substitutions. The incidence of non-synonymous substitutions in 

0RF-K1 has been estimated to be approximately 130-fold higher than that of 

the rest of the KSHV genome (excluding the variable regions at the right-hand 

side) (Cook et al., 1999). The forces driving this impressive rate of evolution in 

0RF-K1 are hypothesised to include immunological pressure e.g. CTL epitope 

recognition (Stebbing at a!., 2003) or antibody escape. This has been seen for 

the influenza A virus (Pircher at a/., 1990; Price at a/., 2000). The rapid 

evolution of 0RF-K1 bears a resemblance to that of saimiri transforming protein 

(STP) in herpesvirus saimiri. STP is also a gene that shows high sequence 

variability between isolates and encodes a type 1 membrane glycoprotein (Jung 

at a!., 1991). 0RF-K1 and STP have no significant sequence similarity but they 

appear to be functionally related: if 0RF-K1 is substituted for STP in the MVS 

genome, lymphomas result (Lee at a!., 1998).

1.7.1.3 KSHV subtypes

KSHV 0RF-K1 variability is analogous to the situation in EBV, where the 

different variants of the virus (EBV-1 and EBV-2) are extremely closely related 

over most of their genomes, but there are major differences (up to 45%) in the 

amino acid sequences of the EBNA-2A and EBNA-2B genes (Hayward, 1999; 

McGeoch, 2001). The variability concentrated in the variable regions (VRs) 1 

and 2 of 0RF-K1 is used to classify KSHV isolates into subtypes or strains, and 

more sequence-specific variation (e.g. within the hypervariable loop of VR1) is 

used to sub-classify the variants into smaller clusters called clades.
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The major subtypes of KSHV which have been discovered so far, and their 

geographic associations, are given in Table 1-1. The subtype designations in 

parentheses (I, II, III and IV) were originally proposed by Meng etal. (1999), but 

the alphabetical subtype designations (Zong et al., 1999) are now more 

commonly used, and will be used hereafter.

Subtype Geographic area References
A(i) USA / Europe Zong etal., 1999 

Cook etal., 1999 
Lacoste etal., 2000b

AS (IF) Sub-Saharan Africa Lacoste etal., 2000a
B(IV) Sub-Saharan Africa Zong etal., 1999 

Cook etal., 1999 
Lacoste etal., 2000a

C(li) Mediterranean / Middle East Zong etal., 1999 
Cook etal., 1999

D (ill) Pacific Islands Nicholas etal., 1998 
Zong etal., 1999

E Brazil (Amerindians) Biggar etal., 2000

Table 1-1 KSHV subtypes and their geographic associations

The 0RF-K1 prototypes of each KSHV subtype differ from each other by 15- 

30% at the amino acid level (Hayward & Nicholas, 1997). A and C are the 

subtypes which are most closely related to each other, and the B and D 

subtypes are thought to have diverged from each other much earlier in the 

evolutionary process (Hayward, 1999). Whether the different 0RF-K1 subtypes 

of KSHV, which are prevalent in different geographic areas, contribute to the 

four clinical KS variants has been investigated (Cook etal., 1999; Lacoste etal., 

2000a). No significant link has been demonstrated between a particular KSHV 

subtype and clinical presentation of the disease.
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The inter-relationship between the major KSHV subtypes, based on protein 

sequence variability, is shown in Figure 1-g. The numbers on each branch show 

bootstrap values, which correspond to the significance and confidence level of 

each branch. The bar at the bottom shows the branch length between 

sequences that are 0.01 (i.e. 1%) different at the protein sequence level. The E 

(native Amerindian) subtype thought to be closely related to the D (native 

Pacific Islanders) subtype.

D3

D2

B

0.01

Figure 1-g Unrooted phylogenetic tree of KSHV subtypes, based on 343 

bp of 0RF-K1 sequence (adapted from Meng et al., 2001 ) l The tree was 

drawn by using the maximum-iikeiihood method with the HKY85 model 

(Hasegawa et al., 1985) and a quartet-puzziing algorithm, implemented in 

PUZZLE 4.0.
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1.7.2 0RF-K15

1.7.2.1 Structure and function of the protein encoded by 0RF-K15

0RF-K15 is located at the extreme right-hand side of the KSHV genome, 

adjacent to the terminal repeats. It encodes a highly spliced, latently expressed 

12-transmembrane helix protein (Glenn et al., 1999) with two divergent alleles, 

initially described as predominant (P) and minor (M) (Poole et al., 1999). The P 

and M alleles share only 33% amino acid identity but have a very similar 

proposed structure (see Figure 1-h). The P allele is 489 aa in length and the M 

allele is 498 aa.

Cell membrane

Cytoplasm

12 transmembrane helices

TRAF-binding motif

Yxxl/L
motifs

Figure 1-h Predicted structure for the K15 protein. Both P and M alleles 

are predicted to share this 12-transmembrane helix structure with 

intracellular N- and C-terminals, despite low sequence similarity. The C- 

terminal motifs are conserved between the alleles and are thought to be 

involved in intracellular signalling.
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Both the P and M alleles of the K15 protein have some structural and functional 

similarity to the latent membrane proteins (LMPs) 1 and 2A of EBV (Glenn et 

al., 1999), and 0RF-K15 is thought to be a hybrid of distant evolutionary 

relatives of these two EBV genes (Hayward, 1999). LMP2A is thought to play a 

role in maintaining latency of EBV in naso-pharyngeal carcinoma (Miller et a!.,

1994), and LMP1 plays a role in the transformation of B lymphocytes via the 

NF-kB pathway (Cahir-McFarland et a!., 2000; Huen et a!., 1995) and inhibits 

cell differentiation in vivo (Dawson etal., 1990). Much of the amino acid identity 

between the two alleles of K15 is within conserved C-terminal signalling 

domains, including a putative TRAF (tumour necrosis factor receptor-associated 

factor) binding site as in EBV LMP1, and putative SH2 and SH3 (Src homology 

2 and 3) domains as in LMP2a (Glenn et al., 1999). The functions of both 

alleles of the K15 protein include transcriptional activation of the NF-kB pathway 

via the TRAF-binding site (T. Sharp, unpublished data), downregulation of B- 

cell receptor signal transduction (Choi et al., 2000) and binding of the anti- 

apoptotic protein HAX-1 to the conserved YASIL motif (Sharp et al., 2002). In 

vivo, there are several different variants of the K15 gene product, ranging from 

full-length (SOkDa) to 17kDa; the predominant forms are of 35 and 23kDa when 

ectopically expressed in cell lines (Sharp et al., 2002). Computational analysis 

of the K15 sequence reveals that there are several internal signal peptidase 

sites; cleavage at the two sites which are closest to the consensus sequence 

would result in K15 species of 35 and 23kDa, explaining why these variants are 

predominantly expressed (Sharp et al., 2002).

1.7.2.2 Origin of the two alleles of 0RF-K15

The predominant and minor alleles are thought to have arisen by an ancient

recombination event with a related, but unknown virus (Poole et al., 1999).

More recent work has suggested that several more recent recombination events
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have resulted in a distribution of the P and M alleles across a background of 

0RF-K1 subtypes, and the products of several of these recombination events 

have become extinct (Zong et a/., 2002). As a result, there is no apparent 

correlation of 0RF-K15 allele with 0RF-K1 subtype, and the M allele has 

evolved in a divergent manner since its introduction to the KSHV genome 

(Kakoola et al., 2001). This sequence variation may be the result of neutral 

evolution, or may imply that some selective pressure is acting on the right-hand 

side of the KSHV genome as well as on 0RF-K1.

1.7.3 0RF26

1.7.3.1 Function of ORF26

ORF26 is a 34kDa structural protein, forming part of the viral capsid (Nealon et 

a!., 2001), and as such is expressed during lytic replication of the virus (O'Neill 

etal., 1997). It is conserved throughout the y-herpesviruses, sharing 60% amino 

acid identity with its homologues, although it was one of the first variable KSHV 

genes to be identified (Zong et al., 1997).

1.7.3.2 Variability in 0RF26

Studies analysing the variability of ORF26 initially identified 3 subgroups (A, B 

and C) (Kasolo et al., 1998; Zong et al., 1997); these are found to correlate with 

the subtypes defined by 0RF-K1 if no recombination is involved (Nicholas etal., 

1998; Poole etal., 1999). It is now known that the variability of ORF26 does not 

match that of 0RF-K1 (2-5% at the DNA level, compared to the 35% variation in 

0RF-K1 sequence between isolates [Hayward, 1999]) and it is no longer used 

alone to define KSHV subtypes. Also, the variability does not appear to be due 

to positive evolutionary selection, as most of the substitutions are synonymous 

(Zong etal., 1997).
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1.7.4 0RF75

1.7.4.1 Function of ORF75

Like ORF26, ORF75 has a structural function; it encodes a 1297aa tegument 

protein (Russo et al., 1996). It has also been found to have putative homology 

to phosphoribosylformylglycineamide amidotransferases (Jenner & Boshoff, 

2002). ORF75 is located towards the right-hand side of the KSHV genome, and 

is only separated from 0RF-K15 (the rightmost ORF of the genome) by ORF- 

K14.1. ORF26 and ORF75 sequences were among the first KSHV fragments to 

be detected in a KS lesion (Chang at al., 1994). The N-terminal fragment of the 

ORF75 protein, which was detected in the representational difference analysis 

(RDA), is relatively poorly conserved with less than 30% amino acid identity with 

itsy-herpesviral homologues (Zong etal., 1997).

1.7.4.2 Variability in ORF75

The early studies of ORF75 variability showed that the variable positions within 

the coding region confirm the subtypes defined by 0RF-K1 and ORF-26 (Zong 

et al., 1997). More recent work has demonstrated that recombination occurs 

frequently in the region of ORF75, resulting in the differentiation of the entire 

right-hand side of the genome (not just 0RF-K15) into the P or M recombinant 

forms, which are essentially unlinked to the divergence patterns of the left-hand 

side (Poole etal., 1999; Zong etal., 2002). This genomic region would therefore 

appear to be a relative “hotspot” for recombination in the KSHV genome. One 

study (Alagiozoglou et al., 2000) detected previously unseen variations in the 

ORF75 sequence in samples from South Africa and used these polymorphisms 

to define a new KSHV subtype (N). However, no other genotypic loci were 

examined in this study, so the more variable gene 0RF-K1 should be 

sequenced before a new subtype can be formally defined.
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1.8 E volution of KSHV subtypes

1.8.1 Evolution of herpesviruses within their host species

KSHV is thought to have evolved parallel with Its human hosts from an 

ancestral progenitor 72-herpesvlrus that Infected Old World primates (Hayward,

1999), In a manner characteristic of herpesviruses. Consequently, the closest 

relatives of KSHV are those found In other Old World primates, such as Rhesus 

rhadinovirus (RRV) In Rhesus monkeys (Searles et a/., 1999) and the newly- 

discovered rhadinovlruses In gorillas and chimpanzees (Lacoste et ai., 2000c; 

Schultz et al., 2000). The chimpanzees are the closest evolutionary relatives of 

Homo sapiens with approximately 4.9 million years of divergence (Horal et al.,

1995).

1.8.2 Hayward’s theory for the divergence time of KSHV

The out-of-AfrIca hypothesis (Lewin, 1987) suggests that modern humans 

originated In Africa approximately 100 000 years ago and spread out In waves 

to replace more ancient human populations outside Africa. This theory has 

been supported by both genetic (Gann et al., 1987; Vigilant et al., 1991) and 

archaeological evidence (Stringer & Andrews, 1988). Hayward (Hayward, 1999) 

first suggested that If KSHV evolved along with Its human hosts, the different 

subtypes emerged during the waves of migration of humans out of Africa (see 

Figure 1-1). This model assumes that B subtypes of KSHV, which are now 

predominant In sub-Saharan Africa, represent modern descendants of an 

ancestral KSHV strain. This ancestor virus was present In the human population 

before the first migratlonary wave out of Africa occurred 100 000 years ago. 

The D and E subtypes are thought to represent founder effects that were 

generated by Isolation of the native populations of the Pacific Islands and South

35



America. The A and C subtypes may represent new branches that have a 

common ancestor with the D subtype more recently than the first wave of 

migration.

 ̂Americas

v rr r:Europe

A+C3

Pacific
iands

Middie

outh Asia

Austr

Figure 1-i Hayward’s theory of KSHV evolution with human migrations 

(adapted from Hayward, 1999). The arrows illustrate the general 

geographic directions and timings of what are thought to be the most 

significant migratlonary events. Red denotes KSHV subtypes; numbers 

denote thousands of years before present.

1.8.3 Other possible models

Other proposed models for the evolution and spread of KSHV seem more 

complicated and less plausible, considering the available evidence. They 

include the following:
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• KSHV crossed into humans from primates in Africa more recently and 

spread around the world by horizontal infection (this has been proposed for 

some HTLV-1 strains [Slattery etal., 1999]).

• New waves of KSHV infection have spread through all the continents fairly 

recently, replacing all previous distributions of KSHV subtypes.

• All subtypes co-existed in Africa 100 000 years ago, but only the D subtypes 

reached the Pacific and only the A and C subtypes got as far as Europe; the 

B subtypes eventually displaced all other subtypes present in Africa and 

remain the only subtype detectable there.

These models have generally been replaced by the Hayward model, which is 

both an attractive and plausible theory. However, no attempt has yet been 

made to determine the divergence timepoints more accurately using molecular 

clock techniques. This could theoretically be done by using the sequence of the 

putative 0RF-K1 homologue in chimpanzees as a reference (chimpanzees 

diverged from humans approximately 5 millions years ago [Horai etal., 1995]).

One aim of this thesis is to determine the distribution of KSHV subtypes within 

Jewish populations. The next pages (section 1.9.1) will provide a brief 

description of Jewish population history, and the relevance of studying KSHV in 

the Jewish people will be explained in sections 1.9.2-1.9.5.
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1.9 The Jewish population

1.9.1 Jewish history

The roots of Judaism can be traced back some four thousand years, to the time 

of Abraham (dated at approximately 1800 years before the Christian era, or 

BCE). Since then, Jewish history is a story of migrations, fluctuations in 

population size and change in distribution of the Jewish people across the 

globe. The following account is taken from "A history of the Jewish people" 

(Ben-Sasson, 1976), "Atlas of medieval Jewish history" (Beinart, 1992) and "A 

historical atlas of the Jewish people" (Barnavi, 1998).

1.9.1.1 Jewish prehistory as described In the Pentateuch

The first five books of the Old Testament: Genesis, Exodus, Leviticus, Numbers 

and Deuteronomy (also known as the Torah) are regarded as an account of the 

founding of the Jewish people and their settlement in the Land of Canaan 

(modern Israel, southern Lebanon, Jordan and Saudi Arabia). According to the 

book of Genesis, Abraham and his tribe (the Patriarchs) left Ur, in modern-day 

Iraq, and migrated through the Fertile Crescent. They passed through Babylon, 

Mari, Aleppo, Damascus and Hebron before finally reaching Egypt. This legend 

is corroborated by Mesopotamian sources, which support this path as a trade 

route at the predicted time (the 1/^ and 16'  ̂ centuries BCE). The book of 

Exodus then tells how the family of Jacob were enslaved by the kings of Egypt 

and how this slavery forged the idea of a “nation of Israel". At this point, there 

were several Semitic tribes, based on familial clans. Moses led them to freedom 

in the name of God, and received the Ten Commandments on their journey 

back to the land of Canaan. This may have occurred in one or several waves of 

migration, and it appears that the Israelites emerged from Egypt before the end
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of the 13* century BCE. During the 13* and 12* centuries BCE, the Israelites 

conquered Canaan (recounted in the books of Numbers and Deuteronomy). 

The book of Joshua describes the battle of Jericho, which then opened the way 

inland. Further battles are described in the books of Joshua and Judges, which 

often give contradictory accounts, but overall it appears that the Israelites 

conquered much of Canaan and established the nation of Israel in its place.

1.9.1.2 The House of David

The Israelites were a tribal society (the “twelve tribes of Israel” are described in 

the book of Judges) until the establishment of the House of David at the end of 

the 11* century BCE. The first king of Israel was Saul, who ruled until the 

prophet Samuel rejected him, prompting David's ascent to the throne in 

approximately 1000BCE. The conquest of Jerusalem took place during David’s 

reign, establishing a capital and religious centre for the Jewish people. King 

David died in circa 967BCE, when his son Solomon took the throne; he erected 

a splendid Temple in Jerusalem, enhancing the sanctity of the city. However, 

seeds of dissent were starting to occur within the land of Israel. When 

Solomon’s son Rehoboam succeeded his father to the throne, Israel became 

divided into two kingdoms, each named for its leading tribe: Judah (ruled by the 

house of David) and Ephraim, which suffered an ongoing struggle for power 

from the 10* to the 8* centuries BCE.

1.9.1.3 The decline of the land of Israel

Israel became weaker as a result of its political instability and in 722BCE, 

Samaria (the northern Israelite capital city, today in Jordan) was captured by 

the Assyrians, who sought to obliterate the nation’s identity by deporting the 

population. In 701 BCE, the Assyrians besieged Jerusalem, but it withstood the 

attack, and Assyrian power in the region began to fade. They were soon
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replaced by the Babylonians, who began a war with Egypt over territory. In 

586BCE, Jerusalem was besieged again, and this time the city fell: to 

Nebuchadnezzar, King of Babylon. The first Temple, built by Solomon, was 

destroyed, and the Jewish people were exiled from Israel (a period known as 

the Babylonian Exile).

1.9.1.4 The return to Zion

Babylon (now in southern Iraq) was conquered by the Persians in 539BCE. 

Cyrus, king of Persia, was benevolent towards the people who had been 

conquered, and gave a proclamation in 538BCE declaring that the Jews should 

be allowed to return to their homeland and rebuild their sacred Temple. The 

inauguration of this Second Temple took place in 516BCE. The return to Israel 

provided a paradigm for the eventual future of the Jewish people: a community 

in their recognised homeland, providing a centre and focal point for the more 

widely dispersed people in the Diaspora (exile from this land). The region was 

under the control of the Persians from the 6*̂ until the 4*̂  century BCE.

1.9.1.5 The Hellenistic period and the Hasmonean revoit

In 332BCE, the land of Israel was conquered by Alexander the Great, but the 

demographic distribution of the Jewish people did not change dramatically 

during this period. After Alexander's death, the area was ruled by the Ptolemies, 

who deported large numbers of Jews to Egypt. The rule of the Greeks unified 

the Mediterranean and enabled merchants to travel further afield, possibly 

forming the roots of the Diaspora in the Mediterranean region. Some of the 

routes of migration are shown in Figure 1-j.
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Figure 1-j Map showing some routes of the Jewish Diaspora from the 4th 

century BCE to the 2nd century CE (from Barnavi, 1998). Green arrows 

indicate migrations prior to the conquest of Israel by the Greeks; orange 

arrows indicate dispersions that took place during the Hellenistic period; 

purple arrows indicate expulsion of Jews from the region by the Romans.

In 167BCE, the rebellion of the Maccabees (also known as the Hasmonean 

revolt) against Greek rule achieved rapid success, and led to numerical and 

geographic expansion of the land of Israel.

1.9.1.6 Conquest by the Romans

Conquest by Pompey’s legion in 63BCE ended the independence of the 

Hasmonean state, and brought the area under Rome’s influence. At first, the 

Romans allowed the Jews to maintain an autonomous region, but in 40BCE 

Herod became king and initiated a time of transition during which the Romans 

gained more power over the Jewish people and their homeland. To gain the 

respect and loyalty of his Jewish vassals, Herod rebuilt the Temple in 

Jerusalem to a magnificent standard. However, the Roman administrators soon
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lost their influence over their Jewish subjects; the Jewish people conducted 

three major revolts against Roman rule during the first two centuries of the 

Christian era (CE).

• The first took place from 66-73CE, and led to the destruction of the Second 

Temple. Several Emperors ruled during this war, including Vespasian, Titus 

and Nero. The Jews were handicapped by lower numbers and lack of 

experience, and the revolt was ended by the Fall of Masada, in which 960 

Jewish Fundamentalists were reported to commit suicide in order to avoid 

falling into Roman hands.

• In 115-117CE, during the rule of Emperor Trajan, Jewish communities in the 

Diaspora (particularly in Egypt and Babylon) staged a wave of uprisings for 

various causes. Trajan ordered all dissenting Jews to be killed. This war was 

ended by Trajan's death; the new emperor, Hadrian, was initially more 

lenient towards the Jews, and announced plans to rebuild Jerusalem.

• By 132CE, the Jews were disillusioned with Hadrian’s promises, and from 

132-135CE, they made a last armed attempt to overthrow Roman rule. This 

rebellion, known as the Bar-Kokhba revolt, was more disastrous than either 

of the others, and resulted in the decimation of hundreds of thousands of 

Jewish people. The failure of this revolt resulted in the first mass emigration 

away from the Jewish homeland. Several thousand Jews migrated to 

Babylon to avoid the persecution that followed the failed revolt.

After the failure of the Bar-Kokhba revolt, Babylon became the capital of the 

Jewish world. This period (the 1®-5*̂  centuries CE) is referred to as Talmudic 

because the Babylonian Jews had produced their own version of the Talmud 

(spiritual doctrine), independent from that of Israel. This text, paradoxically, has 

determined the religious behaviour of Jewry worldwide from the 3'*̂  century CE 

to the present day.
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1.9.1.7 Religious persecution in the first millennium CE

The Roman Empire became Christian in the 4*'’ century CE, and attempted to 

neutralise the influence of Judaism by imposing legal and religious restrictions 

on the Jewish people. These included prohibitions on marriage, trade and even 

social contact between Christians and Jews, which harmed the Jews 

economically. Increasing pressure by the Church in the second half of the 4*̂  

century CE led to the construction of synagogues and conversion to Judaism 

being banned. The Christian Church was not the only religion to persecute the 

Jews; ancient Jewish communities had lived peacefully alongside Arabs on the 

Arabian Peninsula until 610CE, when the prophet Mohammed founded Islam. 

He evicted the Jews from the Arabian Peninsula, and in 638CE, Israel was 

conquered by the Muslim army. The Jews were once again a minority religion in 

their homeland. By 750CE, the Jews had become better tolerated by Islam, and 

the largest Jewish populations were in Iran (then called Persia) and Iraq 

(Mesopotamia).

1.9.1.8 Establishment of the Sephardic community

As a result of Muslim rule, Jews throughout Egypt, North Africa and Spain 

became more unified and formed the Sephardic branch of the Diaspora. Jewish 

communities in North Africa began to prosper, and the centuries CE

were a golden age for their economic prosperity and cultural creativity. 

However, the 12*" century saw the expulsion of Jews and Muslims from Spain 

due to Christian revolts (several Jews migrated to Portugal), and at the same 

time, the rule of the Berbers in North Africa forced conversion to Islam or death. 

The Sephardic Jewish population became severely depleted at this time.

43



1.9.1.9 Roots of the Ashkenazi community

The first recorded presence of Jews in medieval Europe is that of Jewish 

merchants in Gaul (now France) during the and 6*̂  centuries CE. However, 

the community that was to become known as Ashkenazi Jewry only became 

firmly established after the end of the Carolinian Empire in Europe (7*̂ -1 O'*’ 

centuries CE). The initial Ashkenazi population was formed around Paris, 

Champagne and the Rhine valley by travelling merchants, and by the 11* 

century CE it consisted of approximately 20 000 individuals. During the Middle 

Ages, the persecution of the Jews by Catholic Europe led to enforced 

endogamy within the Ashkenazi population, as marriage to Christians was not 

allowed by the Church. England and France expelled their Jewish populations 

in approximately 1300 CE, followed half a century later by most of central and 

southern Europe. This caused waves of Jewish immigration to Eastern Europe 

(especially to Poland from the original town of Ashkenaz in Germany); the 

Jewish expansion to the east was halted at the borders of Moscow. Kazars and 

Ukrainians may have contributed to the Ashkenazi population, due to the 

influence of trading ports on the Black Sea. From the 14* until the 18* century, 

Poland became an integral part of the Ashkenazi branch of the Diaspora; the 

language spoken was Yiddish, a Judeo-German dialect. During the 16* to 18* 

centuries, Jews were gradually allowed back into Western Europe, and they 

were granted full legal emancipation at the end of the 18* and 19* centuries.

1.9.1.10 Other Jewish populations founded during the Diaspora

A large Jewish population in Yemen and a smaller community in the south of 

India also reflect the movement of the Jewish people along major trade routes 

in the Diaspora. The Falasha Jews are thought to have been founded by 

migration of Yemeni Jews across the Red Sea into Ethiopia.
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1.9.1.11 Migrations within the Diaspora

Even within the Diaspora, Jewish history has been an ongoing flux of population 

movement from one place to another, usually due to religious or national 

persecution. From the 13’*’ century onwards, both Ashkenazi and Sephardic 

Jews migrated into Italy (from France and Germany to the northern regions, and 

from Spain and Portugal to the south of Italy), until Catholicism in Italy caused 

anti-Semitic feelings to develop. From the mid-17*  ̂ century onwards, Jews 

began to arrive in America in search of religious toleration and economic 

opportunity; these were originally Spanish Jews, then later the majority were 

from Germany and Poland. By the end of the 19“’ century, there were 

widespread migrations to the Americas, South Africa and Australia.

1.9.1.12 Zionism and the establishment of the State of Israel

In the late 19̂ “ century, the Zionist movement gained a large following; its 

purpose was to re-establish the Jewish people as a free nation in their ancient 

homeland. The roots of Zionism lay in Eastern Europe, where life as a Jew was 

becoming more intolerable due to the gradual increase in anti-Semitic pressure. 

The few initial settlers transformed Israel, now a neglected province of the 

Ottoman Empire, making it a focal point for waves of Jewish immigration. 

Zionism was also present in the Sephardic and Yemeni Jewish communities, as 

the presence of Jews in Muslim countries was becoming increasingly 

endangered. The near-annihilation of European Jewry by Nazism, before and 

during the Second World War, convinced the United Nations to declare Israel 

an independent Sovereign State in 1948. This prompted the largest wave of 

migration of the Jewish people: between 1948 and 1990, over 2 million Jews 

immigrated to Israel, mainly from Eastern Europe, North Africa and the Middle 

East. In 1992, the end of the communist regime in Russia allowed a large
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proportion of Russian Jewry to immigrate back to the land of Israel. During the 

past two decades, the recurrence of post-Communism anti-Semitism in Eastern 

Block countries such as Romania and Hungary has also triggered the migration 

of the Jewish people back to Israel.

1.9.2 Founder effects in the Ashkenazi and Sephardic populations

Within these two populations that have been geographically isolated from each 

other, certain genetic disorders have arisen. Some of these occur 

predominantly among the Ashkenazi Jews, e.g. BRCA 1 and 2 mutations 

predisposing to familial breast and ovarian cancer (Tonin et al., 1996) and Tay- 

Sachs syndrome (Petersen et al., 1983). Others occur primarily in Sephardic 

Jewish families e.g. the M694V mutation in the MEFV gene, causing familial 

Mediterranean fever (FMF) (Lucotte, 2001). Of note, FMF also has a high 

occurrence in Armenians (Cazeneuve et al., 1999) and populations that have 

lived near Sephardic Jews e.g. Spain and northern Africa. Mutations such as 

these are thought to be caused by founder effects that have occurred within the 

last two millennia, during the separation of the Ashkenazi and Sephardic Jewish 

populations.

1.9.3 Classic KS and the Jewish people

The incidence of classic KS in the Jewish people is among the highest in the 

world (Iscovich et al., 1998). Unlike the genetic disorders described previously, 

classic KS occurs in both the Ashkenazi and Sephardic Jewish populations at a 

significantly higher level than in their respective neighbouring populations 

(Iscovich et al., 2000a). A high KSHV seroprevalence has been detected in the 

Jewish population in Israel (Davidovici et al., 2001; Iscovich et al., 2000b), but 

not in New York (Engels et al., 2002).
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It is likely that KSHV infected the ancestral Jewish population in the Near East 

before the initiation of the Jewish Diaspora. The virus, and corresponding 

disease, is still present in both Ashkenazi and Sephardic Jews and has evolved 

within these populations during the Diaspora (Davidovici et al., 2001). There 

has been relatively little admixture with the neighbouring populations where KS 

and KSHV have a much lower prevalence, so any variation in distribution of 

KSHV subtype between the Ashkenazi and Sephardic populations should be a 

result of the geographic isolation of the communities (e.g. founder effects or 

population-specific evolution).

1.9.4 KSHV subtypes in these two populations

Two studies, using the same 27 Jewish samples from Israel, found that subtype 

A of KSHV 0RF-K1 is the predominant strain found in Ashkenazi Jews, 

including the tightly-conserved AT clade which is found almost exclusively in 

classic KS patients of Russian Ashkenazi Jewish origin (Davidovici et ai., 2001 ; 

Zong et al., 2002). Also, 0RF-K1 subtype C predominates within the Sephardic 

Jewish population (specifically C2, C3 and C6) (Zong et al., 2002). Therefore, 

the A and C subtypes may have diverged from each other more recently than 

proposed in the Hayward model (see Figure 1-i).

1.9.5 Theories to explain this distribution of KSHV subtypes

The difference between the Ashkenazi and Sephardic populations may imply 

that the KSHV subtypes A and C had a common ancestor as recently as 2500 

years before present (YBP) in the ancestral Jewish population (Davidovici et ai., 

2001), rather than 35 000 YBP when humans migrated into Europe and the 

Middle East (Hayward, 1999). Alternatively, ancestors of both the A and C 

subtypes may have been extant in the forefathers of modern Jewish 

populations, but founder effects during the Diaspora resulted in the A subtype
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predominating in those Jews who founded the Ashkenazi population, and the C 

subtype being predominant in the Jews who became the Sephardim.

One aim of this thesis is to determine which of these hypotheses is correct. This 

can be done by comparison of the KSHV subtypes present in the Jewish 

population with other measures of host genetic diversity, such as mitochondrial 

DNA and the Y chromosome. These genetic markers are discussed in the next 

two sections (1.10 and 1.11).

1.10 Mitochondrial DNA (mtONA)

1.10.1 Mitochondria have their own genomes

The mitochondrion is a sub-cellular organelle that is thought to have arisen by 

an endosymbiosis event approximately 1.5 x 10® years ago, when oxygen 

entered the Earth’s atmosphere (Alberts et al., 1994). Early in eukaryotic 

evolution, an ancient bacterial cell with the capacity for oxidative 

phosphorylation became endocytosed by an anaerobic eukaryotic cell, 

endowing it with the potential for aerobic respiration. This theory explains why 

mitochondria are chiefly concerned with oxidative phosphorylation within the 

cell, and why they carry their own genetic material. During evolution, several of 

the mitochondrial genes for energy production (e.g. superoxide dismutase) 

have been transferred to the nuclear genome, but the mitochondrion has 

retained an intact genome that is distinct in several ways from that in the 

nucleus:

• Nearly all of the genome encodes RNA or proteins, leaving very little space 

for regulatory sequences.
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• Only 22 transfer RNAs (tRNAs) are necessary to translate mitochondrial 

protein-coding sequences. As the codon-anticodon pairing rules are relaxed 

in the mitochondrion, many of these tRNAs will recognise any nucleotide in 

the third codon position, permitting protein synthesis with fewer tRNA 

molecules.

• The genetic code in mitochondria is slightly different from the "universal" 

genetic code that applies to the translation of nuclear genes; 4 of the 64 

possible codons are recognised differently in mtDNA and result in different 

events at protein translation.

• The rate of nucleotide substitution is 10 times greater in mitochondrial 

genomes than in nuclear genomes, which may be due to lower fidelity of 

DNA replication or repair in mitochondria.

• There are approximately 1000 mitochondria per cell (depending on cell type) 

and 5-10 genomes per mitochondrion, leading to a genome copy number of 

10 000 per cell, compared to a diploid nuclear genome.

1.10.2 The human mtDNA episome

The human mitochondrial DNA episome (see Figure 1-k) is a 16 569bp closed 

circle of double-stranded DNA (Anderson et al., 1981), revised in (Andrews et 

ai., 1999). It encodes a small (12S) and a large (16S) ribosomal RNA (or rRNA, 

coloured blue in Figure 1-k) and 22 tRNAs (in white, amino acid in red), which it 

uses to translate its 13 polypeptides (all involved in oxidative phosphorylation, 

e.g. cytochrome b and ATPases, and coloured pink in Figure 1-k). There is also 

a non-coding region of mtDNA called the control region or D-loop (coloured in 

green in Figure 1 -k) which has two hypervariable regions (HVRs) either side of 

the origin of replication.
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Figure 1-k The human mitochondrial DNA episome (adapted from Wallace 

et a/., 1995), which consists of 16 569 bp of dsDNA. Blue segments 

represent the 12S and 16S rRNAs; pink represents protein-encoding ORFs 

(all involved in oxidative phosphorylation); white bands depict the genes 

for the mitochondrion's own 22 tRNAs (with the relevant single-letter 

amino acid depicted in red); the green segment represents the non-coding 

control region (D-loop), which contains two hypervariable regions (HVRs) 

and the origin of replication.
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1.10.3 Advantages of mîDNA for evolutionary studies

1.10.3.1 Copy number and ease of isolation

mtDNA was among the first molecules to be studied for genetic variation in 

humans (Denaro et al., 1981). In the era before the polymerase chain reaction 

(PGR) was invented (Saiki et al., 1985), the mtDNA episome was isolated from 

cells more easily than nuclear DNA; it is present at a much higher copy number 

per cell, and can be purified by caesium chloride gradient centrifugation (Veltri 

et al., 1990). Sufficient DNA could be obtained for analysis of restriction 

fragment length polymorphisms (RFLPs), before DNA sequencing and PGR- 

based technologies were widely available for analysis of human genetic 

variation.

1.10.3.2 Maternai inheritance

A major advantage of studying the mtDNA episome for genetic variation is its 

means of inheritance. In human sexual reproduction, an oocyte (containing 

cytoplasm and all cellular organelles, including approximately 100 000 

mitochondria) is fertilised by a sperm, which carries roughly 100 mitochondria 

(Michaels et al., 1982). The sperm appears to make no contribution to the 

genetic constitution of the mitochondria present in the developing embryo 

(Kaneda et al., 1995). Several theories have been proposed to explain this 

phenomenon:

• The mitochondria present in the sperm do not enter the oocyte at fertilisation 

and are therefore not present in the fertilised zygote. This is now known not 

to be the case (Shalgi et al., 1994) except for one species: the Ghinese 

hamster, Cricetulus griseus, where the sperm tail and midpiece do remain 

outside the oocyte after fertilisation (Pickworth etal., 1968).
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• The mitochondria derived from the sperm are simply “diluted out”, due to the 

much greater number of maternally derived mitochondria (Ankel-Simons & 

Cummins, 1996).

• The mitochondria in the sperm are ubiquitinated during spermatogenesis, 

and hence are targeted for proteolysis once they have entered the oocyte. 

Their mtDNA molecules therefore do not contribute to the zygote’s 

mitochondrial genotype (Sutovsky etal., 1999, 2000).

The current consensus of opinion is that the latter theory is the most likely 

hypothesis (Cummins, 2001; Hopkin, 1999). However, there may be rare 

instances of heteroplasmy in the offspring, where some mtDNA molecules are 

paternally derived (Schwartz & Visaing, 2002). The maternal inheritance of 

mtDNA makes it ideal to study the female line of heredity of a population. This 

can be compared with the male history using the Y chromosome (discussed in 

section 1.11).

1.10.3.3 Recombination

If mtDNA is strictly maternally inherited, then there is no possibility for 

recombination. This is attractive to evolutionary biologists, as the heredity is 

straightforward and only due to mutation processes, without the added 

complication of recombined genomes. This has recently been challenged by the 

suggestion that human mitochondrial DNA has undergone recombination 

(Awadalla etal., 1999; Eyre-Walker etal., 1999); however, several studies have 

been carried out to extensively investigate this theory (Elson et al., 2001 ; Innan 

& Nordborg, 2002; Macaulay etal., 1999b). The current consensus of opinion is 

that there is not enough evidence of recombination to challenge the standard 

paradigm of strict maternal inheritance of mtDNA, but conclusions drawn from 

data by making the assumption of no recombination must be treated with care.
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1.10.3.4 Fast evolutionary rate

Genes on the human mtDNA episome have been shown to evolve 10-17 times 

faster than nuclear genes of similar function (Neckelmann et al., 1987), 

resulting in the accumulation of a broad range of mtDNA sequence 

polymorphisms in human populations throughout the coding region. In addition, 

the control region evolves at an even faster rate than the rest of the 

mitochondrial genome (Aquadro & Greenberg, 1983), and its non-coding nature 

makes it ideal to study variation with no selective pressure. Many studies have 

estimated the rate of evolution in the hypervariable regions (e.g. Excoffier & 

Yang, 1999; Tamura, 2000) and have found it to be of the order of 1x 10'̂  per 

site per year.

1.10.4 Methods for studying variability on the mtDNA episome

There have been many studies of hominid mitochondrial DNA variation, both 

with respect to disease (e.g. Leber’s hereditary optic neuropathy (LHON) 

[Vanopdenbosch et al., 2000]) and to human evolution (Horai etal., 1995) and 

population genetics (Chen et al., 2000; Macaulay et al., 1999a; Tikochinski et 

al., 1991). It has been shown that there is a single human mtDNA tree of extant 

sequences, with a common ancestor approximately 200 000 years before 

present (YBP) (Gann et al., 1987), and that mtDNA variation correlates highly 

with the ethnic and geographic origin of the individual (Denaro et al., 1981). 

Several different techniques can be used to investigate population genetics 

through the analysis of mtDNA.

1.10.4.1 DNA sequencing analysis and phylogenetics

Before high-throughput DNA sequencing technologies were widely available, 

the most commonly sequenced part of the mtDNA episome was the control 

region, with its two hypervariable regions (HVRs). Many polymorphisms have
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been identified within HVRs I and II that correlate with the geographic origin of 

the sample (Jorde et al., 2000). More genetic analysis has so far been 

performed on HVR-I than on HVR-II (Faerman at a!., 2000; Richards et a!.,

2000). More recently, analysis has been extended to complete human mtDNA 

sequences (Herrnstadt et al., 2002); this study confirmed and extended the 

phylogenetic relationships between mitochondrial genomes from the major 

human ethnic groups. Several key polymorphisms have been detected, in both 

the control and coding regions, which define major mtDNA evolutionary 

lineages known as haplogroups.

1.10.4.2 Restriction fragment length polymorphism analysis

The other method that has been commonly used to study mtDNA variation is 

restriction fragment length polymorphism (RFLP) analysis. This detects single 

nucleotide polymorphisms (SNPs) which alter a restriction enzyme recognition 

site, hence changing the pattern of bands seen if the mtDNA is digested with 

the restriction enzyme in question. This method can be used more efficiently to 

detect polymorphisms within the coding region of the mtDNA episome, which 

evolves more slowly than the control region. DNA sequencing of the coding 

region is therefore not necessary to detect key SNPs that define major 

haplogroups with ethnic and geographic associations. This method could also 

be used before the advent of PCR- and DNA sequencing-based analyses, as 

RFLP analysis could be carried out on mtDNA purified from cells using caesium 

chloride gradients (Ritte et al., 1993a, b).

54



1.11 The Y chromosome

1.11.1 About the human Y chromosome

The human Y chromosome (see Figure 1-1) is approximately 60 Mb in length 

(Quintana-Murci et al., 2001), and is composed of a Y-specific region (95% of 

the total length) and two pseudoautosomal regions (PARs) next to the 

telomeres. A high percentage (perhaps 98%) of the Y chromosomal DNA has 

been found to be non-coding (Bradman & Thomas, 1998). These areas are 

therefore not subject to positive or negative selective pressure, and 

polymorphisms can occur at random. Considering that there should be no 

negative selection against mutations, relatively few examples of DNA sequence 

variation have been detected on the human Y chromosome (Jobling & Tyler- 

Smith, 1995). However, an increasing number of polymorphisms which can be 

used to trace male population histories have been discovered since the first 

study over a decade ago, e.g. (Bosch et a!., 1999; Oakey & Tyler-Smith, 1990; 

Roewer etal., 1992).

Pseudoautosomal region

> Non-recombining (Y-specific) region

y
Pseudoautosomal region

Figure 1-1 The human Y chromosome, which is approximately 60 Mb in 

length. 95% of the chromosome length is Y-specific; however, the ends of 

the chromosome have homology to X-chromosomal sequences.
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1.11.2 Advantages of the Y chromosome for evolutionary studies

1.11.2.1 Paternal inheritance

The Y chromosome is haploid and strictly paternally inherited, and is passed 

from father to son essentially unchanged (see section 1.11.2.2). As such, the Y 

chromosome represents a unique record of a man’s paternal heritage, which is 

relevant when studying historical and geographical origins. It has been shown 

that the most recent common ancestor (MRCA) of all modern Y chromosomes 

existed 188,000 YBP (95% confidence interval: 51,000-411,000 YBP) 

(Hammer, 1995).

1.11.2.2 Recombination

The second feature of the Y chromosome that makes it useful for evolutionary 

purposes is that, for the major part of its length (95%), it does not recombine. 

As in the case of mtDNA, this means that the non-recombining portion of the Y 

chromosome is a simple record of the genetic events that have occurred during 

its evolution. The exceptions are the pseudoautosomal regions at the distal 

positions on the Y chromosome, which are homologous with X chromosome 

sequences and are responsible for correct meiotic pairing between the X and Y 

chromosome during spermatogenesis (Quintana-Murci etal., 2001).

1.11.2.3 Strong geographic associations

Y chromosome variants have been shown to have much stronger geographic 

associations than either mtDNA or autosomal polymorphisms (Seielstad et al., 

1998). A large study of Y chromosomes worldwide has led to the discovery of 

several new polymorphisms and deduction of a comprehensive Y chromosome 

phylogeny (Underhill et al., 2000). This is a powerful tool to examine and 

elucidate the male genetic history of populations.
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1.11.2.4 Diverse polymorphisms

The Y chromosome, due to its size and largely non-coding nature, can carry a 

much more diverse spectrum of polymorphisms than mtDNA (Jobling & Tyler- 

Smith, 1995). These include chromosomal rearrangements (e.g. insertions, 

deletions, duplications and inversions) and tandem repeat polymorphisms (mini- 

and microsatellites), as well as the more traditionally studied SNPs. These 

different types of polymorphisms have different mutation rates, therefore it is 

possible to select Y chromosome polymorphisms appropriate to the timescale 

under study. SNPs and stable chromosomal rearrangements can also be 

known as unique event polymorphisms (UEPs), as they are so rare that it is 

reasonable to assume that they have only occurred once at a particular locus 

during evolution. These UEPs define the major haplogroup lineages of human Y 

chromosomes. Mini- and microsatellites are length polymorphisms of short 

tandem repeats, which can occur relatively frequently through slippage during 

DNA replication. Their rate of change is higher than that of UEPs, therefore they 

can be used to study shorter timeframes than SNPs. The combination of mini- 

or microsatellite lengths along a Y chromosome gives it its individual haplotype 

within the overall haplogroup. A combination of the results of both types of 

analysis gives a more complete picture of the evolution of a particular Y 

chromosome.

1.11.3 Methods for studying variability on the Y chromosome 

Because of the scarcity of polymorphisms on the Y chromosome, large-scale 

DNA sequencing studies are generally not cost-effective for determining 

evolutionary histories. However, there are several different strategies for 

analysing the various categories of Y chromosome variation.
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1.11.3.1 Single nucleotide poiymorphisms

There are several methods by which SNPs can be detected; DNA sequencing 

is the most obvious, although as there is likely to be only one polymorphism in 

the fragment of interest, this is generally not performed. More efficient methods 

include RFLP screens if the polymorphism occurs within a restriction site 

(similar to the mtDNA screening method, described in section 1.10.4.2); this 

technique was used by (Thomas et al., 1999) and (Nebel at a/., 2001). Other 

methods include DNA microarray-based genotyping technology (Raitio at a!.,

2001) and denaturing high performance liquid chromatography (DHPLC) 

(Cruciani at a!., 2002; Underhill at a!., 1997).

1.11.3.2 Chromosomal rearrangements

There are different methods of detecting the various types of chromosomal 

rearrangements. Insertions, deletions and duplications can all be detected by a 

change in PCR fragment length, confirmed by DNA sequencing or RFLP 

analysis. More complex rearrangements, such as inversions, can be more 

difficult to detect at the molecular level and may be easier to determine by 

cytogenetic changes e.g. variation in chromosomal banding patterns. These 

methods are reviewed by (Jobling & Tyler-Smith, 1995).

1.11.3.3 Mini- and microsatellite length polymorphisms

Small changes in the number of tandem repeats in a mini- or microsatellite can 

be detected by PCR and analysis with GeneScan software, as in (Thomas at 

a!., 1999). Jobling at al. specialise in minisatellite repeat mapping and have 

published several studies using this technique e.g. (Hurles at al., 2002; Jobling 

atal., 1999).
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1.12 Previous studies of Y chromosome or mtDNA distribution in the 

Jewish population

1.12.1 Studies of mtDNA in the Jewish people

Until now, few studies of the distribution of mtDNA diversity within the Jewish

population had been carried out.

• Bonne-Tamir et al. studied RFLP mtDNA markers in 81 Israeli Jews and 

Arabs and found that only three mtDNA types (out of a total of 18 detected) 

were shared between the two populations, and these had significant 

differences in distribution (Bonne-Tamir et al., 1986). The sample from the 

Arab population was found to be more polymorphic than the Jewish 

samples, implying that the Arab population is more heterogeneous, and also 

has more “African” characteristics.

• In 1991, the same group studied two different communities of Jews (21 

Ashkenazi and 18 Sephardic), and found no significant difference between 

the distribution of mtDNA types in Israeli Ashkenazi and Sephardic Jewish 

populations (Tikochinski et al., 1991). Treating the Israeli Jewish sample as 

a whole, they concluded that the population is more homogeneous than the 

African or Oriental Asian populations and that the pattern of population 

growth in the Jewish population may have maintained certain mtDNA 

lineages that may otherwise have become extinct.

• A third study (Ritte et al., 1993b) analysed the mtDNA distribution of 

different Jewish populations within Israel (Ashkenazi, Iraqi, Moroccan, 

Yemenite, Turkish and Ethiopian), as well as a sample of Israeli Arabs. They 

concluded that the Israeli Arabs and Ethiopian Jews differed significantly 

from all other Jewish communities, and African mtDNA types were found in 

these two populations but not in any other Jewish sample.
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These studies are all relatively old (the most recent was carried out in 1993) 

and used only low-resolution RFLP markers to study the distribution of mtDNA 

types. There has been a niche in the research to investigate the distribution of 

polymorphisms in the hypervariable control region in Jewish populations; this 

niche was recently filled by Thomas et al. (Thomas et a/., 2002) who also 

investigated the Y chromosome distribution (see section 1.12.3).

1.12.2 Studies of the Y chromosome in the Jewish people

• The first study of Y chromosome haplotypes in the Jewish population was 

carried out in 1992 (Lucotte & David, 1992). The authors used Y-specific 

DNA probes and found seven haplotypes in a sample of Ashkenazi and 

Sephardic Jews; there were significant differences from the haplotype 

distribution of European non-Jewish individuals.

• The Lemba are a southern African Bantu-speaking population who claim 

descent from Jews who came to Africa. A study in 1996 (Spurdle & Jenkins, 

1996) reported that at least 50% of Lemba Y chromosomes came from a 

Semitic pool and the majority of the rest were of Bantu origin, which is 

consistent with Lemba oral history. Thomas et ai. carried out a study at 

higher resolution and concluded that Lemba Y chromosomes are clearly 

divided into Bantu and Semitic clades (Thomas et ai., 2000). Moreover, the 

Lemba carry the Cohen modal haplotype (characteristic of the paternally- 

inherited Jewish priesthood) at a relatively high frequency, specifically 

indicating their Judaic origin.

• In another study investigating the origins of African Jewish populations 

(Lucotte & Smets, 1999), the authors studied the Y chromosome distribution 

of Falasha Jews from Ethiopia. Although this study was of fairly low 

resolution, they concluded that Jewish haplotypes were not present in the
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Falasha population and that they are descended from ancient inhabitants of 

Ethiopia who converted to Judaism.

• Two studies have investigated the distribution of Y chromosome haplotypes 

in Jewish Cohanim (members of the priesthood) and lay Jews (Skorecki et 

al., 1997; Thomas et a!., 1998a). They found that both Ashkenazi and 

Sephardic priests were strikingly homogeneous for the Cohen modal 

haplotype (CMH), and dated the origin of these Y chromosomes to 

approximately 3,000 YBP, before the Diaspora of the Jewish people away 

from the Middle East. In contrast, the Y chromosomes of the lay Jews have 

heterogeneous origins, indicating that they are not direct paternal 

descendants of a prespecified group.

• A large study of 1371 individuals from Jewish and non-Jewish populations 

(Hammer et a!., 2000) concluded that the Y chromosome pools of Jewish 

communities from Europe, North Africa, and the Middle East descended 

from a common Middle Eastern ancestral population. This suggests that 

most Jewish communities, including Ashkenazi and North African 

(Sephardic), have remained relatively isolated from neighbouring non- 

Jewish communities during and after the Diaspora.

• Nebel et ai. investigated the Y chromosome distribution of Jews compared 

to other Middle Eastern populations (Nebel et a!., 2000, 2001). In the first 

paper, they concluded that a large proportion of Jewish and Arab Y 

chromosomes have a relatively recent common ancestry, and also that 

differences in the haplotypes observed were due to divergence or admixture 

with other populations. The more recent study found that the Ashkenazi 

population differed significantly from Sephardic and Kurdish Jews (these two 

populations were indistinguishable), possibly due to gene flow from 

European populations or genetic drift during isolation.
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• In a recent paper (Picornell et al., 2002), the authors studied the distribution 

of 20 polymorphisms (13 autosomal and 7 on the Y chromosome) in 124 

Jewish samples. They concluded that there are significant differences in the 

distribution of Y chromosomes, but not autosomes, between Jews and other 

populations from the Mediterranean basin.

1.12.3 Studies of mtDNA and the Y chromosome in the Jewish people 

There have only been two studies examining the distribution of both the Y 

chromosome and mtDNA in Jewish populations, and using these data to 

compare maternal and paternal histories.

• An early paper (Ritte et ai., 1993a) compared low-resolution Y chromosome 

and mtDNA markers in 6 Jewish communities (Ashkenazi, Sephardic, Near 

Eastern, Yemenite, Minor Asian/Balkan and Ethiopian). They found that the 

distribution of both Y chromosome and mtDNA in Ethiopian Jews was 

significantly different from the rest. In all non-Ethiopian Jewish communities, 

Y chromosome haplotypes were more diverse than mtDNA, indicating that 

there were more male than female founders for each population.

• A recent study (Thomas et ai., 2002) analysed Y chromosome and mtDNA 

HVR-I diversity among several Jewish populations (including Ashkenazi, 

Moroccan, Iraqi, Iranian, Georgian and Ethiopian Jews) and local non- 

Jewish populations for comparison. They also concluded that most Jewish 

communities were founded by a small number of women, resulting in low 

mtDNA diversity compared to that of Y chromosomes in the same 

populations. It appears that the tradition of Judaism being passed through 

the female line has had an unusual effect on the genetic diversity of Jewish 

populations, as it is usually the Y chromosome that shows greater 

geographic differentiation (Seielstad et ai., 1998; Wilson et ai., 2001); this is 

reversed in most Jewish communities.
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1.13 Aims of this thesis

• To study the distribution and phylogenetic relationships of KSHV subtypes 

within separate Jewish communities, by examining the variable ORFs K1 

and K15 in DNA isolated from KS biopsies from Jewish patients.

• In the same samples, to analyse diversity in the Y chromosome and 

mitochondrial DNA (cellular genetic markers that have been commonly used 

to study human evolution and migration).

• To determine any correlations between KSHV, Y chromosome and 

mitochondrial DNA variability in the Jewish samples which may elucidate 

modes of viral transmission and maintenance in the Jewish population.

• To use the diversity in the Y chromosome and mitochondrial DNA to attempt 

to date the divergence of KSHV subtypes A and C.
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2 Methods and Materials

2.1 Kaposi's sarcoma biopsy samples

2.1.1 Origin of samples

Through collaborations with colleagues in various countries, a total of 141 KS 

biopsy samples (most of which were paraffin-embedded) were collected for this 

study (see Table 2-1 below). The size and age of each biopsy sample were 

variable; most biopsies were excised during the 1990s, but some dated from as 

far back as the 1970s. Full details are included in Appendix 9.1.

Country Collaborator Ethnicity # Total
Israel Sam Ariad, Ashkenazi 25

Ben Gurion University, Beer Sephardic 44 70
Sheva Unknown 1

Hungary Karoly Nagy,
National Institute of Dermato- 
Venereology, Budapest

Ashkenazi 26 26

Poland Bozena Chodynlcka, Department 
of Dermatology and Venereology, 
Bialystok

Ashkenazi 2 2

Russia Vladimir Morozov,
Cancer Research Centre of 
Russia, Moscow

Ashkenazi 14 14

USA Ornella Fiore, Department of Ashkenazi 15
Microbiology, New York University Sephardic 2 21
School of Medicine Unknown 4

Miscellaneous Royal Free Hospital, London African 1 1
Hôpital St Louis, Paris African 2 2
Royal London Hospital, London 
Nairobi Orphanage, Kenya

Ashkenazi 1 1
A

African 4
4

Total 141

Table 2-1 Summary of KS biopsy samples Included In this study
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2.1.2 Sample data

As much data as possible was obtained for each KS biopsy sample, including 

date of KS diagnosis, date of biopsy, date and place of birth, date of 

immigration to Israel (for Israeli samples only), gender, Jewish ethnicity 

(Ashkenazi or Sephardic) and type of KS (classic or AIDS-associated). These 

data are summarised in Appendix 9.1.

2.1.3 Ethical approval

Approval of this study was received from the Ethics Committee of Soroka 

Medical Centre, Ben Gurion University on 18th December 2001, and also from 

the Committee for Genetic Testing, Israel Ministry of Health on 6th January 

2002. The study was approved on the condition that no patient names were 

revealed.

2.1.4 Histological cutting of paraffin-embedded biopsies

This section of the work was carried out in the laboratory of Dr. Ming Du, 

Department of Histopathology, UCL.

2.1.4.1 Re-embedding of specimens

Those paraffin-embedded biopsy specimens that were not yet attached to 

microtome cassettes were removed from the paraffin by gentle melting, re

embedded into fresh paraffin wax and fixed to clean cassettes.

2.1.4.2 Cutting of sections from paraffin-embedded biopsies

A Leica microtome (Sciscope Instrument Company, Iowa, USA) was used to cut

histological sections from each paraffin-embedded biopsy. Initially, coarse-

cutting was used to dispose of the outer surface of the biopsy (which has been

exposed to the air and possible contamination). Ten Spm sections were cut

from each biopsy and collected in a sterile 1.5|xl Eppendorf tube, using a sterile
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pipette tip or cocktail stick. Three Eppendorf tubes containing ten sections were 

collected from each biopsy; one proceeded to the DNA extraction stage (see 

section 2 .1.6), while the other two were stored at 22°C for future use.

2.1.4.3 Precautions to avoid contamination during cutting

To avoid contamination between handling of consequent biopsy specimens, the 

following precautions were taken:

• Changing of disposable gloves between handling each specimen.

• Cleaning of the microtome blade with 100% ethanol.

• Changing the replaceable microtome blade between specimens.

• Storage of sections from each biopsy separately.

As paraffin-embedded samples have been histologically fixed, there is 

theoretically no risk of transmission of infectious agents (e.g. HIV, hepatitis B 

virus) to the user.

2.1.5 Treatment of fresh-frozen biopsy samples

These biopsies were received on dry ice, and were stored in liquid nitrogen (at 

-196"C) until use. They were placed in a sterile petri dish and thawed in a Class 

II cabinet. A sterile scalpel was used to cut small fragments from each thawed 

biopsy, to increase surface area for the lysis step of the DNA extraction process 

(see section 2.1.6). The fragments were transferred to a sterile 1.5|xl Eppendorf 

tube and DNA extraction was carried out immediately. A mask and goggles 

were worn while handling these samples, as they had not been histologically 

fixed.
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2.1.6 Extraction of DNA from biopsy samples

DNA was extracted from both the paraffin-embedded tissue sections and the 

fresh-frozen biopsy material using the QIAamp DNA Mini Kit (QIAgen, Hilden, 

Germany).

2.1.6.1 Deparaffinisation using xylene

The manufacturers recommend deparaffinisation of paraffin-embedded tissue 

by treatment with xylene before starting the DNA extraction process. The 

protocol used was as follows:

• 500|il xylene was added to each Eppendorf tube containing 10 x 5pm 

paraffin-embedded tissue sections, and the tube was shaken vigorously at 

22”C for 5-10 minutes.

• The Eppendorf tube was spun in a microcentrifuge for 10 minutes at 14 000 

revolutions per minute (rpm); the supernatant was discarded.

• These two steps were repeated.

• After the second supernatant was removed, the pellet was washed twice 

with 500pl ethanol (100%), shaken at 22“C for 10 minutes and spun in a 

microcentrifuge for 10 minutes at 14 000 rpm.

• The tissue pellet was air-dried at 22“C for 10 minutes.

2.1.6.2 Omission of deparaffinisation step

It has been reported that the deparaffinisation step can be omitted without 

affecting the quality or quantity of DNA extracted. Both methods were tested; 

the latter was found to work equally well for the extraction of high-quality DNA 

from paraffin-embedded tissue. This method is much more efficient: it saves 

time, valuable tissue is not lost in the deparaffinisation step and it is not 

necessary to use the toxic chemical, xylene. Xylene deparaffinisation was
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therefore not used in the DNA extraction process from the majority of my KS 

biopsies.

2.1.6.3 DNA extraction

180pl Buffer ATL (from the QIAamp DNA Mini Kit) was added to the tissue and 

the QIAamp Kit protocol (QIAgen literature) was then followed, with the 

following exceptions:

• The proteinase K lysis step at 56“C was carried out for 72 hours, as the 

recommended lysis period (1-3 hours or overnight) was ineffective on KS 

tissue.

• The DNA was eluted twice in the same volume of 75pl Buffer AE (pre

heated to 60"C) and incubated for 5 minutes each time, to increase DNA 

yield and concentration.

The DNA was stored in Buffer AE at -20 ’C.
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2.2 The Polymerase Chain Reaction (PCR)

2.2.1 Introduction and theory

2.2.1.1 Theory behind the Polymerase Chain Reaction

The Polymerase Chain Reaction (PCR) was first described in 1985 by Saiki ef 

al. (Saiki et al., 1985) who successfully achieved “primer-mediated enzymatic 

amplification” of specific p-globin sequences from genomic DNA. The 

polymerase chain reaction, as its name suggests, consists of a chain reaction 

mediated by a DNA-dependent DNA polymerase, which results in the 

exponential increase of copies of a target DNA sequence. The basic steps are 

pictured in Figure 2-a.

separate DNA strands
and anneal primer

I DNA
\  synthesis

separate DNA strands ^
and anneal primer ^

\  DNA /
separate DNA strands \  /

. . .  \  synthesis /  ^
and anneal primer ^

DNA

chromosomal
\ UINA ^

synthesis /  ^  -------

\
FIRST CYCLE SECOND CYCLE THIRD CYCLE

=> 2 dsDNA molecules => 4 dsDNA molecules => 8 dsDNA molecules

Figure 2-a Theory of PCR amplification (adapted from Alberts et al., 1994). 

Red and green bars respectively represent forward and reverse strands of 

DNA during the chain reaction.
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The reagents added to a PCR reaction include DNA polymerase (usually Taq 

polymerase), dNTPs (deoxynucleoside triphosphates, the individual molecules 

of which DNA is composed), oligonucleotide “primers” that are specific for 

sequences flanking the target DNA fragment, a buffer containing salts that 

facilitate the polymerisation, and the target sequence to be amplified e.g. 

genomic DNA. The double-stranded DNA is denatured to form single strands at 

96“C; the temperature is then lowered to one at which the primers can anneal to 

their complementary sites on the single-stranded genomic DNA (often 50-60°C). 

The temperature is then held for a short time at the temperature at which Taq 

polymerase works optimally, usually 72“C, to allow the extension of the DNA 

chain from the annealed primers. The single-stranded DNA acts as a template 

to which the polymerase builds the complementary strand, using the dNTP 

molecules. Once this extension step is completed, the temperature is again 

raised to 96‘C to denature the newly-formed double-stranded DNA, and the 

process begins again. This cyclical procedure results in the exponential 

amplification of the target DNA sequence situated between the primers.

2.2.1.2 The advantage of using Taq polymerase

When PCR was invented, the theory of using specific primers that flank the

target sequence as initiating molecules for enzymatic DNA elongation was not

new. It had been necessary to add fresh DNA polymerase after each cycle, as

the extreme heat needed to denature the double-stranded DNA inactivated the

enzyme. The crucial development was the use of a DNA polymerase from a

thermophilic bacterium, Thermophilus aquaticus, which lives in hot springs that

reach very high temperatures; therefore its proteins, including the DNA

polymerase, are thermostable. Taq polymerase can resist temperatures up to

96°C and above without becoming denatured. As a result, Taq polymerase can

withstand the thermal cycling necessary to continuously denature and re-anneal
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the strands of synthesised DNA. A typical thermal cycling program consists of 

approximately 30 cycles of amplification, resulting in the production of 2^° (i.e. 

over one thousand million) copies of the target DNA sequence.

2.2.1.3 Revolutionary consequences

The initial purpose of this technique was to speed up the pre-natal molecular 

diagnosis of sickle-cell anaemia, but it was soon realised that this technique 

could revolutionise recombinant DNA technology. It is much quicker and more 

efficient than the traditional way of amplifying a DNA fragment, i.e. by cloning in 

bacteria. PCR technology has provided a way to speed up the sequencing of 

the human genome, enabled large-scale synthesis of probes to screen cDNA 

libraries, facilitated the introduction of mutations into DNA sequences in order to 

study the function of the protein, and generally plays a key role in many other 

research procedures which have now become standard. Examples of other 

disciplines that have benefited greatly from the use of PCR technology include 

the following:

• Molecular diagnostics: PCR can be used to amplify an individual's DNA to 

see if disease-causing mutations are present, for example in cancer or 

cystic fibrosis. This was the original purpose for which the PCR technique 

was designed (Saiki etal., 1985).

• Infectious disease: PCR can be used to rapidly detect the presence of 

suspected bacterial or viral agents, to make diagnosis of infectious diseases 

quicker and more reliable.

• Transplant immunology: PCR-based techniques can be used to determine 

the HLA (human leukocyte antigen) type of both the transplant donor and 

recipient, to test their tissue compatibility.

• Forensic and legal science: an individual’s distinctive DNA sequence can be

amplified by PCR from even a blood smear or single hair found at a crime
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scene, providing reliable evidence. PCR can also help to settle paternity 

cases.

• The extreme sensitivity of PCR means that even degraded ancient DNA, 

e.g. from fossils or mummified remains, can be amplified and sequenced to 

provide evolutionary insights.

2.2.2 The “Nested” PCR technique

“Nested” PCR is a specialised application of the more general PCR technique. 

In cases where the DNA is of poor quality (e.g. at a low concentration or largely 

degraded into small fragments), nested PCR can be used to increase the 

sensitivity of the technique. It involves a first round of PCR as usual, and then a 

second round of amplification using an aliquot of the first round amplicon as the 

DNA template. There are several strategies for designing the primers used in 

the second round of a nested PCR: the same primers can be used as in the first 

round, but this lowers the specificity of the PCR reactions and can result in 

amplification of sequences for which these primers are not fully specific. To 

avoid this problem in the second round of a nested PCR, a new set of specific 

primers can be designed which lie internally to the first primers, as illustrated in 

Figure 2-b.

First-round PCR product (amplicon) ^  ^

 \  Primers for first round of PCR

 S Primers for second round of PCR

Figure 2-b Locations of primers for the second round of a nested PCR; 

they can overlap the first-round primers. A semi-nested PCR uses one 

first-round primer and one internal primer to increase specificity.

72



For this, the exact sequence of the DNA that lies just internally to the first set of 

primers must be known. If this is only possible for one side of the target 

sequence, a technique known as “semi-nested” PCR can be used, where the 

second round of amplification is performed using one primer from the first round 

of PCR and one internal primer. The primers used in the second round of a 

nested PCR can, if necessary, overlap the sites of the first-round primers, as 

long as they include some internal sequence to increase the specificity of the 

reaction.

2.2.2.1 Susceptibility to contamination

Although any PCR is susceptible to contamination by foreign DNA, for nested 

PCR it is particularly important to take precautions to ensure that the only DNA 

sequence present in the PCR reaction is the desired target sequence. This is 

because of the large numbers of amplification cycles performed to amplify low- 

level DNA. Contamination of the reaction by inclusion of any undesired DNA 

sequences could result in the amplification of these instead of the target 

sequence. This is particularly important if the sequence being amplified is 

human DNA, as the user will have to be careful not to contaminate any of the 

reagents with their own DNA. Precautions taken in this study include:

• A separate, clean “PCR room” in which no DNA is permitted. All reagents 

except the target DNA are added here; the sample DNA is added 

separately.

• The user wearing a “clean” laboratory coat that remains only in the clean 

PCR room, and ensuring that hair is tied back.

• The use of a clean, ultraviolet (UV)-irradiated containment hood with filtered 

air.

• Cleaning of all equipment (including the user's latex gloves) with 100% 

ethanol prior to use.
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• The use of autoclaved, double-distilled HgO.

• The use of filter pipette tips to avoid aerosol contamination.

• Storage of reagents and pipette tips separately from those of other users.

• UV irradiation of all reaction tubes and HgO prior to setting up the PCR 

reaction.

• Care not to touch anything with the pipette tip, other than the inside of the 

reagent and reaction tubes.

• Opening the reaction tube for as short a time as possible to permit the 

addition of each reagent, to prevent the entry of contaminants.

• Using small batches of samples, so that any possible contamination does 

not affect too many reactions.

• The inclusion of negative controls, containing HgO instead of DNA, between 

every 3-4 samples.

• Doubly-nested negative controls in the second round of PCR, where the 

negative controls from the first round are used as the template for the 

second round of amplification.

• Repeated amplification and sequencing of the PCR product from selected 

samples.

2.2.3 Primer design

Details of the primers used for PCR amplification in this study are given in

Appendix 9.2. All primers used in this study have been designed by eye,

according to a set of generally accepted rules for good primer design:

• The primer should be at least 16 nucleotides long, to ensure uniqueness 

within the template DNA.

• The G+C content of the primer should ideally be 50%; where this is not 

possible it should be as close as can be achieved, and always between 25% 

and 75%.
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• The primer should end with a G or C nucleotide, to ensure strong annealing 

of the primer to the template for the initiation of extension by Taq 

polymerase.

• Runs of more than 3 of the same nucleotide should be avoided.

• Sequences that could form secondary structures such as hairpins should be 

avoided.

• A pair of primers used together for the amplification of a particular target 

sequence should be designed to have the same annealing temperature (TJ 

of 50-60"C. This is calculated by the following formula:

T, ("C) = 4[G+C] + 2[A+T]

Each primer was tested by BLAST search (available on the website of the 

National Center for Biotechnology Information, www.ncbi.nih.nlm.oov) to ensure 

that it would only anneal to the desired sequence. Primers were ordered online 

from MWG Biotech (Ebersberg, Germany) or Oswel (part of the EGT Group, 

Liège, Belgium), resuspended in 1ml clean PGR HgO (see section 2.2.2.1) and 

stored at -20"C. Every set of primers resulted in successful amplification of the 

correctly-sized amplicon from a suitable positive control (usually DMA extracted 

from BC-3 cells, a KSHV-positive, EBV-negative primary effusion lymphoma cell 

line).

2.2.4 Optimisation

Optimisation of a PGR protocol involves finding the cycling conditions and 

reagent concentrations that are most efficient for the amplification of a desired 

fragment of DMA. Several of these conditions were optimised for the PGR 

protocols used in this study.
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2.2.4.1 Thermal cycling conditions

Key steps in a thermal cycling program for PCR amplification are the correct 

annealing temperature and an optimal length of time in the extension step. The 

annealing temperature that was calculated for each primer pair using the 

equation in section 2.2.3 was found to be appropriate for the amplification of 

that fragment. A Primus 96 thermal cycling machine (MWG Biotech, Ebersberg, 

Germany) was used for all PCR amplifications, and the following cycling 

conditions were found to be suitable for the amplification of the DNA fragments 

under study:

• Lid heat = 110’C (to prevent sample condensation)

• 2 minutes at 95°C (first dénaturation step)

• 40 cycles of: 30 seconds at 95°C (dénaturation step)

45 seconds at “0  (annealing step)

1 minute at 72‘C (extension step)

• 10 minutes at 72’C (final extension step)

• Lid heat off

• Hold at 4"C

The amplicons were then stored at 4“C in a refrigerator.

2.2.4.2 Type and amount of polymerase enzyme

• Due to the dependence of this study on correct DNA sequence data, it was 

decided to use a thermostable DNA polymerase enzyme with a proof

reading capability. Taq polymerase has been reported to have an error rate 

of between 1 x 10’® and 1 x 10^ per base pair, which in an exponential 

amplification would result in a high proportion of the amplified fragments 

containing DNA sequence errors. We therefore decided to use the Expand 

High Fidelity PCR System (Roche, Mannheim, Germany) which contains a
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blend of Taq polymerase and the thermostable proof-reading Pwo 

polymerase. Expand polymerase has been reported to have three-fold 

higher fidelity than unmodified Taq polymerase, as well as greater sensitivity 

for smaller amounts of DNA (Roche literature).

• The Expand High Fidelity PCR System literature (Roche) recommends the 

use of 2.6 units (0.75|xl) of polymerase per 50pl PCR reaction; to conserve 

reagents, an experiment using a range of Expand polymerase 

concentrations was carried out. 0.25|xl polymerase per 5Qpl reaction was 

found to be as effective as the recommended amount in the amplification of 

p-actin in a nested PCR reaction. As p-actin is diploid within the cell, and the 

KSHV genome is present within tumour cells at a higher copy number 

(approximately 10 viral genomes per cell [Boshoff et al., 1995]), this amount 

of Expand polymerase should be sufficient to amplify KSHV as well as 

human DNA.

2.2.4.3 Amount of template DNA

The paraffin-embedded biopsies used in this study varied in size, age and 

quality; as a result, a range of final DNA concentrations was obtained (1- 

lOng/pl) with variable amplifiability. 5pl of each DNA sample (total 75pl, see 

section 2.1.6.3) was used as the template at the start of the study. However, as 

several DNA fragments were to be amplified and samples were to be conserved 

as much as possible, an experiment was carried out on several samples to 

determine if a smaller amount of template DNA would result in successful 

amplification of p-actin. For the majority of samples, 2.5pl of DNA was sufficient 

for p-actin amplification; in a few, 3.5pl was needed to obtain an amplicon, and 

for a very few, no amplification could be achieved using up to Spl of template 

DNA. These were deemed to be of too poor quality for amplification of p-actin,
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although later PCR reactions for KSHV or mitochondrial DNA were occasionally 

successful with these samples (probably due to their higher copy number).

2.2.4.4 Concentration of magnesium chloride (IVIgClg)

According to the Expand High Fidelity PCR System literature (Roche), the 

variable to which the polymerase blend is most susceptible is MgClg 

concentration. The optimum concentration is quoted as 1.5mM (appropriate 

range: 1-4mM). To evaluate the response of Expand polymerase to MgClg 

concentration in this study, a nested PCR experiment was set up using a range 

of MgClg concentrations from 1.5-4.0mM (in O.SmM increments) in both the first 

and second rounds of amplification of 0RF-K1 VR1. Each possible combination 

of first-round and second-round MgClg concentration was investigated, using 

three DNA samples of varying quality. It was found that a relatively high 

concentration of IVIgClg in the first round of amplification was crucial to the 

amplification of poor-quality DNA samples, whereas the MgClg concentration 

used in the second “nested” stage had no effect. Higher-quality DNA samples 

could be amplified successfully, irrespective of the IVIgClg concentrations used in 

either round of amplification. It was therefore decided to use a IVIgClg 

concentration of 4.0mM in the first round and 1.5mM in the second round of a 

nested PCR, to achieve successful amplification from as many DNA samples as 

possible.

2.2.5 Final conditions used for PCR ampiification

As a result of the protocols discussed in sections 2.2.2-2.2.4, the general PCR 

protocol which was adopted and used for amplification of both viral and human 

mitochondrial DNA from the KS DNA samples is given below.

• A mastermix for (n+1) samples was prepared in the “clean” PCR room, 

using anti-contamination procedures as detailed in section 2.2.2.1. The
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volumes of each reagent used in the mastermix are given in Table 2-2. The 

polymerase was the last reagent to be added, and was returned immediately 

to its storage at -20°C to prolong its life.

Reagent Volume per PCR reaction (pi)
10x buffer (with MgCI^ at 1.5mM)* 5.0
25mM MgCIo (first round only)* 5.0
Forward (sense) primer (10 pmol)
Reverse (antisense) primer (10 pmol)
1GmM dNTP mix 1.0
Expand polymerase blend* 0.25
dH,0 %

Total volume 47.5

Table 2-2 PCR mastermix volumes

• Reagents in Expand High Fidelity PCR System, Roche, Mannheim, Germany.

• Sterile, pre-irradiated 0.5ml Eppendorf tubes were labelled for sample ID 

number and PCR fragment to be amplified. Negative control tubes were 

included between every 3-4 samples, and one positive control tube was also 

included in each batch of PCR reactions.

• The mastermix was vortexed thoroughly, and then briefly spun down in a 

microcentrifuge. A 47.5|xl aliquot of mastermix was added to each tube; the 

tubes were then closed and removed from the clean room to the general 

laboratory.

• 2.5|il clean PCR HgO was added to each negative control tube; 2.5pi 

template (sample DNA or first-round product) was added to each 

appropriately labelled tube, including the positive control. If a previous 

amplification of the same fragment had been unsuccessful from these 

samples, 1pl less HgO per reaction was included in the mastermix (to bring

79



the total mastermix volume to 46.5(xl per reaction) and then 3.5pl DNA was 

added in the main laboratory.

• The tubes were sealed and placed in a Primus 96 thermal cycler (MWG 

Biotech, Ebersberg, Germany) to undergo the following thermal cycling 

conditions (as described in section 2.2.4.1):

1) Lid heat = 110"C

2) 2 minutes at 95’C

3) 40 cycles of: 30 seconds at 95“C

45 seconds at “C 

1 minute at 72°C

4) 10 minutes at 72’C

5) Lid heat off

6) Hold at 4’C

• The amplicons were then stored at 4’C in a refrigerator. After visualisation 

on an agarose gel (see section 2 .2 .6), any successfully amplified products 

were stored at -20 ’C. After the first round of amplification only, any 

apparently unsuccessful PCR reactions were stored at 4’C for use in the 

second round of the nested PCR.

• After the second round of amplification, samples that were successfully 

amplified in either stage of the nested PCR were subjected to PCR product 

purification (see section 2.2.7).

2.2.6 Visualisation using agarose gels

After amplification, 5̂ 1 of each PCR reaction was separated by electrophoresis 

at 100V on a 1% agarose gel (agarose from Sigma, Saint Louis, Missouri, USA) 

in 0.5 % TAB (tris-acetate-EDTA) buffer. 10 mg/ml ethidium bromide (Bio-Rad, 

California, USA) was used to stain the gel and detect DNA bands. 1 pi of 1 kb
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DNA ladder (GibcoBRL, Life Technologies, Scotland) was used as a size 

marker. The gels were viewed under ultra-violet light and photographed using a 

Kodak digital camera 120. Figure 2-c shows a sample 1% agarose gel 

displaying 0RF-K1 VR1 amplicons from seven DNA samples and controls.

Ikb 1 2 3 - - 4 5 - - 6 7 + •

H
1 k b \

5 0 0 ^
400—
350

Figure 2-c Sample agarose gel showing 0RF-K1 VR1 amplicons from DNA 

samples 1-7, positive control (+) and negative controls (-). 1 kb DNA 

ladder (GibcoBRL) Is shown on the left as a size marker. A band of 

approx. 400 bp can be seen for all samples and the positive control; 

bands of unused primer-dlmers can be seen In the negative controls.

2.2.7 Purification of amplicons

The DNA amplicons resulting from successful PCR were separated from the 

primers and buffer salts using the QIAquick PCR Purification Kit (QIAgen, 

Hilden, Germany). 225pl buffer PB from the QIAquick kit (5 x total volume of 

PCR product, which is 45jil after 5pl used for electrophoresis) was added to 

each PCR product, and the kit protocol was then followed (QIAgen literature).
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2.2.8 Multiplex PCR

To differentiate between the P (predominant) and M (minor) alleles of KSHV 

0RF-K15, two types of PCR were performed. The 0RF-K15 P/M allele primers 

(see appendix 9.2) amplify a fragment at the N-terminus that is specific for 

either the P or the M allele. This PCR determines which 0RF-K15 allele the 

sample carries. A multiplex PCR would have several advantages over two 

separate PCR reactions in this situation, such as greater efficiency with regard 

to time, reagents, and sample DNA. As this PCR is to be used for allele 

determination and not DNA sequencing, the purity of the PCR products is of 

lower importance.

A multiplex PCR for ORF-K15 was designed, using the same volumes as in 

Table 2-2 but with both the 0RF-K15 P and M first-round primer pairs in the 

same mastermix, so that bands of different sizes would indicate whether the 

sample carried the P or M allele. Separate second-round mastermixes were 

made for the detection of each allele. The multiplex PCR technique was tested 

on three samples that had already been demonstrated to carry either the P or 

the M allele of 0RF-K15, and two positive controls (see Figure 2-d). 

Unfortunately, sample 3 and the M allele positive control (which was previously 

amplified by the M primer sets only) produced bands with both the P and M sets 

of primers in the second round of the multiplex PCR. This technique is therefore 

not reliable for detection of the 0RF-K15 P and M alleles in the rest of the 

samples in this study.
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Figure 2-d Agarose gel showing the second round of the 0RF-K15 

multiplex test PCR. The M-alieie primers have successfully amplified a 

PCR product of the correct size from the M-aiieie positive control and 

sample 3, previously identified as carrying the M allele; however, the P- 

allele primers have amplified a PCR product from ail samples and positive 

controls, including those for the M-alieie.
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2.3 DNA sequencing

2.3.1 Introduction and theory

Two methods to determine the precise nucleotide sequence of short fragments 

of DNA were developed in the late 1970’s; they are both described below. The 

chain-termination method (see section 2.3.1.2) is still used today as the 

standard procedure for small- and large-scale DNA sequencing, including that 

of the human genome.

2.3.1.1 Chemical cleavage method

The principle behind this method was first published in 1977 by Maxam and 

Gilbert (Maxam & Gilbert, 1977, 1980). The DNA fragment to be sequenced is 

first denatured into single strands, and then the enzyme polynucleotide kinase 

is used to label the 5' end of the single-stranded DNA (ssDNA) with the 

radioactive isotope ^P. A chemical that cleaves the DNA specifically at one 

nucleotide is then used to partially digest the ssDNA. This creates a series of 

short radioactive fragments of differing lengths, reflecting the positions of that 

particular nucleotide in the original sequence (see Figure 2-e [A]). This 

procedure is carried out four times in parallel, using different chemicals to 

partially digest the DNA at all four types of nucleotide. The four reactions are 

separated according to length by electrophoresis, in different lanes of the same 

gel (see Figure 2-e [B]), and the labelled fragments are detected by 

autoradiography. The order of the bands, when read from the bottom of the gel, 

reveals the nucleotide sequence of the original DNA fragment.
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[A] Initial single-stranded DNA fragment 

labelled with at its 5' end0_i TGCACTTGAACGCATGCT
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! •
CD
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chemical cleavage 

specifically at A residues 

produces radioactive 

fragments of different lengths

TGCACTTGAACGC TGCT

TGCACTTGA CGCATGCT

TGCACTTG ACGCATGCT

TGC CTTGAACGCATGCT

gel Ü Î
radioactive

fragments

unlabelled

fragments

These fragments are separated on a gel 

according to length; only the radioactive 

fragments can be detected by autoradiography.

[B]

3'

cleavage site 
T C G A

c/5

I
Î
1
CD

5’

DNA sequence, reading from the 

bottom of the gel upward, is

5'-TGCACTTGAACGCATGCT-3'

Figure 2-e The chemical cleavage method of sequencing DNA (adapted 

from Alberts et al., 1994).

2.3.1.2 Enzymatic chain-termination method

This method, published by Sanger et al. (1977), involves the use of a DNA 

polymerase enzyme in a PCR-like procedure. The DNA fragment to be 

sequenced acts as a template for in vitro DNA synthesis, which is interrupted in 

a controlled fashion by the introduction of chain-terminating 2', 3'- 

dideoxyribonucleoside triphosphates (ddNTPs, see Figure 2-f).
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0  0  0

Base

3' pos ition  lack ing  hydroxyl group

Figure 2-f 2', 3'-dideoxy analogue of a dNTP; incorporation of this

molecule into a DNA polymer leads to chain termination, due to the lack of 

a hydroxyl group at the 3' position.

These are analogues of normal dNTPs that lack the 3'-hydroxyl group 

necessary for the continuation of the DNA chain. A radioactively labelled primer 

is used to start the synthesis, and a low concentration of a ddNTP analogue of 

one nucleotide is included in the reaction mixture (as well as all four normal 

dNTPs). When the DNA polymerase incorporates a ddNTP into the growing 

DNA strand, the chain is terminated as the next dNTP cannot be added to the 3' 

position. The low concentration of this particular ddNTP in the reaction mixture 

means that each DNA strand will be terminated at a random position where that 

nucleotide occurred within the original DNA sequence. Again, a family of shorter 

DNA fragments will be created, each terminated at a different position 

according to the positions of that nucleotide. As in the chemical cleavage 

method, four reactions are run in parallel, each containing the ddNTP analogue 

of a different nucleotide. These are then separated on a gel, autoradiographed 

and read from the bottom upwards as before (see Figure 2-g).
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[A]
Normal dNTPs 

(dATP, dCTP, 

dGTP and dTTP)

C A  G A C T

Small amount of 
one ddNTP (ddATP)

5'

3'

Primer for DNA 

polymerase 

/
GCTACCTGCATGGA
CGATGGACGTACCTCTGAAGCG

/
Single-stranded DNA molecule to be sequenced

Rare incorporation of ddNTP by DNA polymerase 

blocks further growth of the DNA molecule

5'

[B] 5' 3'
GCATATGTCAGTCCAG

Double-stranded DNA
CGTATACAGTCAGGTC

5'
CGTATACAGTCAGGTC Single-stranded DNA 

+ DNA polymerase 

+ excess dATP, dCTP, dGTP, dTTP

GCAT 
Labelled

primer

)AG1

I
1+  ddATP ddCTP

1
-k ddGTP 
r

1+ ddTTP

GCAT A GCAT ATGTC GCAT ATG GCAT a t

GCAT ATGTCA GCAT ATGTCAGTC GCAT ATGTCAG GCAT ATGT

mimmmm A

T

T
  A

A C G T 

Figure 2-g Enzymatic chain-termination method of DNA sequencing

(adapted from Alberts et al., 1994).
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There are now alternative labelling methods used in chain-termination DNA 

sequencing, to avoid the use of radioactivity. Fluorescent tags can be attached 

to the reaction primer (a different colour in each reaction to enable the four 

nucleotides to be differentiated), or the ddNTPs themselves can be labelled with 

different-coloured fluorescent tags and then the reaction can be run in one tube. 

Automated DNA sequencers have also reduced the need for the reading of long 

sequencing gels by eye; by using fluorescence detection software, they can 

“read” the DNA sequence and display it in a format much easier for the human 

eye to understand.

2.3.2 Beckman CEQ' ’̂̂ 2000 capillary DNA sequencer

2.3.2.1 Principle behind capiiiary sequencing

The Beckman Coulter CEQT '̂^2000XL DNA sequencer uses the enzymatic 

chain-termination method described in section 2.3.1.2. The reagent kit provides 

four ddNTP Dye Terminators, which are dideoxy analogues of the relevant 

dNTP with fluorescent labels (dyes) covalently attached. Each ddNTP has a 

dye that fluoresces at a different wavelength, so that the fragments of different 

sizes can be detected and the ddNTP that has terminated the chain can be 

recognised.

2.5.2.2 Cycling reaction protocol

The following protocol was used to prepare purified PCR products (see section 

2.2.7) for DNA sequencing:

• 1 pi purified PCR product was added to 11 pi clean HgO in a sterile Eppendorf 

tube and mixed thoroughly, to dilute the DNA to an appropriate 

concentration for sequencing (approximately Ing/pl). This was then divided
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into two equal 6|liI aliquots in sterile 0.5ml Eppendorf tubes, for sequencing 

of the forward and reverse strands.

• The primers to be used for sequencing (the same as for the last round of 

PCR amplification for each product, usually the internal set of primers) were 

diluted to 2pmol/pl in clean PCR dHgO.

• Reagents from the CEO Dye Terminator Cycle Sequencing Kit (Beckman 

Coulter, California, USA) were combined in the following quantities per 

sequencing reaction to create a sequencing mastermix:

Reagent Volume per reaction (pi)
10x sequencing reaction buffer 2.0
dNTP mix 1.0
ddUTP Dye Terminator 2.0
ddGTP Dye Terminator 2.0
ddCTP Dye Terminator 2.0
ddATP Dye Terminator 2.0
Polymerase enzyme 1.0
Total volume 12.0

Table 2-3 Volumes for DNA sequencing mastermix (all reagents supplied 

In CEQ Dye Terminator Cycle Sequencing Kit)

• 12jil of the sequencing mastermix and 2|il of the appropriate PCR primer 

(forward or reverse) were added to the DNA to bring the total reaction 

volume to 20pl, and mixed thoroughly.
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• The cycle sequencing reaction was then run on a Primus 96 thermal cycler 

(MWG Biotech, Ebersberg, Germany) under the following conditions:

30 cycles of: 20 seconds at 96"C

20 seconds at 50'C 

4 minutes at 60°C

Hold at 4“C.

• A stop mastermix was freshly prepared containing the following reagents per 

sample:

2|il 3M sodium acetate pH 5.2 (at 4“C)

2pl lOOmM EDTA 

1 fxl glycogen (20 mg/ml)

• 5pl of this mastermix was added to each sequencing reaction and mixed, 

and the reactions were then transferred to labelled 1.5ml Eppendorf tubes.

• 60pl 95% ethanol (stored at - 20"C) was added, and the tube was vortexed 

thoroughly.

• The tubes were spun at 13 000 rpm in a microcentrifuge at 4'C for 15 

minutes and the supernatant was removed, taking care not to disturb the 

pellets.

• The pellets were then washed by gently adding 200pl 70% ethanol and 

centrifuging at 13 000 rpm for 2 minutes at 4’C before removing as much 

ethanol as possible. The pellets were then dried for 40 minutes in a vacuum 

centrifuge.

• The DNA was resuspended in 40pl deionised formamide, left on ice for 10- 

30 minutes, vortexed briefly and spun down.

• The samples were loaded into the wells of a 96-well sequencing plate and 

each well was overlaid with one drop of mineral oil.
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• The 96-well plate was then loaded onto the Beckman Coulter 

CEQTM2000XL capillary DNA sequencer.

2.3.3 Visual inspection of electropherogram

The resultant DNA sequence files in .scf format (Standard Chromatogram 

Format) were loaded into the program AlignIR version 1.2 (LI-COR Inc., 

Nebraska, USA). This program allows the user to view the chromatogram traces 

from the DNA sequencer, and to modify the DNA sequence where the human 

eye can determine the correct sequence more accurately than the computer 

software. A sample chromatogram from AlignIR is shown in Figure 2-h.

200190

Figure 2-h Sample chromatogram (.scf format) showing part of an 0RF-K1 

DNA sequence obtained from the Beckman Coulter CEQ^'^2000XL DNA 

sequencer and viewed using AlignIR.

The DNA sequence of the antisense strand was reverse-complemented, and 

the sequences from both strands of the same PCR amplicon were aligned. This 

allows the user to detect sequencing ambiguities between the two strands, and 

to determine the correct DNA sequence from the original chromatograms in 

both directions. A consensus DNA sequence from each PCR amplicon was 

saved as a text file and used for further phylogenetic and statistical analysis
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(see sections 2.6 and 2.7). Each 0RF-K1 DNA sequence was translated into its 

corresponding amino acid sequence using the Molecular Biology Shortcuts 

Quick Protein Translator site (www.mbshortcuts.com/translator/), and this amino 

acid sequence was used to determine the viral subtype of each sample by 

visual comparison with previously characterised isolates.

2.4 Restriction Fragment Length Poiymorphism (RFLP) anaiysis

2.4.1 Selection of mtDNA RFLP sites for analysis

As the majority of samples in this study are of Eurasian origin, it was decided 

that the most relevant mtDNA coding-region RFLP sites would be those 

characterised in (Finnila et al., 2001); these define the major European 

haplogroup clusters (HV, TJ, UK and WIX), as shown in Table 2-4.

Haplogroup 10394Dc/e/ status* Other characteristic RFLPs
H - -7025A/U/
V - -4577/V/a///
U - +12305H/n f r
K + +12305H/n f r
T - +15606AM
J + -13704Mva/
1 + -^7^5Ddel, +8251Ava//

W - +8251 Avail
X - -^7^5Ddel
z + +10397AM

Table 2-4 European mtDNA haplogroup-deflning RFLP sites (adapted from 

Finnila et ai., 2001).

* + Indicates the presence and - the absence of a restriction site.
** RFLP site created by use of a mismatched primer at 12308.

92

http://www.mbshortcuts.com/translator/


2A.2 PCR amplification

PCR amplification of an mtDNA coding-region fragment containing the RFLP 

site in question was carried out as detailed in section 2.2.5, using the primers 

listed in Appendix 9.2. Only a single round of amplification was necessary to 

obtain sufficient PCR product for RFLP status determination of the majority of 

samples. Amplicons were visualised on a 1% agarose check gel, as detailed in 

section 2.2.6. Purification of the PCR products was found to be unnecessary for 

successful restriction digestion and RFLP status determination.

2.4.3 Digestion of PCR products

The restriction enzymes involved in the determination of mtDNA coding-region 

RFLP status (see Table 2-5) were each ordered at a concentration of 10 

units/pl.

Restriction enzyme Supplier
Aiu\ Promega, Wisconsin, USA
Ava II Promega, Wisconsin, USA
Ode 1 Promega, Wisconsin, USA
H/nfl Promega, Wisconsin, USA
Mva 1 Sigma, Missouri, USA
NIa III New England Biolabs, Massachusetts, USA

Table 2-5 Restriction enzymes used and their suppliers

Each restriction digestion was set up as a mastermix for (n+1) samples, using 

the reagents shown in Table 2-6. The mastermix was set up on ice, and the 

restriction enzyme was left at - 20“C until immediately before use.
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Reagent Volume per sample (pi)
10x buffer (supplied with enzyme) 2.0
Acetylated bovine serum albumin (BSA) 0.2
Restriction enzyme (10 units/pl) 0.5
dH,0 12.3
Total volume 15.0

Table 2-6 Reagents for restriction digestion mastermix

The mastermix was vortexed and spun down briefly, then 15pl was pipetted into 

pre-labelled 0.5ml Eppendorf tubes on ice. 5|il of the relevant mtDNA amplicon 

was added to each tube, and the samples were then left at 37°C (the optimal 

concentration for each restriction enzyme) for 1 hour.

2.4.4 Visualisation on a high-percentage agarose gel

As some of the fragments produced by restriction digestion will only differ 

slightly in length, it was decided to electrophorese the digestion products on a 

higher-percentage agarose gel to enable detection of even small differences in 

DNA fragment length. The digestion products were kept on ice, then separated 

by electrophoresis at 40V on a 3% agarose gel (agarose from Sigma, Missouri, 

USA) in 0.5 % TAE buffer and containing 0.3jig/ml ethidium bromide (Bio-Rad, 

California, USA). 5pl of DNA HyperLadder V (Bioline, Massachusetts, USA) 

was used as a size marker, as it is specifically designed for sizing short DNA 

fragments. The gels were viewed under ultraviolet light and photographed using 

a Kodak digital camera 120. A typical gel displaying the digestion products of 

10394Dc/e/amplicons from 16 samples (labelled 1-16) is shown in Figure 2-i. 

The undigested PCR amplicons are shown in the bottom lanes.
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Figure 2-i Sample 3% gel showing the digestion products of 16 samples 

analysed for 10394Dde/status. M = DNA HyperLadder V (Bioline). A clear 

difference can be seen between those samples that have been digested at 

the polymorphic site and those that have not.

The 10394Dde/status of all 16 samples can be clearly determined; all samples 

have been digested at a non-variable Dde/site (internal control), but samples 7, 

8, 9, 14 and 15 have also been digested a second time at the variable 

10394Dde/site. After analysis at all nine coding-region RFLP sites under study, 

the samples were characterised (where possible) into the haplogroups listed in 

Table 2-4; a few remained uncharacterised by analysis of these sites only.
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2 .5  Analysis of Y chromosome haplogroups and haplotypes

This section of the work was carried out in the laboratory of Dr. Mark Thomas, 

The Centre for Genetic Anthropology (TOGA), UGL, and the protocols have 

been published in (Thomas eta!., 1999).

2.5.1 Unique Event Polymorphisms (UEPs or diallellc polymorphisms)

2.5.1.1 Selection of polymorphic markers for study

This type of polymorphism is described in section 1.11.3.1 and 1.11.3.2. Eleven 

previously-defined polymorphisms are studied in this protocol (all markers are 

single nucleotide polymorphisms except for YAP and Ml 7; see section 2.5.1.2). 

These eleven markers define 13 distinct Y-chromosome lineages 

(haplogroups), eleven of which are found at high frequency in at least one major 

African or Eurasian population (Thomas etal., 1999).

2.5.1.2 Principle of UEP marker anaiysis

The markers are amplified in two multiplex PCR systems (UEP1 and UEP2). 

The UEP1 system types the following Y-chromosome polymorphisms: 92R7, 

sY81, SRY+465, SRY4064, Tat and YAP (this marker is an Alu insertion 

polymorphism). The UEP2 system types the markers M9, Ml 3, M20, 

SRY10831 and M l7 (a single base-pair deletion polymorphism). The primers 

are detailed in Appendix 9.2. One of each pair of primers is labelled with a 

fluorescent dye (TET, HEX or RAM). The resultant multiplex PCR products are 

digested with a cocktail of restriction enzymes, and then run on an ABI377 DNA 

sequencer. The markers are typed by visual analysis of the spectrum of DNA 

fragments with a particular size and label (by comparison with size standards 

labelled with the fluorescent dye TAMRA). The YAP marker is typed by PCR 

amplicon size only and is not subject to restriction digestion.
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2.5.1.3 Protocol for typing of UEP1 and UEP2 markers

• Multiplex PCR amplification with each kit was performed in 96-well plates, 

with a total reaction volume of lOpI containing 1pl of template DNA and the 

following reagents at their final concentrations:

200|iM dNTPs SOmM KOI

10mM Tris-HCI, pH 9.0 1.5mM MgClg

0.01 % gelatin 0.1 % Triton X-100

0.13 units of Taq polymerase (HT Biotech, Cambridge, UK)

9.3nM TaqStart monoclonal antibody (Clontech, California, USA)

Primers at approximately 0.1 pM (see Thomas et al. [1999] for exact 

concentrations).

• All reagents (except for the Taq polymerase and TaqStart monoclonal 

antibody, see below) were pre-mixed and stored at -20 ’C.

• The Taq polymerase and TaqStart monoclonal antibody were mixed and 

stored separately at -20“C in 20pl aliquots, then added to the other reagents 

just before the PCR was carried out.

• 1 pi of template DNA was placed in each well prior to the thawing of the PCR 

components. The Taq/TaqStart mix was added to the other reagents and 

vortexed, and 9pi of the complete mastermix was pipetted into the lid of 

each well. The lids were then fixed in place and the plates were spun briefly 

to collect all reagents at the bottom of the wells. The plates were placed in a 

thermal cycler.
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Cycling conditions were as follows:

95’C for 5 minutes 

94*0 for 1 minute

* Tg for 1 minute > 38 cycles 

72*0 for 1 minute 

72*0 for 10 minutes

* Tg was 58*0 for UEP1 markers and 56*0 for UEP2 markers.

Multiplex restriction enzyme digestions were set up in 384-well microtitre 

plates in a final reaction volume of 8pl. Each reaction contained 2pl of POR 

product.

The multiplex restriction enzyme mastermix for the UEP1 system contained 

the following reagents at their final concentration:

1x NEB buffer 4 (New England Biolabs, Massachusetts, USA)

0.01pg/pl acetylated BSA

0.3 U BsrB I, 0.3 U Fnu4H\, 0.3 U /V/alll, 1.8 U Hind III

The multiplex restriction enzyme mastermix for the UEP2 system contained

the following reagents at their final concentration:

1x NEB buffer 3 (New England Biolabs, Massachusetts, USA)

0.01pg/p,l acetylated BSA

0.32 U Mini I, 0.32 U Bsp 143 I, 0.32 U A//III, 0.32 U Ssp I,

0.32 U Dra III

The plates were incubated at 37*0 overnight.

1.2pl aliquots of the UEP digestion products were mixed with 0.5pl size 

standards labelled with TAMRA (Applied Biosystems, California, USA) and 

12pl deionised formamide.
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• Samples were denatured for 3 minutes at 96’C and kept on ice for 5 

minutes, before being loaded onto an ABI-310 capillary genetic analyser 

(Applied Biosystems, California, USA).

• The resultant chromatograms were viewed in GeneScan software (Applied 

Biosystems, California, USA) to type the samples for each UEP marker, 

depending on fragment size and label. A table listing the expected fragment 

sizes is given by Thomas etal. (1999).

2.5.2 Microsatellites

2.5.2.1 Selection of polymorphic markers for study

Microsatellite variation has been used to date events in prehistory (albeit with 

wide confidence intervals) (Thomas et al., 1998), as the relatively fast rate of 

microsatellite mutation (see section 1.11.3.3) provides a more recent 

evolutionary history, or haplotype, on a background of established haplogroups 

(see section 2.5.1.1). The six Y-chromosome microsatellites amplified by the 

MSI kit (Thomas et al., 1999) have been commonly used to enhance the 

evolutionary information available from Y-chromosome samples with 

characterised haplogroups (Kittles etal., 1998; Thomas etal., 1998).

2.5 2.2 Principle of microsateilite anaiysis

The principle behind the typing of microsatellite markers is similar to that used 

for UEP analysis. The six Y-chromosome microsatellites analysed are DYS18, 

DYS388, DYS390, DYS391, DYS392 and DYS 393 (the primers are detailed in 

Appendix 9.2). Again, one of each pair of primers is labelled with a fluorescent 

dye (TET, FAM or HEX). No restriction digestion is necessary; the exact size of 

each fragment (deduced by comparison with size standards labelled with the
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fluorescent dye TAMRA) is noted and used to calculate the number of

microsatellite repeats which occur between the primer sites.

2.S.2.3 Protocol for typing of microsatellite markers

• Multiplex PCR amplification was performed in 96-well plates, with a total 

reaction volume of 10pf containing 1pl of template DNA and the following 

reagents at their final concentrations:

200 îM dNTPs 50mM KCI

10mM Tris-HCI, pH 9.0 2.2mM MgCI^

0.01 % gelatin 0.1 % Triton X-100

0.13 units of Taq polymerase (HT Biotech, Cambridge, UK)

9.3nM TaqStart monoclonal antibody (Clontech, California, USA)

Primers at approximately 0.1-0.4pM (see Thomas et a/., [1999] for exact 

concentrations).

• All reagents (except for the Taq polymerase and TaqStart monoclonal 

antibody, see below) were pre-mixed and stored at - 20°C.

• The Taq polymerase and TaqStart monoclonal antibody were mixed and 

stored separately at -20"C in 20pl aliquots, then added to the other reagents 

just before the PCR was carried out.

• 1 |xl of template DNA was placed in each well prior to the thawing of the PCR 

components. The Taq/TaqStart mix was added to the other reagents and 

vortexed, and 9pl of the complete mastermix was pipetted into the lid of 

each well. The lids were then fixed in place and the plates were spun briefly 

to collect all reagents at the bottom of the wells. The plates were placed in a 

thermal cycler.
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• Cycling conditions were as follows: 

95’C for 5 minutes

94*0 for 1 minute ^

57*0 for 1 minute /  38 cycles 

72*0 for 1 minute ^

72*0 for 10 minutes

• 1.0|Lil aliquots of the microsatellite multiplex FOR products were mixed with 

2.0pl loading buffer containing formamide, dextran blue and TAMRA- 

labelled size standard (Applied Biosystems, California, USA) in the ratio 

23:4:2.

• Samples were loaded onto a 36cm, 5% acrylamide gel and run on an ABI- 

377 gel-based genetic analyser (Applied Biosystems, California, USA) for 2 

hours.

• The resultant gel was scanned to produce an on-screen image of the 

fluorescently-labelled fragments. The image was checked to ensure that 

each “track” incorporated all fragments from a particular sample, in case the 

gel had not run straight.

• The track from each sample was analysed using GeneScan software 

(Applied Biosystems, California, USA). A sample Y-chromosome 

microsatellite GeneScan output is shown in Figure 2-j. The coloured peaks 

represent DNA fragments with different fluorescent labels; the size of these 

fragments is estimated with reference to the TAMRA-labelled size standards 

(these appear in red in Figure 2-j). The number of microsatellite repeats in 

each fragment is calculated; this generates a characteristic haplotype for 

each sample.
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Ài

Size of DNA fragment

Figure 2-j Sample GeneScan output of Y-chromosome microsatellite 

analysis. Microsatellite peaks are sorted by size; different colours 

represent different microsatellites, according to the fluorescent label on 

the PCR primer (TET, FAM or HEX). The small red peaks are TAMRA- 

labelled size markers; the black peaks near the left-hand end are spurious 

DNA products resulting from the PCR process.
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2.6 Phylogenetic analysis

2.6.1 Introduction to phylogenetic theory

Phylogenetics is a method for inferring the evolutionary relationship between 

genes and/or whole organisms. The traditional method for estimating the 

relationship between two species has been to use their morphological 

characteristics, and species taxonomy is still based on morphological data. 

However, the exponential growth in availability of molecular data (such as DNA, 

RNA or amino acid sequences) has enabled the development and use of 

molecular phylogenetic techniques e.g. (Cavalli-Sforza & Edwards, 1964). 

These are based on the fundamental evolutionary concepts of natural selection 

and neutral evolution, and provide a means to investigate the nature of the 

evolutionary relationship between genes, individuals or organisms.

For any sequences to be investigated in this way, we must firstly assume that at 

some point during evolution they had a common ancestor. If this is the case, the 

modern-day sequences are the result of divergent evolution (ie. different 

mutations) along separate branches on the evolutionary (phylogenetic) tree. To 

reliably use phylogenetic methods on these molecular data, the “daughter” 

sequences must be positionally homologous (i.e. they will be similar enough 

that a character at a particular position in the daughter sequences will have 

arisen from the same position in the ancestral sequence). For this reason, good 

alignments of molecular data are a crucial step in phylogenetic analysis; if there 

is low confidence in a particular alignment, phylogenetic algorithms that assume 

certain evolutionary models apply to these data are likely to produce inaccurate 

results. They greater the evolutionary distance between the sequences, the 

more difficult it is to find the correct alignment.
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Once a satisfactory alignment has been achieved, a phylogenetic tree can be 

constructed, showing possible evolutionary relationships between the input 

data. Different phylogenetic algorithms assume different evolutionary models 

and use different parameters to construct the tree, but if the phylogenetic signal 

in the data is strong, the tree obtained should be a reliable estimate of the 

evolutionary relationships involved, regardless of the algorithm used. For 

description of the algorithms, see section 2.6.2. An example of a simple 

phylogenetic tree is given in Figure 2-k; although the rooted and unrooted trees 

appear dissimilar, they have the same branching order or topology. The rooted 

tree indicates the direction of the evolutionary process from a common ancestor 

(K).

(a )

branch

Coalescent time

A 

B 

C 
D

E

F

(b)

D

(time to M RCA)

Figure 2-k Example of a phylogenetic tree; (a) rooted (b) unrooted. These 

two trees have the same topology. A, B, C, D, E and F are external nodes 

(taxa); G, H, I, J and K are Internal nodes. K Is the root node. MRCA = most 

recent common ancestor.
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2.6.2 Phylogenetic algorithms

Phylogenetic algorithms fall into either of two categories: the first comprises the 

cladistic or character-state methods, which analyse the discrete character 

states in the sequence data separately and retain these character data for each 

of the taxa. In contrast, distance-based methods start by calculating the 

dissimilarity (or genetic distance) between all pairs of sequences to produce a 

matrix of pairwise distances, and then use this matrix to estimate the 

phylogenetic relationships of the taxa. Distance-based methods discard the 

original character states of the taxa, but their major advantage for analysing 

molecular sequence data is that they are much less computationally intensive 

and hence quicker.

The phylogenetic algorithms used in this study are discussed in the following 

sections.

2.6.2.1 Parsimony

Maximum parsimony, a character-state method, was originally devised to 

explain evolutionary relationships between morphological characters. It was first 

applied to molecular data (amino acid sequences) in 1966 (Eck & Dayhoff, 

1966). It is used to estimate the simplest, most parsimonious tree possible for a 

given set of data, i.e. that which can be explained with the smallest number of 

changes (i.e. mutations for sequence data). It evaluates all possible topologies 

(an exhaustive search) and chooses that which requires the minimum number 

of mutations to explain the character states of all taxa. The advantages of 

parsimony include:

• All possible tree topologies are evaluated;

• The sequence information is not reduced, as in distance methods.
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The disadvantages of this method include:

• Parsimony can be slow for large data sets

• Two or more trees may be equally parsimonious

• No correction is made for homoplasy (multiple mutations at the same 

position)

• It is overly sensitive to differing rates of mutation along branches.

2.6 2.2 Maximum likelihood

This character-state method is similar to parsimony in that it performs an 

exhaustive search of all tree topologies, and evaluates the likelihood of each 

tree depending on the support for every sequence position. The algorithm 

calculates the likelihood of each possible state of the internal nodes of each 

tree, and chooses the most likely tree topology based on these likelihoods 

(Felsenstein, 1981). The advantages of the maximum likelihood method 

include:

• It is well supported by statistical theory

• All possible tree topologies are evaluated

• The sequence information is not reduced, as in distance methods.

The disadvantages of this method include:

• It is very slow and computationally intensive

• Likelihoods of the same tree can vary significantly, depending on the model 

of evolution chosen.

2.G.2.3 UPGMA

UPGMA (Unweighted Pair Group Method with Arithmetic means) is a distance- 

based method (Sneath & Sokal, 1973). The tree is constructed sequentially by 

finding pairs of neighbouring taxa, i.e. those with small pairwise distances. 

These taxa are then joined and considered as a single taxon when considering
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their evolutionary distance from the next nearest neighbour, and so on. The 

genetic distance of each newly-formed “cluster” is the arithmetic mean of the 

distances of its component taxa. The advantages of UPGMA include:

• It is probably the simplest method of constructing a phylogenetic tree, and is 

hence very fast for large data sets

The disadvantages of this method include:

• All the sequence information is reduced to one number

• Only one tree topology is produced and evaluated

• As the averaging process assumes that the rate of evolution is equal on all 

branches, UPGMA will give the wrong tree if this does not apply.

2.6.2.4 Neighbour Joining

Neighbour joining, another pairwise distance-based algorithm, was developed 

by Saitou and Nei in 1987 (Saitou & Nei, 1987). It uses a clustering method 

different from that described for UPGMA, which attempts to minimise the length 

of all internal branches and hence the whole tree (this is effectively a parsimony 

principle applied to distance data). The algorithm starts with a star-like tree 

where there are no internal nodes, and then sequentially joins all pairs of taxa. 

The tree with the smallest sum of branch lengths is chosen and those two taxa 

are clustered together, and then the algorithm begins again. In this way, 

neighbour joining builds the shortest tree, according to the principle of minimum 

evolution. The advantages of neighbour joining include:

• It is a fast method for constructing a relatively accurate phylogenetic tree for 

large data sets

• It does not assume equal evolution rates on all branches (unlike UPGMA). 

The disadvantages of this method are similar to those of UPGMA:

• All the sequence information is reduced to one number

• Only one tree topology is produced and evaluated.
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2.6.3 Measuring confidence in a phylogenetic tree

The true tree topology is rarely known, so it is important to evaluate the 

reliability of a phylogenetic tree obtained by any of the above methods. The 

most common method used to evaluate confidence in any given phylogenetic 

tree is bootstrapping, which was developed by Felsenstein in 1985 

(Felsenstein, 1985). This technique re-samples the sequence data at random 

sequence positions and builds a new tree from this limited data set. This is 

performed a large number of times (usually at least 1000) and the percentage 

of times that an interior branch of the tree gives the same partitioning of 

samples as the original tree is called the bootstrap value of this branch. A 

bootstrap value of 75% or higher is generally considered to be an indication that 

the branch concerned is robust and reliable. As a tree is redrawn at each re

sampling, bootstrapping is commonly used to evaluate neighbour-joining trees, 

but becomes excessively computationally intensive when applied to parsimony 

or maximum likelihood trees.

2.6.4 The molecular clock hypothesis

The molecular clock hypothesis was first proposed by Zuckerkandl and Pauling 

in 1965 (Zuckerkandl & Pauling, 1965). They suggested that “there is more 

evolutionary information available by directly studying a macromolecule, than by 

studying its morphological or biochemical effects”. They, and others (Doolittle & 

Blomback, 1964; Margoliash, 1963), noted that the rate of amino acid 

substitution was approximately constant in haemoglobin, cytochrome c and 

fibrinopeptides, respectively. A universal molecular clock is unlikely to exist, as 

a gene with the same origin may be subject to different evolutionary pressures 

in organisms with different levels of complexity. However, within a group of
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similar organisms, a “local” molecular clock can be useful for estimating the 

divergence time between different strains or species.

The molecular clock will not be applicable to all trees. Figure 2-1 shows a 

representation of two trees; a molecular clock could be applied to tree (b), as 

the rate of evolution is approximately constant along all branches, but this is not 

the case in (a). The suitability of a phylogenetic tree to the application of a 

molecular clock can be tested using a Likelihood Ratio test (Felsenstein, 1988). 

This test uses a maximum likelihood approach to calculate the likelihood of the 

tree when a molecular clock is enforced and not enforced. If there is no 

significant difference between the likelihoods of the two trees, then the 

molecular clock can be applied to the original tree.

(a) (b)

Non-clock-like tree Clock-like tree

Figure 2-1 Representation of the molecular clock hypothesis. The tree on 

the left shows four taxa that have evolved at different rates; the tree on 

the right depicts four taxa that have evolved at a similar rate, to which the 

molecular clock hypothesis can be applied. The red dotted line represents 

the present day.

Once it has been determined that a molecular clock can be applied to the tree 

in question, we know that the rate of evolution has been approximately constant
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along all branches. However, we do not know the value of the rate itself, so 

before any divergence times can be calculated, the clock must be calibrated. In 

studies of species divergence, such as the tree of primate evolution, 

palaeontological evidence (the “fossil record”) is used to calibrate the molecular 

clock. The carbon-dating of a fossil to a particular timepoint implies that this 

species was already extant at this time, and that the divergence of this species 

from others occurred earlier. Once this approximate timepoint has been applied 

to the tree, it can be used to calibrate relative branch lengths and determine 

divergence times for other taxa in the tree.

For viruses, there is no fossil evidence for the existence of ancestral viral 

species, therefore a different approach must be taken to calibrate the 

divergence of viral subtypes within a particular population. The rate of evolution 

of human mtDNA has been studied and characterised (Excoffier & Yang, 1999; 

Sigurdardottir et a/., 2000); by combining viral and human mtDNA analysis, this 

study aims to calibrate the KSHV phylogenetic tree by using the divergence of 

mtDNA in the Jewish population.

2.6.5 Phylogenetic programs used in this study

A variety of programs must be used in sequence to create an alignment of 

sequences and generate and evaluate a phylogenetic tree. The sequence of 

programs used to generate phylogenetic trees in this study was as follows.

• A text file was created containing KSHV 0RF-K1 DNA or amino acid 

sequence data from the KS biopsy samples, usually in FASTA (.fas) format.

• The text file was imported into the ClustalX alignment program (available at 

ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/) and a multiple alignment was 

performed.
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• The alignment file was imported into the program Se-AI (available at 

http://evolve.zoo.ox.ac.uk/software/Se-AI/main.html) for manual editing to 

ensure the best alignment possible. The ends of the alignment were 

cropped to the positions to be studied, and the cropped sequences were 

exported in NEXUS (.nex) format.

• The NEXUS file was opened and executed in PAUP* version 4.0 (Swofford, 

2002), available at http://paup.csit.fsu.edu/. The settings were adjusted to 

reflect the analysis being performed:

• For some analyses, certain characters were excluded (for example, the S"'* 

position of each codon in the data set was excluded when only the 1 and 

2"̂  codon positions were being analysed).

• When performing distance-based analyses (neighbour joining), the distance 

settings were either set to the JC69 model (Jukes & Cantor, 1969) or the 

HKY85 model (Hasegawa etal., 1985) with a gamma distribution, a=0.5.

• When performing parsimony or maximum likelihood analyses, a heuristic 

(rather than exhaustive) search was performed to minimise computational 

time.

• Bootstrapping was performed with 1000 replicates and a random number 

seed.

• Trees were drawn either in PAUP* or the TreeView program (available at 

www.taxonomy.gla.ac.uk/rod/treeview.html).

2.7 Statistical analysis

To implement statistical analysis of the data obtained (combining KSHV,

mtDNA and Y chromosome data), a database was created in Microsoft Excel

containing abbreviated data for all samples (available as supplementary data on

CD-ROM). Types of data considered included ethnicity and country of origin,
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KSHV subtype and clade, mtDNA RFLP haplogroup and Y chromosome 

haplogroup. After the characterisation of the subtype of each sample, sequence 

information was not used for this stage of the analysis.

In Excel, the PivotTable function was used to define and examine sub

populations from the database e.g. Ashkenazi Jews with KSHV subtype A 

versus Ashkenazi Jews with KSHV subtype C. The distributions of mtDNA and 

Y chromosome haplogroups within these sub-populations were used to create 

input files for the statistical package ARLEQUIN (Schneider et a/., 1997). The 

following types of calculations were applied to the input files in ARLEQUIN.

2.7.1 Gene diversity

Gene diversity (h) is defined as the probability that two randomly chosen 

haplotypes are different in the sample (Nei, 1987). If all haplotypes are different, 

the gene diversity will therefore be unity. Gene diversity and its sampling 

variance are estimated as follows, where n is the number of gene copies in the 

sample, k is the number of haplotypes and p, is the sample frequency of the /-th 

haplotype.

A -
n

n -  1

\
1- p :

V(h) =
n (n -l)

2(/i — 2)
i - l
^ P i  -  ( ^ P i f  + ^ P i -  (^Pt)'

i=l i=l

The value of h and its standard error (SE) for two populations can be used in a 

two-tailed Z-test to establish whether the difference in h between these 

populations is statistically significant:
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2  _ Absolute value of -  I I )

hi +

Z represents the absolute difference between the two values of h, in terms of 

the number of standard deviations of the combined distribution of the two 

populations for which h has been described:

Observed 
values of /? Combined distribution

This Z value is then applied to a normal distribution and the proportion of the 

area under the curve that is outside this value of Z can then be calculated and 

doubled, to give a two-tailed p-value for the significance of the difference 

between the values of h of the two populations under study:

Normal distribution

0-valuep-value

In this Z-test, p-values of less than 0.05 were considered to be statistically 

significant.
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2.7.2 Exact Test of Population Differentiation based on haplotype frequencies

This procedure, described in (Raymond & Rousset, 1995), tests the hypothesis 

of random distribution of individuals between pairs of populations. This test is 

analogous to Fisher’s exact test (reviewed in Slatkin, 1994), but extended to 

cover contingency tables greater than two-by-two. All potential states of the 

table are explored by a random walk Markov chain. The probability of observing 

a table less or equally likely than that actually observed is estimated under a 

null hypothesis of no difference between populations. In ARLEQUIN, 100 000 

steps were used in the Markov chain to increase the precision of the p-values 

obtained, 10 000 dememorisation steps were used to reach a random starting 

point independent of the observed table, and p-values of less than 0.05 were 

considered significant.
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2.8 Overview of strategy

Visualisation on 
agarose gel to test 

sample amplifiability

Unique event 
polymorphisms

KS biopsy

DNA
extraction

(housekeeping gene)
PCR amplification

GeneScan analysis

V V
Y- Mitochondrial

chromosome DNA

V
Microsatellites

Control
region V

KSHV genes

0RF-K15 ORF-K1

P or M allele 
determination

4 }

DNA
sequencing

4 >
C-terminus 
sequencing 

of both alleles

RFLP Coding
digestion // Vregion

DNA sequencing

Visual
sequence
inspection

V
Phylogenetic

analysis

RFLP digestion

V
Statistical analysis

115



3 KSHV diversity

3.1 Introduction

This results chapter includes full details of the variability observed within KSHV

isolates from the KS biopsies listed in Appendix 9.1.

• The success of PCR amplification of the viral genes (as well as the 

housekeeping gene p-actin, which acted as a control for amplification) is 

discussed (see section 3.2).

• In section 3.3, variability of 0RF-K1 (particularly in the two variable regions, 

VR1 and VR2) is discussed, as well as the characterisation of KSHV viral 

subtypes using these variability data. Phylogenetic techniques (as discussed 

in section 2.6) are applied to the 0RF-K1 variability data.

• Variability in ORF75 is discussed in section 3.4.

• 0RF-K15 has been analysed in two different ways; firstly, by 

characterisation of the allele that is carried by the viral isolate (either 

predominant [P] or minor [M]). The second type of analysis involved 

sequencing of the cytoplasmic C-terminus of both alleles from selected viral 

isolates. The results of both analyses are discussed in section 3.5.

• Associations between 0RF-K1 and ORF75 subtypes and 0RF-K15 allele 

are discussed in section 3.6.

• The results of this chapter are summarised in section 3.7.
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3.2 Success of PCR amplification

A table summarising the success of PCR for p-actin and KSHV amplicons from 

each sample is given in the supplementary data available on CD-ROM.

3.2.1 p-acf/n

p-actin is a housekeeping gene on human chromosome 7; PCR for this gene 

acts as a control for sample amplifiability. The success in PCR amplification of 

p-actin from KS biopsies from the various collaborators is given in Table 3-1. 

The success rates of p-actin PCR vary depending on the origin of the biopsies. 

This is probably due to factors such as the size of the biopsy taken, the method 

of fixing the tissue (Ben-Ezra et al., 1991) or length of storage. The overall 

success rate of p-actin amplification is 78.7% (111/141); this is better than the 

optimal rate of 61% successful p-actin amplification from paraffin-embedded 

tissue sections that has been reported (Coombs et a!., 1999). Our higher 

success rate may be partly due to the use of a nested PCR protocol. As p-actin 

is diploid in the genome, it would be expected that amplification of KSHV genes 

should be significantly more successful than this, due to the higher copy 

number of 1-10 viral genomes per KS tumour cell (shown by techniques such 

as PCR in situ hybridization. Southern blotting, quantitative PCR and electron 

microscopy) (Boshoff et ai., 1995; Foreman et ai., 1997). p-actin could be 

amplified from 11 biopsies from which no KSHV amplicons could be obtained 

after repeated attempts; it is possible that these samples are actually KSHV- 

negative, i.e. KS was misdiagnosed in these cases. 7 of these samples were 

Hungarian in origin.
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Country of origin p-actin + p-actin - Percentage Total
Israel 55 15 78.6 70
Hungary 23 3 88.5 26
Poland 1 1 50.0 2
Russia 14 0 100 14
New York 10 11 47.6 21

Miscellaneous 8 0 100 8
Total 111 30 78.7 141

Table 3-1 Success of PCR amplification of p-actin

3.2.2 0RF-K1

3.2.2.1 Variable region 1 (VR1)

The success in PCR amplification of VR1 from KS biopsies is given in Table 3-

2. The overall rate of successful PCR amplification of variable region 1 of ORF- 

K1 is 77.3% (109/141), slightly lower that of p-actin, although the biopsies which 

make up this overall percentage are different; i.e. p-actin, but not VR1, could be 

amplified from certain biopsies, and vice versa.

3.2.2 2 Variable region 2 (VR2)

The success in PCR amplification of VR2 from KS biopsies is given in Table 3-

3. The success rate of 0RF-K1 VR2 amplification is 78.7%, slightly higher than 

that of VR1. Overall, KSHV 0RF-K1 could be at least partially amplified and 

sequenced from 87.2% of samples (123/141). Of these biopsies, from which at 

least one KSHV amplicon could be obtained, 78.9% (97/123) produced 

amplicons for both 0RF-K1 VR1 and VR2. This has enabled the subtyping of a 

large proportion (87.2%) of the viral isolates contained in the 141 KS biopsies, 

making it one of the largest studies of new KSHV sequences.
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Country of origin VR1 + VR1 - Percentage Total
Israel 61 9 87.1 70
Hungary 16 10 61.5 26
Poland 1 1 50.0 2
Russia 10 4 71.4 14
New York 13 8 61.9 21
Miscellaneous 8 0 100.0 8
Total 109 32 77.3 141

Table 3-2 Success of PCR amplification of VR1 of 0RF-K1

Country of origin VR2 + VR2- Percentage Total
Israel 60 10 85.7 70
Hungary 16 10 61.5 26
Poland 1 1 50.0 2
Russia 12 2 85.7 14
New York 14 7 66.7 21
Miscellaneous 8 0 100.0 8
Total 111 30 78.7 141

Table 3-3 Success of PCR amplification of VR2 of 0RF-K1

3.2.3 ORF75

Very limited success was achieved when attempting to amplify KSHV ORF75 

from the KS biopsy samples in this study; only 26/141 DNA samples produced 

an ORF75 amplicon, even after repeated attempts of nested PCR. 

Investigations were made into the cause of PCR failure, including new primers 

and replacement of all PCR reagents, but no cause for the lack of success 

could be determined. Those PCR products that could be amplified were subject 

to DNA sequencing to study their variability (see section 3.4).
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3.2.4 ORF-K15

3.2.4.1 Allele determination

0RF-K15 differs from the other amplicons in that the initial purpose of the 

amplification was to determine whether each viral isolate carried the 

predominant (P) or minor (M) allele of the gene (Hayward, 1999; McGeoch & 

Davison, 1999). Each sample was therefore subjected to two separate PCR 

amplifications, one for each allele. As the initial nested PCR amplicon for the P 

allele was 564bp in length (compared to 334bp for the M allele), samples which 

failed to amplify either allele were subject to a further nested PCR for a shorter 

(329bp) 0RF-K15 P amplicon. This PCR was successful in some cases where 

the longer PCR had failed, presumably due to low-quality DNA from paraffin- 

embedded tissue. Table 3-4 shows the results of these PCRs for 0RF-K15 

allele determination.

Overall, the 0RF-K15 allele could be determined for 69.5% (98/141) of 

samples. Two samples (one each from the New York and miscellaneous 

groups) repeatedly produced amplicons with primers for both the P and M 

alleles of 0RF-K15 (marked in Table 3-4 with an asterisk*). This may be the 

result of contamination at the DNA level, although all other PCR amplifications 

from both of these samples show no evidence of contamination. Another 

explanation would be that the samples each carry two isolates of KSHV, one 

with the P and one with the M allele of 0RF-K15. This is unlikely as infection 

with two different isolates of a herpesvirus occurs rarely, if at all (except in the 

case of EBV, e.g. Santon etal., 1998) and there is no other evidence to support 

dual infection from this study.
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S.2.4.2 Amplification for sequencing of the C-terminus of 0RF-K15

The C-terminus (exon 8) of both alleles of 0RF-K15 was amplified from certain 

samples, to detect sequence variability. Not all samples were subject to this 

analysis; the samples from which the P- or M-allele C-termlnus was amplified 

are listed In Table 3-5.

Country of origin 0RF-K15 P 0RF-K15 M Total + % + Total
Israel 53 3 56 80.0 70
Hungary 3 7 10 38.5 26
Poland 0 2 2 100.0 2

Russia 4 4 8 57.1 14
New York 7* 8* 14 66.7 21
Miscellaneous 4* 5* 8 100.0 8
Total 71* 29* 98 69.5 141

Table 3-4 Success of PCR amplification of 0RF-K15

P allele M allele
27 39 58 75 92-00280
31 40 59 79 10.MP

33A 41A 60 NY1 90-65071
33B 46 64 NY2 69
34 50 66 98-47110 76
35 51 67 88-72577 MS
37 55 68A 6074951 NY2
38 56 68B CG

32 7

Table 3-5 Samples amplified for sequencing of 0RF-K15 exon 8
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3.3 Diversity in 0RF-K1 (inciuding phyiogenetic anaiysis)

The genetic variation observed in 0RF-K1 of KSHV is discussed here, firstly in 

terms of the distribution of the major viral subtypes within the samples and the 

correlation of KSHV subtype with Jewish ethnicity. A detailed phylogenetic 

analysis of the 0RF-K1 sequences determined in this project, and their 

relationship to previous KSHV sequences, is given in section 3.3.2. Interesting 

or previously unobserved sequences are discussed in section 3.3.3.

3.3.1 Distribution of KSHV subtypes and correlation with Jewish ethnicity 

The KSHV 0RF-K1 DNA and amino acid sequences obtained from the samples 

in this study are available in the supplementary data on the CD-ROM. Table 3-6 

shows the distribution of KSHV subtypes observed in the batches of samples 

obtained from each collaborator. Of the 123 samples that could be 

characterised into one of the major viral subtypes, 64 isolates of subtype A and 

52 isolates of subtype 0  were observed. These are the subtypes of KSHV you 

would expect to find in the Jewish population under study (primarily of 

European, Middle Eastern and Mediterranean origin). 6 isolates of KSHV 

subtype B were observed; 3 of these were in samples from non-Jewish patients 

with an African origin. The other three subtype B isolates were observed in 

Sephardic Jewish patients, one from Italy and two from Morocco. It is likely that 

these patients contracted KSHV, directly or indirectly, from individuals of African 

origin, as subtype B is predominantly found in sub-Saharan Africa (Hayward, 

1999). The remaining sample consistently clustered outside the defined 

subtypes and is described here as “unusual” (see Table 3-6).
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Hungary Israel Mise New York Poland Russia Total
A1 4 11 4 5 24
A1 insertion 1 1 1 3
AT 2 7 1 2 1 13
A2 1 2 3
A3 1 2 3
A4 1 3 4
A5 3 1 4
A other 1 8 1 10
A total 11 29 4 10 1 9 64
C2 1 10 0 2 13
C3 4 24 4 1 33
C6 2 2
C other 2 1 1 4
C total 7 37 0 4 0 4 52
B 2 3 1 6
Unusual 1 1
Unknown 8 2 6 1 1 18
TOTAL 26 70 8 21 2 14 141

Table 3-6 Distribution of KSHV 0RF-K1 clades by country of residence

A 0 B Unusual Unknown Total
Ashkenazi 49 20 16 85
Sephardic 11 31 3 1 46
African 3 3 1 7
Unknown 1 1 1 3
TOTAL 64 52 6 1 17 141

Table 3-7 Distribution of KSHV subtypes by ethnicity
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3.3.1.1 Correlation with Jewish ethnicity

In a small pilot study it was previously reported that subtype A is predominant 

within Ashkenazi Jews, and subtype C within Sephardic Jews (Davidovici et al.,

2001). The distribution of KSHV subtypes in the different populations under 

study is shown in Table 3-7. The current study demonstrates, by using a chi- 

square test, that the distribution of KSHV subtypes is significantly different 

between the Ashkenazi and Sephardic Jewish populations (p<0.001). It can 

also be individually demonstrated that Ashkenazi Jews are significantly more 

likely to carry the A subtype of KSHV (p<0.001) and Sephardic Jews are 

significantly more likely to carry the C subtype (p<0.05).

The strong geographic and ethnic associations of KSHV subtypes can be seen 

in Figure 3-a. The correlation between KSHV subtype A and samples of 

Ashkenazi Jewish origin is particularly strong on the branch incorporating the 

A1, AT and A4 clades, where only 1 sample out of 34 is from a patient with a 

Sephardic Jewish background. The clustering of samples from similar 

geographic locations can be seen in the two amplified clusters on the right, the 

top cluster depicting the AT clade and at the bottom, a sub-cluster of clade C3.

The distribution of KSHV subtypes in these two Jewish populations is too 

significant to have occurred by chance. A likely explanation is that founder 

effects occurred before or during the Jewish Diasporas, so that the founders of 

the Ashkenazi Jewish population already were predominantly carrying the A 

subtype of KSHV and the Sephardic founders were carrying the C subtype.

124



Ashkenazi
Sephardic
African

%

100 B

Poland 
^  Hungary 
_T Russia 
*-r~UK Poland

Russia 
•unknown 

Russia
 Romai^yssia

Romania
Russia

Russia
Hungary

Hungary

Tunisia

Tunisia

Morocco 
Morocco

Morocco 
Morocco

—  0 .0 1  changes

Figure 3-a Neighbour-joining tree using the HKY85 model of evolution for 

648 bp of combined 0RF-K1 VR1 and VR2 sequences from 111 samples in 

this study (bootstrap values are from 100 repetitions). The enlargements 

of the AT and C3 clades show clustering of Ashkenazi and Sephardic 

Jewish samples according to geographical origin, respectively.
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Alternatively, the founders of the two populations may have been carrying a 

similar distribution of KSHV subtypes, but subtype A was the predominant strain 

transmitted within the Ashkenazi Jewish population and subtype C was 

predominantly transmitted within the Sephardic population. The third possible 

explanation is that the Jewish population in ancient Israel, before the Diaspora, 

carried a common ancestor of the modern-day A and C subtypes of KSHV, and 

that these two subtypes have evolved separately during the last 2000 years in 

the Ashkenazi and Sephardic Jewish populations respectively.

3.3.2 Phylogenetic analysis of KSHV 0RF-K1 sequences

3.3.2.1 Phylogenetic analysis of 0RF-K1 DMA sequences

The phylogenetic trees depicted on the next pages have been constructed 

using the alignment file “AIIK1 align.nex” (available in the supplementary data on 

CD-ROM). Combined 0RF-K1 VR1 and VR2 sequences were used, with a total 

length of 648 bp. Phylogenetic trees have been constructed using the 

neighbour joining (NJ), parsimony and maximum likelihood approaches 

described in section 2.6.2. Figure 3-b shows a NJ tree using the JC69 model 

(Jukes & Cantor, 1969) to calculate genetic distances; Figure 3-c depicts the 

same NJ tree but constructed using the HKY85 model (Hasegawa et al., 1985) 

with a gamma rate distribution (a=0.5). Figure 3-d shows a parsimony tree and 

Figure 3-e a maximum likelihood tree, all constructed using the same data. 

Selected bootstrap values of 50% or greater (from 100 replicates) are included. 

For all trees, K443 was used as the outgroup (see section 3.3.3.1 ).
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Figure 3-b Neighbour joining tree (JC69) based on 648 bp of 0RF-K1

combined VR1 and VR2 DMA sequences (file: AiiKlaiign.nex on CD-ROM).
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Figure 3-c Neighbour joining tree (HKY+y) based on 648 bp of 0RF-K1

combined VR1 and VR2 DMA sequences (file: AiiKlaiign.nex on CD-ROM).
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Figure 3-d Parsimony tree based on 648 bp of 0RF-K1 combined VR1 and

VR2 DNA sequences (file: AiiKlaiign.nex on CD-ROM).
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Figure 3-e Maximum likelihood tree based on 648 bp of 0RF-K1 combined

VR1 and VR2 DNA sequences (file: AiiKlaiign.nex on CD-ROM).

130



•  published sequence (accession number)

A sample from this study (Ashlcenazi)

Æ. sample from this study (Sephardic)

A sample from this study (African)

^ sample from this study (ethnicity unknown)

-100

I #- Af=1S1G87̂ --------------- AF13304̂ (02)

D/E  5 changes

Figure 3-f Parsimony tree for 339 published and new ORF-IC-I DNA sequence



Overall, the topology of the trees is fairly similar, with minor differences in the 

position of certain clades and individual sequences. Figure 3-f shows a tree 

generated by parsimony for a total of 339 0RF-K1 DNA sequences: 130 new 

sequences from the current study and 209 sequences obtained from the 

GenBank database. Details of these sequences are given in Appendix 9.4 

under their accession numbers.

The neighbour joining trees have not separated the subtypes clearly, and there 

is a noticeable difference in the trees produced using two different evolutionary 

models, particularly in those sequences which appear to lie “outside” the 

defined subtype branches. This is also reflected in the lack of bootstrap values 

above 50% on the first NJ tree (using the JC69 model). Distance-based 

methods such as neighbour joining may be less applicable to these data, as 

some samples have only 0RF-K1 VR1 or VR2 sequence data and distances 

between such samples cannot be calculated reliably. The parsimony and 

maximum likelihood trees, in contrast, have clearly segregated the KSHV A, B 

and C subtypes, and within each subtype, the clades are also well-defined (e.g. 

the C3 and C2 clades within subtype C, and the A5, A3, A4 and AT clades 

within subtype A). These trees resemble those that have been published using 

0RF-K1 DNA sequences (Cook et al., 1999; Lacoste et al., 2000b). Samples

3.DI, 71 and 50 fall outside the subtype boundaries in all trees except for those 

constructed using parsimony; only ORF-K1 VR2 sequence data are available 

for these three samples, which may not be sufficient for subtype determination 

using the maximum likelihood or neighbour-joining algorithms. No bootstrapping 

values are provided on the maximum likelihood tree, due to the excessive 

computational power this procedure would require.
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The faded grey branches in the phylogenetic trees constructed by the 

neighbour-joining method, shown in Figs 3-b and 3-c, indicate negative branch- 

lengths. As negative evolution cannot occur, the frequent occurrence of 

negative branches in these neighbour-joining trees may be another indication 

that distance-based methods are less applicable to 0RF-K1 sequence data and 

that topologies constructed in this way are less reliable.

Samples 36 and RUS431 behave oddly in trees constructed by the various 

phylogenetic methods used. In trees constructed by using the neighbour-joining 

and maximum-likelihood algorithms, these samples cluster within a group of 

samples that appear to form a novel clade of subtype A1 (see section 3.3.3.2); 

however, in parsimony trees, these samples appear to "jump" together out of 

the A1 group and into the A5 cluster. As this occurs in the parsimony-based, but 

not the maximum-likelihood-based tree (which is also a discrete character-state 

method; see section 2 .6.2), it seems likely that this transition of samples 

between subtypes is a result of some unique feature of the parsimony 

algorithm, and is probably not due to the apparent instability of neighbour- 

joining trees using these data.

3.S.2.2 Phylogenetic analysis of 0RF-K1 amino acid sequences

The phylogenetic trees depicted on the next pages have been constructed 

using the alignment file “AIIK1align_aa.nex” (available in the supplementary 

data on CD-ROM), which is a translation of the DNA sequences in the file 

AiiKlaiign.nex on the CD-ROM. As for the DNA trees shown on the preceding 

pages, K4443 was used as the outgroup (see section 3.3.3.1).
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The two phylogenetic trees shown in Figures 3-g and 3-h were constructed 

using protein sequence data, as opposed to the nucleotide data used to 

compile the previous trees. The definition of the viral subtypes is much clearer 

when using protein data; this may be because the subtypes were originally 

defined using 0RF-K1 protein sequence motifs (Nicholas et al., 1998; Zong at 

a!., 1999). The bootstrap values are higher and the branching order is therefore 

more reliable in the trees constructed using amino acid rather then nucleotide 

sequence data.

Again, odd behaviour is seen by sample RUS431 ; as in the trees constructed 

by using DNA sequence data, this sample "jumps" from the A l group into the 

A5 cluster when parsimony is used to construct the tree. However, in the amino 

acid parsimony tree (Fig. 3-h), sample 36 remains in the A l cluster and does 

not transfer to the A5 clade with RUS431. As only VR2 sequence data are 

available for sample 36, the reduced amount of phylogenetic information 

present in protein sequence data may not be sufficient to cause the transition 

between clades that occurred with this sample's DNA sequence. Although the 

novel motif in VR2 is shared by both samples 36 and RUS431 (see section 

3.3.3.2), the VR1 sequence of sample RUS431 bears many similar sequence 

motifs to A5 isolates, which may be the result of possible recombination or 

contamination between viral isolates. These inconsistencies apparently have 

enough phylogenetic influence to cause the sample to "jump" when the 

parsimony algorithm is used to construct the phylogenetic tree, but not when 

other methods are used.
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Figure 3-g Neighbour joining tree based on 216 aa of 0RF-K1 combined

VR1 and VR2 protein sequences (file: AIIK1align_aa.nex on CD-ROM).
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Figure 3-h Parsimony tree based on 216 aa of 0RF-K1 combined VR1 and

VR2 protein sequences (file: AIIK1align_aa.nex on CD-ROM).
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3.3.3 Interesting or unusual 0RF-K1 sequences

3.3.3.1 K443 - an unusual subtype

In phylogenetic analysis of both nucleotide and protein sequence data, sample 

K443 consistently falls outside of the previously defined subtypes. In Figures 3-f 

and 3-i, K443 clusters closely with GenBank sequence AF178810 (K1-43/Ber), 

which was reported as an “ancient/early variant of the whole set of A/C strains” 

(Lacoste et al., 2000a). AF178810 came from a 31 -year-old French Caucasian 

homosexual male with AIDS-associated PEL. In contrast, sample K443 in this 

study originated from a Kenyan child with a case of endemic KS. The possibility 

of recombination between subtypes causing these unusual sequences has 

been ruled out for both isolates. Figures 3-j and 3-k show the variability within 

0RF-K1 VR1 and VR2 of viral isolates from the four major subtypes of KSHV, 

as well as within K443 and AF178810. It can be seen that both of these 

isolates, at certain positions, resemble subtypes B and D (e.g. aa 55), subtype 

C (e.g. aa 62, 78) and subtype A (e.g. aa 203).
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Figure 3-i Radial phylogenetic tree based on 0RF-K1 VR1 and VR2 amino 

acid sequences, depicting relationships between the major subtypes and 

isolates K443 and K1-43/Ber (AF178810).
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Figure 3-j Amino acid sequence of VR1 (aa 53-92) of 0RF-K1 from selected 

strains of each subtype and the unusual isolates, K443 and AF178810.

AF178810

K443

200 210 220 228

 PjS^TTMNTITtlKEftEST
L ^ Ï |P & T T lÿ À ? 0 ^ E T K S T  
T m i lP f t T T l^ T T ^ E L K S  

P&TTŸTKEAEST 
Eà,77T7KEftJÎST

K T^ST 
RTFSTlTSI7in:TIfeTT 
RTFSTNSL7IITTHATT

Figure 3-k Amino acid sequence of VR2 (aa 191-228) of 0RF-K1 from 

selected strains of each subtype and the unusual isolates, K443 and 

AF178810.
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3.3.3.2 Novel “SHViTR” motif in 0RF-K1 VR2

Several viral isolates in this study, including samples from both Ashkenazi and 

Sephardic Jewish backgrounds, contain a novel motif at amino acids 205-210 

that appears to cluster with the A l clade of KSHV subtype A. The samples 

containing this motif were amplified in several separate PCR batches, and are

therefore unlikely to be the result of contamination.
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Figure 3-1 Alignment showing 0RF-K1 VR2 amino acid sequences from 

samples with novel SHVITR motif (aa 205-210) and related sequences
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Figure 3-m Alignment showing 0RF-K1 VR1 amino acid sequences from 

samples with novel SHVITR motif in VR2
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Figures 3-1 and 3-m show the amino acid variability in viral isolates that form this 

novel cluster. Figure 3-1 shows part of the amplified fragment including variable 

region 2; the novel SHVITR motif can be seen in samples 28, 31, 32, 33A and 

B, 36, 44, 47, 72, 78A and B, 85, RUS431 and 21 .ZsZ; samples 68A and 68B 

have a similar SHAITR motif. All these samples also share a Q at position 226, 

and all except 31 and 32 share a P at position 228. There is variability within 

these samples (which is another indication that they are not the result of 

contamination), particularly within the VR1 fragment shown in Figure 3-m. Most, 

but not all, of the samples with the SHVITR motif in VR2 contain a P at amino 

acid position 34 in VR1, as opposed to the S that is more common in a subtype 

A isolate of KSHV. There is also variability within the hypervariable loop of VR1 

(amino acids 53-76) among the samples containing the novel motif, but the 

patterns seen are mostly typical of subtype A l isolates of KSHV. This motif may 

define a new viral clade within the A l subtype, provisionally named A l".

The isolates that belong to this novel clade are from both Ashkenazi (Russia, 

Finland and Hungary, n=6) and Sephardic (Tunisia and Morocco, n=7) 

backgrounds. Clade A l " therefore does not appear to be predominant in either 

branch of the Jewish Diaspora, unlike clade AT, which occurs solely in the 

Ashkenazi Jewish population. As AT' has not been described before, and this is 

the largest study to date of KSHV variability in Jewish populations, it may be 

that clade A l" is found predominantly within the Jewish population and only 

rarely outside it. The majority (n=9) of Jewish patients with this subtype 

immigrated to Israel during the 5-year period from 1951-1956; it may be the 

case that subtype AT' was then circulating within the Jewish population in 

Israel, and these patients may have acquired KSHV at that time.

140



S.3.3.3 Insertion of a single amino acid in 0RF-K1 VR1

In a study of KSHV isolates from Russia (Lacoste et al., 2000b), two samples 

(74/8T and 79/55) contained a previously unreported 1aa insertion in the 

hypervariable loop of 0RF-K1 VR1. In the current study, three further isolates 

containing such an insertion at the same position (aa 65) have been 

characterised: 29 (an Ashkenazi Jewish sample from Israel, born in Romania), 

9.ML (from Hungary) and RUS31 (from Russia). An alignment of the VR1 

sequences from these isolates is given in Figure 3-n; the insertion at amino acid

65 can be seen. The samples from this study appear to be more closely related 

to each other than to either of the samples from the previous study (Lacoste et 

al., 2000b); they all contain valine at this position, rather than samples 74/81 

and 79/55 which have a histidine and an aspartic acid respectively. At positions 

other than the insertion, the three samples from this study appear to be related 

more closely to sample 74/8T, as they contain identical amino acids at positions

66 (proline), 70 (isoleucine), and 87 (tryptophan) where sample 79/55 differs. 

Despite these minor sequence variations, all of these samples cluster with 

clade A1. Again, these samples were amplified in separate PCR batches and 

variability between these three samples can be seen at other positions e.g. aa 

58, 69. These observations imply that the insertion is not due to contamination.
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Figure 3*fi 0RF-K1 VR1 alignment, showing the insertion at position 65 in

samples 29, 9.ML and RUS31 (this study) and 74/8T and 79/55 from

Lacoste et al. (2000b).
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3.4 Diversity in 0RF75

As discussed in section 3.2.3, ORF75 was problematic to amplify. The DNA 

sequences that could be obtained from PCR amplicons are given in the 

supplementary data on the CD-ROM. Limited diversity was seen; in the 18 DNA 

sequences obtained from biopsy DNA samples (470 bp in length), only 15 

variable positions were observed (see Table 3-8). Some previous studies of 

ORF75 variability have reported a similar lack of variability (Boralevi et al., 

1998; Fouchard et a!., 2000; Kasolo et a!., 1998), but have based subgroup 

identifications on characteristic polymorphisms defined in (Zong et a!., 1997). 

These key polymorphisms are marked with an asterisk (*) in Table 3-8. 

Positions 140-609 of ORF75 (numbering according to the BCBL-R sequence, 

GenBank accession number U85269) could be aligned from most samples that 

could be amplified; this fragment encompasses 6 of the 7 key polymorphisms 

within the ORF75 coding sequence (Zong eta!., 1997). Of these 6 positions, no 

variability was observed at position 417; this position is diagnostic for subtype 

B, and this result is not surprising as no subtype B samples could be amplified 

using the ORF75 primers.

The reference sequence included in Table 3-8 is that of U85269, which is from 

a cell line carrying KSHV subtype A. Most of the samples are identical to this 

sequence at the key polymorphic positions, but contain minor variations at other 

loci. Only two samples (10.MP and 92-17505) contain the characteristic pattern 

of variability associated with the C subtype of KSHV, although 5 other samples 

had also been characterised as subtype C by analysis of 0RF-K1.
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Sample ID

U85269

^ 7 ______
_31_______

_32______

33A
33B

_34______
_37______

_38______
41A

______
_57______
_66______
68A

2 9 ______
_81_______
_85______

10.MP

92-17505

159* 237* 356 361 442 462* 466 471 485 493 494 497 528* 555 563*

G

ORF75
subtype

Table 3-8 Polymorphisms observed within ORF75 (positions relative to GenBank sequence U85269)

0RF-K1
subtype
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In (Zong et al., 2002), where the authors characterised variability at several loci 

across the KSHV genome (including ORFs K1 and 75), they describe the A and 

C genotypes as “being differentiated only at the left-hand side of the genome” 

and describe their ORF75 pattern as “A/C”. My results would agree with this 

description, as the minor variation seen within ORF75 does not enable us to 

reliably differentiate the 0RF-K1 A and 0  subtypes of KSHV.

The associations of ORF75 variability with 0RF-K15 allele, i.e. the correlation of 

diversity on the RHS of the viral genome, are discussed in section 3.6.
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3.5 Diversity in ORF-KIS

3.5.1 Distribution of ORF-K15 P and M alieles

The details of which samples could amplify either the P or M allele of KSHV are 

given In the summary of sample variation In appendix 9.3. Table 3-9 below 

gives the distribution of alleles according to ethnic and geographic origin of the 

sample. The asterisks (*), as In Table 3-4, Indicate that one sample In each of 

these groups repeatedly produced amplicons with primers for both the P and M 

alleles (see section 3.2.4.1).

Ethnicity Country of birth P allele M allele TOTAL
Ashkenazi Russia 16 6

46/83
Hungary 3 7
Poland 1 4
Romania 6 0
Other 2 1
Total 28 18

Sephardic Morocco 26 2
42/46Tunisia 8 0

Other 4* 3*
Total 38* 5*

African Africa 5* 3* 717
Unknown 2 1 3/5
TOTAL 73* 27* 98/141

Table 3-9 Distribution of 0RF-K15 alleles by ethnicity

The P and M alleles of 0RF-K15 have been described to have a 71.4%: 28.6% 

global distribution (Poole at al., 1999). My results show that the P allele Is 

prevalent In the samples In this study, with a 73%: 27% ratio. However, this 

ratio differs when the samples are grouped by ethnic origin, or by collaborator. 

The samples which originated from Israel (of both Ashkenazi and Sephardic
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Jewish ethnicity) show an increased P; M bias (53:3, or the P allele is 94.6% 

prevalent), whereas the Ashkenazi samples which came from collaborators in 

other countries show a relative increase in the prevalence of the M allele.

When studied by ethnicity, as in Table 3-9, an interesting pattern emerges. 

Sample groups from the three ethnic backgrounds studied here (Ashkenazi and 

Sephardic Jewish, and African) all show a predominance of the P allele over the 

M allele, as expected. Within these groups, the P allele has a prevalence of 

60.9% (28/46), 90.2% (37/41) and 66.7% (4/6) respectively (when the two 

isolates that produced both amplicons are disregarded). These obviously differ 

from the reported distribution of the 0RF-K15 alleles, implying that there may 

be some un reported correlation of 0RF-K15 allele with ethnic origin. The very 

high preponderance of the P allele within Sephardic (but not Ashkenazi) Jews 

may indicate a founder effect that resulted in this skewed distribution in the 

Sephardic population during the Diaspora.

In previous studies, associations between 0RF-K1 subtype and 0RF-K15 allele 

have not been detected, ostensibly because recombination appears to have led 

to the presence of chimeric KSHV genomes (Poole et al., 1999; Zong at a!.,

2002). In the present study, 0RF-K1 subtype A is found to be associated with 

both the P and M alleles of 0RF-K15, at a ratio of 60 % : 40% (see Table 3-10). 

Subtype C is predominantly associated with the P allele, at a ratio of 86% : 

14%. This reflects the associations of 0RF-K1 subtype with Jewish ethnicity: 

the Ashkenazi Jewish samples predominantly belong to subtype A, and as 

these samples have a higher than expected proportion of the M allele of ORF- 

K15, this is seen in the relatively high percentage of subtype A samples 

carrying the M allele. Likewise, the Sephardic Jewish samples predominantly
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belong to subtype C, and this is reflected in the strong association of the ORF- 

K15 P allele with this 0RF-K1 subtype.

Samples carrying 0RF-K1 subtype B have a fairly even distribution of the P and 

M alleles of 0RF-K15 (3:2); in a previous study, the P and M alleles were both 

represented among African isolates carrying subtype B (Lacoste et al., 2000a). 

In another study, the majority of African samples from Uganda carrying KSHV 

subtype B contained the P allele, and a single subtype B sample carried the M 

allele (Kakoola et a/., 2001). It was suggested that the M allele of 0RF-K15 may 

be rarer in Eastern Africa than in Central and West Africa (Kakoola eta!., 2001). 

As African samples were included in this study to act as outgroups to the 

Jewish samples, we do not have enough ethnicity data on the African samples 

to clarify this statement.

0RF-K15 P allele 0RF-K15M allele Both alleles TOTAL
Subtype A 26 17 1 44
Subtype B 3 2 1 6
Subtype C 36 6 0 42
Subtype U 1 0 0 1
TOTAL 66 25 2 93

Table 3-10 Distribution of 0RF-K15 alleles by 0RF-K1 subtype
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3.5.2 Variability within 0RF-K15 P aileie

The C-terminal exon (exon 8) of the P allele of 0RF-K15 was amplified from 32 

samples (see section 3.2.4.2). The DNA and amino acid sequences are 

available in the supplementary data on the CD-ROM. The reference sequence 

for this analysis is that from the BCBL-1 cell line (accession number 

AF156886). Limited variability is seen in this exon; only 3 of the 32 sequenced 

samples show any polymorphism, and each of these carries only a single 

nucleotide change. Sample 55 has a G ^A  substitution at nucleotide position 

1105, resulting in an amino acid change at position 369 (from aspartic acid to 

asparagine). Sample CG has an A->T substitution at nucleotide position 1144, 

resulting in an amino acid change at position 382 (from asparagine to tyrosine). 

Sample 40 carries a G ^A  substitution at nucleotide position 1315, leading to an 

amino acid change at position 439 (alanine to threonine). As far as I am aware, 

none of these polymorphisms have been reported before; BLAST searches 

reveal no identical sequences in the NCBI database. A study of 0RF-K15 

variability in eight Ugandan KS biopsy samples (Kakoola et ai., 2001) reported 

low-level polymorphism in the P allele (up to 0.9% pairwise sequence 

divergence), but none of the polymorphisms detected here were seen in that 

study.

3.5.3 Variability within ORF-K 15 M allele

The study previously mentioned (Kakoola et al., 2001) also sequenced one 

isolate of the 0RF-K15 M allele (UgdIO, accession number AY042965). The 

authors reported that this isolate differed from the previously published ORF- 

K15 M allele sequence, that of the HBL-6 cell line (accession number 

AF156885), by 1.2%. From this they concluded that at least two forms of the M 

allele have been diverging for at least as long as the P allele (which displayed
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up to 0.9% sequence divergence, see section 3.5.2). In this study, the C- 

terminal exon of the M allele of ORF-K15 has been sequenced from seven 

isolates. The variability observed is discussed in sections 3.5.3.1 and 3.5.3.2 

below.

3.5.3.1 Variability In sample 92-00280

Sample 92-00280, originating from a 35-year-old male of Italian Sephardic 

Jewish origin with AIDS-associated KS, displays polymorphisms identical to 

those observed in Ugd10 (Kakoola etal., 2001). The substitutions in exon 8 that 

are shared by 92-00280 and UgdIO, relative to the HBL-6 reference sequence, 

are listed in Table 3-11 below.

Nt position 
(coding)

Nt position In 
Kakoola etal. (2001)

Nt substitution aa
position

aa
substitution

1119 1724 A ^C 373 Silent
1207 1812 G ^C 403 V->L
1258 1863 G ^A 420 V-^l
1313 1918 G->A 438 8 ->N

1319 1924 G->A 440 R-^H

Table 3-11 Substitutions In exon 8 of the 0RF-K15 M allele, shared by 92- 

00280 (this study) and UgdIO (Kakoola et aL, 2001). Nt = nucleotide

As the polymorphisms in 0RF-K15 of these two samples are identical, and both 

isolates belong to 0RF-K1 subtype B (although their 0RF-K1 sequences are 

not identical at the nucleotide level), this implies a similar, relatively recent 

African origin for both isolates. The alterations in protein sequence caused by 

these substitutions are marked with red asterisks (*) in Figure 3-o.
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*  *
HBL-6

Ugdi0 SRlCPD7m.m#PpSEmiHSEILSSTTDMftLSjPfRTCIITETTTQLEClQQLHNEHTTTYAS3
92-00280 pâpf/TPHD'liPHAia & I^PD 7m ##PPgP SPmnSRIL S STTDMAL SP#R7CNTE7TTQLEMDQlWN${T7TYàSIÎ 

10.MP B|PIYTPro'l|PI&I«&BI0PD7mAPPLI'PLI'SPJf7IHSPILSSTTDrfiLSP7R7CHTE7TTQLEMQQLHSERT7TY&S] l  
69 pi|YTPHDTPîaii&W:CPD7mAPJÏLPPLPSPMIHSEILSSTTDlttLS^7R7Cm7TTQLEtlQQLl{SERT7TYfcSIl}jÎ  
76 AptPHDliPWkI^PicPri7m«ailjpp|PSEMIHSEILSSTTDtftLSP7R7CIlTE7TTQLEMQQLHSERT7TYiSI^I^

90-65071 ^fYTPHDTPH--------------------pL&RRU'P|p SPJ7IHSRIL S STTDMftL SP7R.7CHTE7TTQLEtlQQLHSERT7TYikSILGDj
HS PÿlYTPH oéj--------------- |HLARiiPP|pSRJJ7IHSRILSSTTDMftLSP7R7CHTE7TTQLEMQQLHSERT7TYftSILijD|

NY2 ----------------ÏHLftRRl]pp|p SRN7IHSRIL S STTDMftL SP7R7CHTE7TTQLEMQQLHSERT7TYftSlÿD|

.370. .380. .390. .400. .410. .420. .430. .440. .450

Figure 3-o Protein sequence variation in exon 8 of the 0RF-K15 M allele. 

The blue asterisk indicates the 10 aa deletion observed in samples 90- 

65071, HS and NY2; red asterisks indicate positions at which samples 

UgdIO and 92-00280 differ from the prototype M-allele sequence (from the 

HBL-6 cell line).

3.5.3.2 Deletion in samples HS, NY2 and 90-65071

In Figure 3-o above, a previously unreported 10-amino acid deletion from 

positions 379-388 of the 0RF-K15 M allele (marked with a blue asterisk*) can 

be seen in three samples from this study. This is due to a 30bp deletion in the 

DNA sequences obtained from sample HS, NY2 and 90-65071, which has been 

confirmed by repeated PCR and DNA sequencing. Sample HS is from a patient 

with particularly aggressive AIDS-associated KS that is not regressing, even 

though the patient’s HIV viral load is controlled by the use of highly active anti

retroviral therapy (HAART). It is, however, unlikely that this deletion in 0RF-K15 

is directly responsible for the particularly aggressive clinical presentation of KS 

in this patient.
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BCBL-1 (P) | L | ( 5 | i : ^ ® ® K * A e s | M p E * ^ I l Q M e p --------------D$lgGin!(BS: (385)
1H3 A7L7GYLYIŒ SRLV S F M r i l^ |P IY # O T P } p |B g f : ]HBL-6 (M) # }Q A 7 L 7 G Y L Y E E S R L 7 S F m T m ^ y iY T P # # |# g 3 g :P D ? m g p  M (394)

HS(M) ÎG Q m Y G Y L Y IŒ S P X Y S F lO T T 'rB -ÿ n ^ p ÿ H ----------------

Figure 3-p Partial alignment of exon 8 of the 0RF-K15 P and M alleles, 

showing that the 10 aa deletion occurs between conserved motifs.

Figure 3-p shows a partial amino acid sequence alignment of exon 8 of the 

0RF-K15 P, M and M-deleted alleles; it can be seen that the deletion occurs at 

a position where there is a gap in the alignment of the P allele with the M allele. 

The deletion therefore encompasses ten amino acids that are not conserved 

between the P and M alleles of 0RF-K15, but the conserved motifs either side 

of the deletion are retained. Moreover, when the deletion is present, the amino 

acids either side of the gap are brought together to create a mitochondrial 

targeting sequence (predicted by the iPSORT online software, 

www.hypothesiscreator.net/iPSORT/) which may have some functional 

significance for the role of the M allele of 0RF-K15 (Sharp et al., 2002).

The three samples that carry this deletion are from remarkably different origins. 

Sample HS originates from the patient with particularly aggressive AIDS- 

associated KS mentioned above, who is a male of East African origin (date of 

birth approximately 1960). This viral isolate carries subtype A5 of 0RF-K1, 

which is predominant in Africa (with subtype B). In contrast, sample 90-65071 

was taken from a male classic KS patient (date of birth 1922) of unknown ethnic 

origin. This viral isolate clusters with clade AT of 0RF-K1, so it is likely that he 

came from an Ashkenazi Jewish background (see section 3.3.1.1). The third 

sample carrying the deletion in 0RF-K15 (M) is NY2, which was one of the two 

samples that amplified both the P and M alleles. This sample is from a male
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classic KS patient (date of birth 1934) with a Greek Sephardic Jewish 

background, which carries viral subtype A1 in 0RF-K1. The fact that three 

patients from widely varying ethnic backgrounds, and with different subtypes at 

the LHS of the viral genome, carry the same deletion in the M allele of ORF- 

K15 may imply that recombination has occurred recently in the evolutionary 

history of this allele. It is unlikely that the same deletion has occurred at least 

three separate times in different viral lineages.
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3.6 Associations between 0RF-K1, 0RF75 and 0RF-K15 subtypes

As previously mentioned, there appears to be no correlation between ORF75 

and 0RF-K1 subtypes (see section 3.4), although with a relatively small sample 

number, it is difficult to draw precise conclusions. As reported in a recent paper 

(Zong at a/., 2002), the A and C subtypes of KSHV (based on 0RF-K1 

subtyping) appear to be differentiated only at the LHS of the genome. It is 

noteworthy that all of the samples in this study that amplified the apparent “A” 

subtype of ORF75 (as defined in Zong at a/., 1997) carry the P allele of ORF- 

K15; in contrast, both samples displaying the “C” subtype of ORF75 carry the M 

allele. This would imply that in these samples, the ORF75 subtype reflects the 

genomic structure at the RMS of the viral genome, rather than the LHS. ORF75 

nomenclature was revised by Poole at a i (1999).

Recent papers have implied that there are several different chimeric variants of 

viral genomes carrying either the P or M allele of ORF-K15 (Kakoola at ai, 

2001; Zong at ai, 2002). The M allele appears to have recombined into 

individual parental “P-allele” KSHV genomes at different points at the RHS of 

the genome; in some cases, the recombination includes only the 0RF-K15 

gene, and in others, the recombination has occurred at a more leftward point in 

the viral genome and includes the ORF75 locus (among others). In all the viral 

isolates of which ORF75 was partially sequenced in this study, the ORF75 

subtype appears to consistently reflect the RHS genomic structure, implying 

that the recombination point(s) were to the left of ORF75 in the KSHV genome. 

This study provides more data for studies of KSHV recombination.
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3.7 Summary

The following points summarise the results described in this chapter on KSHV

diversity.

• The nested PCR approach to amplification of viral DNA proved to be fairly 

successful. KSHV 0RF-K1 could be at least partially amplified and 

sequenced from 87.2% of samples (123/141), and the 0RF-K15 allele could 

be determined for 69.5% (98/141) of samples. Amplification of ORF75 was 

less successful, as amplicons were obtained from only 26/141 samples.

• 64 isolates of KSHV subtype A, 6 isolates of subtype B, 52 isolates of 

subtype 0 and one unusual subtype of KSHV were observed.

• The distribution of KSHV subtypes is significantly different between the 

Ashkenazi and Sephardic Jewish populations (p<0.001), with subtype A 

being highly significantly associated with Ashkenazi and subtype 0 with 

Sephardic Jews (p<0.001 and p<0.05 respectively). The AT clade occurs 

exclusively in Ashkenazi Jews.

• Several examples of novel or interesting sequence motifs were observed, 

including the potential new viral strain (isolate K443), the single amino acid 

insertion in three isolates of the A1 subtype, and the SHVITRN motif in 

0RF-K1 variable region 2 that may define a new clade, AT'.

• The overall ratio of 0RF-K15 P and M alleles detected is 73%: 27%, 

although this varies when ethnic correlations are applied. In particular, the M 

allele seems to occur at a higher frequency than reported in Ashkenazi Jews 

(18/46, or 39.1%) and African samples (3/7 or 42.9%).

• Limited variability was seen in the sequence of the C-terminus of the ORF- 

K15 P allele compared to the M allele, where a previously unreported 10 

amino acid deletion was detected in three samples.
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ORF75 sequence data, obtained from a subset of samples, indicate that 

diversity in this gene is correlated with variability in the RHS, rather than the 

LHS, of the viral genome.
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4 Mitochondrial DNA and Y chromosome diversity

4.1 Introduction

The aims of this thesis (see section 1.13) include the use of Y chromosome and 

mitochondrial DNA diversity to attempt to date the divergence of KSHV 

subtypes, and to determine correlations between KSHV, Y chromosome and 

mitochondrial DNA variability that may elucidate modes of viral transmission in 

the Jewish population. This results chapter includes details of the variability 

observed within mitochondrial DNA and the Y chromosome from the KS 

biopsies listed in Appendix 9.1.

• The success of PCR amplification of these human genetic markers is 

discussed (see section 4.2).

• In section 4.3, variability within the mitochondrial DNA isolated from the KS 

biopsy samples is discussed. The hypervariable D-loop (see section 4.3.1), 

the restriction fragment length polymorphisms (RFLPs) in the coding region 

(see section 4.3.2) and the correlations of this variability with geographic 

and Jewish ethnic origin (see section 4.3.3) are all described.

• Section 4.4 deals with the variation observed in the Y chromosome of the 

KS biopsies from male patients in this study, including both types of genetic 

markers discussed in the first two chapters: unique event polymorphisms (in 

section 4.4.1) and the more rapidly-evolving microsatellites (section 4.4.2). 

The correlations of this variability with Jewish ethnic origin are discussed in 

section 4.4.3.

• The results of this chapter are summarised in section 4.5.
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4.2 Success of PCR amplification

The details of mtDNA and Y chromosome amplification from each sample can 

be found in the supplementary data on CD-ROM.

4.2.1 Mitochondrial DNA (mtDNA)

As described in the Methods (chapter 2), mtDNA was analysed in two different 

ways, both of which are PGR-based. Hypervariable region 1 was amplified by 

PCR and then sequenced. Polymorphisms in the coding region were analysed 

by PCR-based RFLP, involving the PCR amplification of a fragment containing 

a polymorphic restriction site, and digestion with the relevant restriction 

enzyme. This section discusses the PCR amplification success rates of both of 

these mtDNA PCR-based analyses.

4.2.1.1 Hypervariable region 1 (HVR-1)

HVR-1 could be successfully amplified and sequenced from the majority of 

samples (116/141); many of the remaining samples produced amplicons that 

could not be sequenced successfully or showed evidence of contamination. 

This is probably due to the sensitivity of nested PCR to contamination by DNA 

from human cells. The proportion of successful PCRs (i.e. 82.3%) is higher than 

that achieved for viral genes; this is likely to be due to the high copy number of 

the mtDNA episome within every cell in a tissue sample.
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Country of origin HVR-1 + HVR-1 - Percentage Total
Israel 58 12 82.9 70
Hungary 21 5 80.8 26
Poland 2 0 100 2
Russia 12 2 85.7 14
New York 19 2 90.5 21
Miscellaneous 4 4 50.0 8
Total 116 25 82.3 141

Table 4-1 Success of amplification and sequencing of mtDNA HVR-1

4.2.1.2 Coding region (for RFLP analysis)

Nine different RFLP sites in the mtDNA coding region were analysed for each of 

the 141 samples included in the study. All nine RFLP sites could be 

characterised in 97 of these samples (68.8%), and eight of the nine sites could 

be characterised in a further 31 samples. The remaining 13 samples could be 

characterised for between 4 and 7 of the 9 RFLP sites. The total percentage of 

the 9 sites characterised in all 141 biopsies was 94.6% (1201/1269). The 

breakdown of the PCR success rates by sample origin is given in Table 4-2.

Origin 9/9 % 9/9 8/9 7/9 6/9 5/9 4/9 Total
Israel 56 80.0 8 4 1 0 1 70
Hungary 16 61.5 5 2 1 2 0 26
Poland 0 0.0 2 0 0 0 0 2
Russia 5 35.7 8 0 0 1 0 14
New York 13 61.9 7 1 0 0 0 21
Miscellaneous 7 87.5 1 0 0 0 0 8
TOTAL 97 68.8 31 7 2 3 1 141

Table 4-2 Success of PCR and characterisation of nine mtDNA RFLP sites
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The percentage of biopsies in which all nine RFLP sites could be characterised 

varies considerably according to the country from which the biopsies were 

received. All nine sites could be characterised in at least 80% of biopsies from 

both Israel and New York; throughout this study, these biopsies provided the 

sturdiest DNA for PCR amplification. This is most likely due to the method of 

preserving and paraffin-embedding of the tissue samples at these collaborating 

hospitals.

4.2.2 Y chromosome

The Y chromosome analysis, as described in previous chapters, is composed of 

two parts: the separate analysis of unique event polymorphisms (UEPs) and 

short tandem repeats (microsatellites). The success rates of the PCRs involved 

in these analyses are described in the following two sections.

4.2.2.1 Unique Event Polymorphisms (UEPs)

The UEP analysis consists of two multiplex PCRs, as detailed in section 2.5.1. 

The UEP1 system is able to characterise 5 single nucleotide polymorphisms, as 

well as the presence or absence of the Y Alu polymorphism (YAP). The UEP2 

system characterises a further 5 single nucleotide polymorphisms, providing a 

total of eleven unique event polymorphisms which enable us to determine the 

haplogroup of the Y chromosome under study. Of the 141 samples in this study, 

39 are known to be from female patients and were therefore not subjected to Y 

chromosome analysis. Another 4 samples successfully amplified all eleven 

UEPs, but the results were “illegal” (i.e. not concordant with any known 

haplogroup) and were therefore disregarded. Details of PCR amplification of the 

11 UEPs under study from the remaining 98 samples are summarised in Table 

4-3.
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Origin 11/11 % 11/11 10/11 9/11 8/11 7/11 or iess Total
Israel 37 77.1 6 1 1 3 48
Hungary 9 52.9 2 2 0 4 17
Poland 10 100.0 0 0 0 0 10
Russia 1 100.0 0 0 0 0 1
New York 9 52.9 3 0 1 4 17
Miscellaneous 2 40.0 1 1 0 1 5
TOTAL 68 69.4 12 4 2 12 98

Table 4-3 Success of multiplex PCR of 11 Y chromosome UEPs

Overall, 69.4% of male samples were completely typed for Y chromosome 

unique event polymorphisms (this percentage rises to 70.6% if the four samples 

that produced illegal results are included).

4 2.2.2 Microsatellites

Six Y chromosome microsatellites were typed in a single multiplex PCR. The 

amplification success rates from all 102 male biopsies are detailed in Table 4-4. 

All six microsatellites have been successfully amplified and typed from 61/102 

(59.8%) male biopsy samples; a further 20 samples have amplified 5 of the 6 

microsatellite loci.

Origin 6/6 % 6/6 5/6 4/6 3/6 or less Total
Israel 33 67.3 8 2 6 49
Hungary 5 27.8 6 0 7 18
Poland 1 100.0 0 0 0 1
Russia 8 72.7 3 0 0 11
New York 11 64.7 2 1 3 17
Miscellaneous 3 50.0 1 1 1 6
TOTAL 61 59.8 20 4 17 102

Tabie 4-4 Success of multiplex PCR of 6 V chromosome microsatellites
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4.3 Mitochondrial DNA variation

4.3.1 HVR-1

Positions 16031-16398 of the mtDNA episome (numbering according to 

Anderson et al., 1981) were analysed for variability. Sequence data from 

individual samples are available on the CD-ROM. 59 positions were variable 

and the remaining 309 were invariable. 33/116 samples were identical in 

sequence to the Cambridge reference sequence (CRS) (Anderson eta!., 1981). 

25 samples differed from the CRS at one position, 22 at 2 positions, 18 at 3 

positions, 13 at 4 positions and the remaining 5 samples differed from the CRS 

at between 5 and 7 positions in the fragment under study.

49 different haplotypes were observed, the details of which are summarised on 

the CD-ROM. 13 of these haplotypes are seen in more than one sample; the 

other 36 haplotypes (73.5%) occur only once, revealing considerable haplotype 

diversity in the Jewish population. The genetic diversity (h) of the sample is 

0.9996 (standard deviation = 0.0013) (Nei, 1987). The mean pairwise distance 

between the HVR-1 sequence of all Jewish samples is 0.00851 using the JC69 

model (Jukes & Cantor, 1969), and 0.00880 using the HKY85 model 

(Hasegawa et a!., 1985) with a gamma shape distribution. Taking the rate of 

HVR-1 evolution to be 1.12x10^ per site per year (as estimated in Excoffier & 

Yang, 1999), the depth of the mitochondrial tree in the Jewish samples can be 

estimated at 39 286 YBP (years before present). This date agrees with that 

calculated from the genetic diversity in 110 human genes for the spread of 

modern humans into Eurasia (Cavalli-Sforza & Cavalli-Sforza, 1995), and also 

archaeological evidence that supports this hypothesis (Bolus & Conard, 2001).

161



The 49 haplotypes were assigned to major European haplogroups on the basis 

of key polymorphisms in HVR-1 (Finnila et al., 2001; Richards etal., 2000). The 

samples in each haplogroup are summarised in Table 4-5 below.

Haplogroup Defining polymorphisms (from CRS) Number of samples
H N/A 48

HV1 16067T 4
pre-HV 161260 (163620) 3

V 162980 3
U 16189A 1
U4 163560 18
US 16270T 6
J 16069T, 161260 2

J1 16069T, 161260, 16261T 1
K 162240, 163110 16
T 161260, 16294T 3
N 16223T 10
X 16223T, 16278T 1

TOTAL 116

Table 4-5 Distribution of mtDNA HVR-1 haplogroups

The most popular haplogroup in this study is H (48/116 samples, or 41.4%); this 

is not surprising, as H is the major European haplogroup, occurring at a 

frequency of 40-60% in most European populations (Richards at a/., 2000). The 

next most common haplogroups in this study were U4 and K (18/116 and 

16/116 samples respectively), which have also been reported to be among the 

most frequent European haplogroups (Torroni at a/., 1998). The remaining 

haplogroups are each present at a frequency lower than 5%, except for the 

Eurasian mtDNA lineages N and X (characterised by the 16223T 

polymorphism) which together are present at 9.5% (11/116) in this sample.
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Standard phylogenetic algorithms are rarely used to analyse the variation in 

HVR-1 of mtDNA, as there are few phylogenetically informative characters and 

a broad spectrum of mutation rates (Bandelt et al., 2000). Homoplasy (mutation 

at the same site occurring more than once due to high evolutionary rates) can 

also complicate the analysis, as recent homoplasies distort the ancestral 

topology (Richards et a!., 1996). Reduced median networks (Bandelt et a!., 

1995) are used more frequently for HVR-1 data, as they resolve homoplasic 

events but retain conflicts where ambiguity remains.

Figure 4-a shows a parsimony tree of the HVR-1 sequence data from samples 

in this study. The individual samples that radiate straight out from the centre of 

the tree are those with identical sequence to the CRS (marked with a red 

asterisk*); on the other branches, each “step” on the branch represents an 

additional polymorphism. The key haplogroups can be recognised and are 

marked accordingly. This tree is of limited use as it does not compensate for 

potential homoplasies.

Figure 4-b shows a reduced median network (Bandelt et a!., 1995) of the 

variable positions in HVR-1 in this data set; all positions were weighted equally. 

The area of each blue circle is proportional to the frequency at which that 

haplotype appears. The two largest circles represent those isolates that are 

identical to the CRS in the fragment studied (i.e. belong to haplogroup H), and 

those that carry a single T ^C  polymorphism 16356 (haplogroup U4). The 

network is fairly star-like, with most of the observed haplotypes at the tips rather 

than at internal nodes. The torso of the network contains several ambiguities, 

implying that some homoplasy may have occurred in these sites.
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Figure 4-a Parsimony circle tree for 368 bp of HVR-1 sequence data. 

Sequences marked with a red asterisk are identical to the CRS; on other 

branches, each “step” represents an additional polymorphism. Key 

haplogroups are marked.
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Many recent evolutionary studies of mtDNA have combined analysis of HVR-1 

with RFLP analysis of certain key polymorphic sites located in the coding region 

(Derbeneva et al., 2002; Finnila et al., 2001). The coding region has been 

reported to yield a cleaner phylogeny than that of HVR-1 (Forster et al., 2001), 

presumably because the slower mutation rate means there are fewer 

homoplasic “hotspots”. The following section deals with the variability seen in 

nine key haplogroup-defining polymorphic sites within the mtDNA coding 

region.

4.3.2 Coding region

Nine polymorphisms that affect restriction enzyme recognition sites throughout 

the human mtDNA coding region were typed: 1715 Dde I, 4577 NIa III, 7025 Alu 

I, 8251 Ava II, 10394 Dde I, 10397 Alu I, 12305 Hin fl, 13704 Mva I and 15606 

Alu I. In combination, these nine polymorphisms can be used to characterise 

the European haplogroup (lineage) to which each mtDNA sample belongs 

(Finnila et al., 2001). The haplogroup of 99/141 samples (70.2%) could be 

characterised; the remainder of the samples fell into two categories. Certain 

fragments could not be amplified (and therefore typed) from some samples, 

whereas some samples could be typed at all nine polymorphic sites but their 

haplogroup was not among the European ones under study. The haplogroup of 

these samples could therefore not be defined using these polymorphisms. The 

distribution of haplogroups in the 99 samples that could be characterised is 

shown in Table 4-6.
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Haplogroup Defining polymorphisms (in coding region) Total
H 7025 A/ul (-), 10394 Dde\(-) 41
V 4577 /V/a III (-), 10394 Ddel (-) 4
U 12305 Hini\ (+), 10394 Dde 1 (-) 21
K 12305 H/nfl (+), 10394 Ode 1 (+) 9
T 15606 Alu 1 (+), 10394 Ode 1 (-) 7
J 13704 Mva 1 (-), 10394 Ode 1 (+) 9
1 1715 Ode 1 (-), 8251 Ava II (+),10394 Ode 1 (+) 1
X 1715 Dde l(-), 10394 Ddel(-) 4
z 10397 Alu 1 (+), 10394 Ode 1 (+) 3

TOTAL 99

Table 4-6 Distribution of mtDNA coding region haplogroups

Of those samples for which the coding-region haplogroup could be defined, 

41/99 (41.4%) belonged to haplogroup H and 21/99 (21.2%) belonged to 

haplogroup U. These figures agree with those determined by analysing the 

variability of HVR-1 in the same samples (see section 4.3.1), where 41.4% of 

samples were characterised to belong in haplogroup H and 21.6% in 

haplogroup U. These two haplogroups are at the highest proportion in the 

samples under study, and also in the European population in general (Richards 

et a/., 2000; Torroni et a/., 1998). Nine samples (9.1%) belong to each of 

haplogroups J and K, seven (7.1%) to haplogroup T and between one and four 

samples to each of the remaining haplogroups (I, V, X and Z). The haplogroup 

definition agrees in 48 of 82 (58.5%) samples for which both HVR-1 and coding 

region haplogroups could be determined. Reasons for the slightly low 

agreement rate between HVR-1 and coding-region RFLP data may include 

homoplasy (back-mutation) at key polymorphic sites, incompleteness of RFLP 

data, PCR contamination of mtDNA fragments or occurrence of haplogroups 

that cannot be typed by this RFLP system.
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sites, drawn using the program Network 2.0. Major haplogroups are 

indicated. Reticulations indicate homoplasy, i.e. multiple occurrences of 

the same polymorphism. Samples that do not fall in typical haplogroups 

are marked.
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Figure 4-c shows a reduced median network drawn using the data from the nine 

polymorphic sites analysed in the mtDNA coding region. Most of the 

haplogroups can be distinguished from each other, but the network contains 

several homoplasies where the same polymorphism (probably 10394 Dde I, 

which is known to be a homoplasic site) appears to have occurred in separate 

lineages. Four out of 23 nodes (17.4%) are empty, five are occupied by a single 

sample and the remainder contain two samples or more.

If only the nodes containing 2 or more samples are considered, the network 

becomes considerably less complicated (see Figure 4-d). This network is far 

simpler than that portrayed in Figure 4-c, and is more likely to be accurate. By 

excluding those nodes that contain only a single sample and are therefore less 

reliable, three of the empty nodes and many of the apparent homoplasies 

disappear. In Figure 4-d, the uncharacterised samples (including many of the 

African samples) cluster together, and may be an indication of an African 

outgroup. This is discussed further in section 4.3.3.
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Figure 4-d Reduced median network of nine mtDNA coding region RFLP 

sites, based on Figure 4-c but only showing nodes that contain two or 

more samples. Major Eurasian haplogroups are indicated. A cluster of 

non-Jewish African samples, outlined in red, may indicate a possible 

African outgroup.
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4.3.2.1 9bp deletion In sample CG at positions 8272-8280

During electrophoresis following a PCR batch to amplify mtDNA fragments 

containing the 8251 Ava II restriction polymorphism, the band amplified from 

sample CG appeared to run slightly further than those from other samples (see 

Figure 4-e).

I

negative 

samples comrol samples

negative
control

negative 

samples control

m m  m  m m  m #  ^  m m m m -261 bp

Band from 
sample CG

Predicted amplicon size: 261 bp

Figure 4-e Gel photograph showing size difference In fragment for 8251 

Ava II analysis from sample CG. After PCR amplification, electrophoresis 

was performed In 1% agarose gel at 100V for approximately 20 mln. The 

band for sample CG (Indicated) appears to have run further than those for 

the other samples, suggesting that It may contain a deletion.
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A portion of each amplicon was digested with the restriction enzyme Ava II, and 

the remainder of the amplicons from some samples were sent for DNA 

sequencing to see if sample CG contained a deletion in this fragment. Figure 4-f 

depicts an alignment of partial DNA sequences from this fragment, and clearly 

shows that sample CG contains a 9-bp deletion at position 8272-8280, of the

repeated nucleotides CCCCCTCTA.

8260 8270 8280 8290 8300

;  i  i  ;  ;
CRS

92-00280 TTACCCTÀTàGCACCCCCTCTàCCCCCTCTàGAGCCCACTGTAAàGCTAACTTAGC&TT^
92-17505 mCCCTàTAGCACCCCCTCmCCCCCTCTAGà6ÇCCACTb^&àà6CTAÀCTTèGÇÀTTÀÀC< 
92-33973 ITACCCTàTiy3CÀCCCCCTCr;LCCCCCTCTàG&GCCCA.Cl^ÂAA0PTAÀCTTàGCATTftÂC< 
88-72577 TTACCCTATAGÇ&CCCCCTCT&CCCCCTCT&GAGCCCAC'MAAAGCTAACTTAGqkTTW 
6074951 rrACCCT&TAGi:ÀCCCCCTCTALCCCCCTCTAGAGCC%C'#j?AaAGprAÀCTT6GÇàTTAA(

HS ÎT^^TàTAGÇiCCCCCTCTÀCCCCCTCTAGAGCCCÀCT^AAàGCTMCTTAGCATTAÂC<
AG TTàC<%T&TAGCACCCCCTCT&CCCCCTCTAGAGCCC&CTp%AaGeTAACTTAGCATTAA<
C G  TTàC C C TA TàG C A C C C C Ç TC Tà---------G àG C C C A C l^èA à^

Figure 4-f Alignment showing 9-bp deletion In the mtDNA coding region of

sample CG. The repeated nucleotides CCCCCTCTA are deleted at position

8272-8280 In this sample.

This deletion occurs in the COII/tRNA^^^ intergenic region of mtDNA and has 

been previously reported to have multiple ethnic associations, including south

east Asia (Melton e\ a/., 1995), native Amerindians (Torroni & Wallace, 1995) 

and sub-Saharan Africa (Soodyall et al., 1996). It is therefore thought that this 

deletion may have arisen several times independently, possibly due to this 

region's genetic instability (Thomas et a!., 1998b). Sample CG comes from an 

African origin, and clusters closely with sample AG (also of African origin) in 

both KSHV and mtDNA analyses. In this fragment, sample CG carries the 9-bp 

deletion and also a G ^ A  polymorphism at position 8206 (detected in the DNA 

sequencing analysis) which separate it from sample AG, even though these two 

samples are identical in their mtDNA coding region RFLP pattern.
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4.3.3 Correlations with Jewish ethnicity

On the next two pages, Figures 4-g and 4-h show the distribution of mtDNA 

haplogroups according to Jewish ethnicity. Figure 4-g shows the distribution of 

haplogroups defined by variation in HVR-1; the Ashkenazi and Sephardic 

Jewish populations are more similar to each other than to the African samples. 

This is because the Jewish samples fall mainly into the bracket of major 

European haplogroups that were defined as in (Richards et al., 2000) and 

(Finnila et al., 2001), whereas few of the African samples (3/7, or 42.9%) fall 

into these haplogroups. The most common haplogroups in both the Ashkenazi 

and Sephardic populations are H (41.0% and 28.3% respectively) and U (15.7% 

and 26.1% respectively). Haplogroups HV1, J, K, N and pre-HV are also shared 

between these two populations, with K being more common than the other 

haplogroups in both Ashkenazi and Sephardic Jewish samples (14.5% and 

8.7% respectively). 13.3% of Ashkenazi and 19.6% of Sephardic samples could 

not be characterised.

Figure 4-h shows the distribution of haplogroups defined by variation in the nine 

coding region RFLP sites studied. Under these criteria, the Ashkenazi and 

Sephardic Jewish populations also appear to be fairly similar. The haplogroup 

of only one of the 7 African samples could be characterised by studying these 

nine sites, resulting in the extreme haplogroup distribution seen. Again, the 

major haplogroups in both Ashkenazi and Sephardic Jewish populations are H 

(31.3% and 30.4% respectively) and U (13.3% and 21.7% respectively). Other 

shared haplogroups are J, K, T and X; J and K are the most common.
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Figure 4-g Distribution of major Eurasian mtDNA haplogroups by 

ethnicity, based on variation in HVR-1. The majority of African samples do 

not fit into these haplogroups.
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Figure 4-h Distribution of major Eurasian mtDNA haplogroups by 

ethnicity, based on variation in the coding region. The majority of African 

samples could not be characterised by using this system.
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The proportions of haplogroups H and U are similar to those obtained by 

studying HVR-1, confirming that these two haplogroups are indeed the most 

predominant in the Jewish population. The generally similar distribution of 

mtDNA haplogroups in both the Ashkenazi and Sephardic population could 

indicate a shared maternal origin. Ashkenazi and Sephardic Jewish populations 

have previously been reported to have no significant differences in their mtDNA 

haplogroups (Ritte et a/., 1993b), but to be significantly different from 

neighbouring non-Jewish populations (Thomas et al., 2002). This hypothesis is 

discussed further in Chapter 5 (Statistical analysis). Data from this study cannot 

be directly compared to those obtained in previous studies (Ritte et a!., 1993b; 

Tikochinski et a!., 1991) as the RFLP methods used to study variation in the 

mtDNA coding region differ. However, statistical measures of the diversity of our 

data can be compared to those in previous studies; this analysis is discussed in 

Chapter 5.

Figure 4-i shows the same reduced median network as in Figure 4-d; the pie 

charts are a proportional representation of the ethnic origins of the samples in 

each haplogroup. Haplogroup V is entirely composed of Ashkenazi Jewish 

samples in this study, as are several of the smaller haplogroups containing only 

two or three samples (all of Ashkenazi Jewish origin). Haplogroup H consists of 

an equal proportion of Ashkenazi and Sephardic Jewish samples, but there is 

no presence in this haplogroup of African samples. The samples from an 

African origin are mostly linked by single mutational steps, apart from those that 

fall in haplogroup U which are two mutational steps away. These two steps 

span haplogroup K, which is predominantly composed of Sephardic Jewish 

samples, possibly providing a North African link. This diagram shows that the 

mtDNA haplogroup patterns in Ashkenazi and Sephardic Jewish samples are
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more closely related to each other than to those of the African samples, but 

there are some population-specific haplogroups e.g. haplogroup V in the 

Ashkenazi Jewish population.

Figure 4-i Reduced median network as in Figure 4-d, showing proportion 

of each haplogroup from Ashkenazi Jewish origin (green), Sephardic 

Jewish origin (blue) or African origin (red).
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4.4 Y chromosome variation

4.4.1 UEPs

Table 4-7 shows the distribution of Y chromosome haplogroups as defined by 

the status of the eleven UEP markers listed in section 2.5.1. 102 of the total of 

141 samples in this study (72.3%) were typed for Y chromosome markers; the 

remaining 39 samples were known to be from female patients and were 

excluded from this analysis.

Haplogroup Key polymorphisms Total
hg2+ None 29
hg26 M9G 7
hgl M9G, 92r7T 11
hq16 M9G, Tate 2
hg3 M9G, 92r7T, SRY10831A, M17G- 5
hg21 YAP+, SRY4064A 13
Putative M9G, 92r7T, M17G- 1
Illegal N/A 4
Uncharacterised N/A 30
Grand Total 102

Table 4-7 Distribution of Y chromosome UEP haplogroups

Of the 102 typed samples, 30 (29.4%) did not amplify all markers and could not 

be completely typed. 67 samples (65.7%) fall into six previously defined 

haplogroups (hg2+, 26,1,16,3 and 21, as listed in Table 4-7). Figure 4-j shows 

how these haplogroups are related to each other at the loci studied. One of the 

samples (19.VE) has been classified as “putative” by these criteria; it is marked 

on Figure 4-j. The four remaining samples have been classified as “illegal” as 

they cannot exist based on this haplogroup network.
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Figure 4-j Network showing relationships between Y chromosome 

haplogroups. Area of blue circles is proportional to the frequency at 

which that haplogroup occurs in this study. Small black circles represent 

empty nodes, i.e. haplogroups that were not found in this study. 

Mutational steps between haplogroups are shown in red.
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The blue circles in Figure 4-j depict the haplogroups that were detected in this 

study (the haplogroup numbering system is as described by Jobling & Tyler- 

Smith [2000]). Most of the haplogroups (hg2+, 26,1,16 and “putative”) are only 

separated from each other by one mutation; 50/68 (73.5%) of samples fall into 

these core haplogroups. The other two haplogroups detected, hgS and hg21, 

are removed by two mutational steps from hgl and hg2+ respectively. The 

small black circles in Figure 4-j represent empty nodes i.e. haplogroups that 

were not detected in any sample in this study.

Haplogroups 1, 2+ and 21 are detected most frequently; this is fairly 

representative of a typical European population (Jobling & Tyler-Smith, 2000). 

Asian populations generally show a higher than average proportion of hg26; this 

haplogroup is represented in these samples, possibly suggesting a Eurasian 

(Middle Eastern) influence in the Y chromosomes of the Jewish population.

The four “illegal” samples displayed combinations of markers that could not be 

defined according to Figure 4-j. These are shown in Table 4-8, and the 

haplogroup to which each sample may belong if one marker was typed 

incorrectly is predicted.

Sample(s) Conflicting polymorphisms Haplogroup?
45 92r7T (M9C) 1
11.NJ, RUS33767 92r7C (M9G, SRY10831A, M17G-) 3
K1670 M13C (SRY10831G) 7

Table 4-8 Y chromosome UEP status of “illégal” samples
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4.4.2 Microsatellites

Microsatellites evolve much more rapidly than UEP markers and homoplasies 

(successive mutations at the same site) are common. Median joining networks 

are therefore an appropriate method to calculate diagrams representing 

relationships between the Y chromosome haplotypes observed. Each UEP 

haplogroup is considered separately, as microsatellite divergence represents 

evolution that has occurred more recently on an ancient UEP haplogroup 

background.
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Figure 4-k Median joining networks representing microsatellite divergence 

in UEP haplogroups 1 (left) and 2+ (right). Mutational steps are weighted 

equally. Reticulations indicate recurrence of the same mutation, i.e. 

repeated increase and decrease in the number of microsatellite repeats. 

The Cohen modal haplotype is indicated by CMH.
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Figure 44 Median joining networks representing microsatellite divergence 

in UEP haplogroups 21 (left) and 26 (right). Mutational steps are weighted 

equally. Reticulations indicate recurrence of the same mutation, i.e. 

repeated increase and decrease in the number of microsatellite repeats.

Haplogroups 3 and 16 are not pictured in Figures 4-k or 4-1 above as they only 

contain 5 and 2 samples respectively, which are too few to base a reliable 

network on. In the four networks drawn, changes in microsatellite repeat 

number are weighted equally, therefore a single mutation is indicated by a unit 

branch length. However, this length varies between diagrams.
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Haolotvoe haï hq26 ha3 ha21 haï 6 Dutative hq2+ Total
131222101513 1 1
1312231011 13 2 2
1312 23101313 1 1
1312241011 12 1 1
1312241011 13 1 1
1312251011 13 1 1
1315241011 12 1 1
141221 101413 1 1
1412 22101414 1 1
1412221211 13 1 1
1412231011 14 1 1
141223101313 1 1
14122311 1313 1 1
14122311 1413 1 1
141224101313 1 1
1412 24101412 1 1
14122411 11 14 1 1
14122411 1312 2
1412 2411 1313 2
1414241011 13 1 1
14152211 11 12 2
141523 1011 12 1 1
1415241011 12 1 1
1416231011 12 3
1512 22 0911 14 1 1
1512221011 12 1 1
1512221011 14 1 1
151222 101214 1 1
1512231011 13 1 1
1512231011 14 1 1
1512241011 13 1 1
151224101313 1 1
1512 24101413 1 1
1516231011 12 1 1
1516241011 12 1 1
15182311 11 12 1 1
1612 22 091213 1 1
161222 1011 14 1 1
1612231011 13 1 1
16122311 11 13 1 1
1612 251011 13 1 1
16122511 11 13 1 1 2
17132411 11 13 1 1
Grand Total 10 4 4 9 2 1 23 53

Table 4-9 Distribution of Y chromosome microsateiiite hapiotypes (in the 

order DYS19, DYS388, DYS390, DYS391, DYS392, DYS393)
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Table 4-9 shows the distribution of Y chromosome haplotypes across the 53 

samples that could be completely typed for all UEP and microsatellite markers. 

Four of the 43 observed haplotypes (9.3%) are duplicated across UEP 

haplogroups, implying that some homoplasy has occurred in different UEP 

lineages. The majority of haplotypes (34/43, or 79.1%) occur only once; eight 

haplotypes (18.6%) occur in two samples. The Cohen modal haplotype (CMH), 

marked with an arrow in Table 4-9, occurs at a higher frequency (3/53, or 5.7%) 

than any other in this population sample. The CMH is thought to be a signature 

haplotype for the ancient Jewish population (Thomas et al., 1998a). The 

haplotype distribution between the Ashkenazi and Sephardic Jewish 

populations is discussed in section 4.4.3.

As previously reported (Thomas of a/., 2000), variability of the microsatellite 

marker DYS388 differs considerably from the other markers studied. Markers 

DYS19 and DYS390-393 appear to mutate in an incremental manner, with 

several samples representing each number of repeats in the range. However, 

DYS388 repeat numbers appear to have a distribution with two peaks at n=12 

and n>15; in Table 4-9, only one of the 53 samples carries 13 repeats at this 

locus and another single sample carries 14 repeats. European Y chromosomes 

have been reported to have predominantly low DYS388 repeat numbers 

(Kayser et a/., 1997), whereas Middle Eastern and Jewish Y chromosomes 

appear to carry mainly high numbers of DYS388 repeats (Thomas et a/., 2000). 

The bimodal distribution seen here may represent a mixed paternal origin for 

the Jewish populations under study, with genetic contributions from both 

Europe and the Middle East.
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4.4.3 Correlations with Jewish ethnicity

Figure 4-m shows how the Y chromosome UEP-defined haplogroups are 

distributed over the populations under study. Unlike the distribution of mtDNA 

haplogroups in the Jewish populations, the Y chromosome appears to have a 

differing distribution in the Ashkenazi and Sephardic Jewish populations (this 

hypothesis is discussed further in Chapter 5 - Statistical analysis). There is a 

broader distribution of haplogroups in the Ashkenazi population than in the 

Sephardic population, where haplogroup 2+ comprises 50% (18/36) of the 

samples. This haplogroup comprises only 10/56 (17.9%) of the Ashkenazi 

samples. Other haplogroups that are common in both Ashkenazi and Sephardic 

populations are hgl (8.9% and 13.9% respectively) and hg21 (12.5% and 

13.9% respectively); none of these haplogroups are represented in the African 

sample. Only 2 of the 5 male African samples could be completely 

characterised, and one of these was defined as “illegal”, so a clear picture of 

the distribution of African Y chromosome haplogroups can not be obtained from 

this study.
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Figure 4-m Distribution of Y chromosome UEP haplogroups according to 

ethnic origin.
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Ashkenazi Jews who are not members of the priesthood (Levites) have 

previously been reported to carry a higher proportion of Y chromosome 

haplogroup 3 than Sephardic Levites (Thomas etal., 1998a). This is reflected in 

these samples; five haplogroup 3 Y chromosomes have been detected, four of 

which belong to Ashkenazi Jewish samples and the other to an African sample. 

The two "illegal" samples that have been predicted to belong to haplogroup 3, 

and the "putative" haplogroup that is closely related to haplogroup 3, are also 

from Ashkenazi Jewish patients. Haplogroup 3 is not represented at all among 

the Sephardic Jewish samples.

The fact that the Ashkenazi and Sephardic Jewish populations have similar 

distributions of mtDNA haplogroups, but dissimilar Y chromosome distributions, 

may indicate that these geographically isolated populations have common 

maternal origins, but each population carries genetic contributions from males 

from neighbouring non-Jewish populations. These examples of Jewish 

matrilocal populations, where there is more male than female genetic 

contribution from external populations, agree with a previous study (Thomas et 

a/., 2002).
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Table 4-10 Distribution of Y chromosome microsatellite haplotypes in 

Jewish populations

UEP haplogroup Index number Haplotype Ash Seph Other Total
Hgl 1 13 1222 10 15 13 1 1

2 14 1223 10 13 13 1 1
3 1 4 1 2 2 3 1 1  1313 1 1
4 14 1224 10 13 13 1 1
5 14 1224 10 14 12 1 1
6 14 1224 11 13 12 1 1
7 14 122411 1313 2
8 15 12 24 10 13 13 1 1

Hg2+ 9 13 1224 10 11 13 1 1
10 13 15 2 4 1 0 1 1  12 1 1
11 14 1223 10 11 14 1 1
12 14 1424 10 11 13 1 1
13 14 1522 11 11 12 2
14 14 15 2 3 1 0 1 1  12 1 1
15 14 15 2 4 1 0 1 1  12 1 1

16 (CMH) 14 16 2 3 1 0 1 1  12 1 2
17 15 1 2 2 2 9  11 14 1 1
18 15 1222 10 11 12 1 1
19 15 1222 10 11 14 1 1
20 1 5 1 2 2 2 1 0 1 2  14 1 1
21 1 5 1 2 2 3 1 0 1 1  13 1 1
22 1 5 1 2 2 3  1011 14 1 1
23 1 5 1 6 2 3  1011 12 1 1
24 15 16 2 4 1 0 1 1  12 1 1
25 15 1823 11 11 12 1 1
26 16 1222 10 11 14 1 1
27 16 1223 10 11 13 1 1
28 17 1 32 411  11 13 1 1

Hg21 29 13 1223 10 11 13 2
30 1 3 1 2 2 4 1 0 1 1  12 1 1
31 1 3 1 2 2 4 1 0 1 1  13 1 1
32 13 1225 1011 13 1 1
33 14 12 2 2 1 2 1 1  13 1 1
34 1 4 1 2 2 4 1 1  11 14 1 1
35 1 5 1 2 2 4  1011 13 1 1
36 16 1 2 2 2 9 1 2  13 1 1

Hg26 37 13 12 23 10 13 13 1 1
38 14 122311 1413 1 1
39 14 12 24 10 13 13 1 1
40 15 12 24 10 14 13 1 1
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Hg3 41 14 1223 11 13 13 1 1
42 16 122311 11 13 1 1
43 16 1 2 2 51 011  13 1 1
44 16 1225 11 11 13 1 1

Hg16 45 14 1221 10 1 4 1 3 1 1
46 14 1222 10 14 14 1 1

Putative 47 16 122511 11 13 1 1
Illegal 48 15 11 21 9 11 13 1 1

49 15 1 2 2 2 9  11 14 1 1
50 16 12 24 11 12 14 1 1

TOTAL 56

Table 4-10 shows how the Y chromosome haplogroups and haplotypes are 

distributed across the Ashkenazi and Sephardic Jewish populations. The Cohen 

modal haplotype (CMH) is present in 3 of the 52 Jewish samples typed (5.8%); 

1/25 Ashkenazi samples (4.0%) and 2/27 Sephardic samples (7.4%) carry this 

haplotype. This is relatively low for lay Ashkenazi and Sephardic Jews, who 

have been reported to carry the CMH at a frequency of 13.2% and 9.8% 

respectively (Thomas et al., 1998a). Members of the Cohanim (priesthood) 

have been reported to carry a particularly high frequency of this haplotype 

(44.9% and 56.1% respectively); we have no data on the Cohanim priesthood 

status for samples in this study.

A difference can be seen in the distribution of low- and high-repeat alleles of 

DYS388 in the Ashkenazi and Sephardic Jewish populations. Only one of the 

25 Ashkenazi samples (4.0%) has a DYS388 repeat number of 15 or greater, 

compared to 10/27 (37.0%) of the Sephardic samples. 22/25 Ashkenazi Jewish 

samples (88.0%) carry the 12-repeat allele of DYS388, compared to 17/27 

(63.0%) of Sephardic Jewish samples. This may reflect the influence of 

European Y chromosomes, which typically have a low-repeat allele of DYS388,

189



in the Ashkenazi Jewish population (Kayser et al., 1997), and a Middle Eastern 

influence on the Sephardic Jewish Y chromosomes (Thomas etal., 2000).

The only haplotype shared between the Ashkenazi and Sephardic Jewish 

populations in this study is the Cohen modal haplotype (haplotype 16 in Table 

4-10). The CMH has previously been reported to be the major component of 

shared Y chromosomes between Jewish populations (Thomas etal., 2000), and 

this also appears to be the case in this study.

4.5 Summary

The following points summarise the results described in this chapter on mtDNA

and Y chromosome diversity.

• A high success rate of PCR amplification was obtained for mtDNA (82.3% 

for HVR-1 amplification and 94.6% for amplification of coding region 

fragments containing key RFLP sites). This is probably due to the high copy 

number of mtDNA episomes per cell.

• For the Y chromosome, 72/102 (70.6%) male samples were completely 

typed for eleven unique event polymorphisms and 61/102 (59.8%) were 

completely typed for six microsatellites. The lower amplification success rate 

is probably due to the haploid nature of the Y chromosome.

• Considerable diversity is seen in mtDNA HVR-1; 49 different haplotypes 

were observed, with a high gene diversity (/?) of 0.9996±0.0013. 

Haplogroups predominating in the samples were H, U and K, which are 

among the most frequent Eurasian haplogroups. A reduced median network 

of the haplotypes is mainly star-like, with a few reticulations that may imply 

homoplasy has occurred at certain sites.
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• Analysis of the mtDNA coding region RFLP data reveals that the 

predominant haplogroups in the samples under study are H and U, then J 

and K. A network drawn from the nine polymorphic sites studied yields a 

clear topology with few reticulations, that appears to have an African 

outgroup. A previously reported 9bp deletion was detected in one sample.

• The distribution of mtDNA haplogroups is similar in Ashkenazi and 

Sephardic Jews but significantly different from that of the African samples, 

possibly indicating relatively recent common maternal origins for the 

Ashkenazi and Sephardic Jewish populations.

• Of 68 male samples typed for UEP markers on the Y chromosome, 29 

(42.6%) belonged to haplogroup 2+; the remaining 39 samples belonged to 

5 known haplogroups (hgl and hg21 predominating) and one putative 

haplogroup. At the microsatellite level, 43 haplotypes were observed, with 

the most frequent being the Cohen modal haplotype (5.7%).

• The distribution of Y chromosome haplogroups differs between the 

Ashkenazi and Sephardic Jewish populations, suggesting that there have 

been paternal contributions to the Ashkenazi and Sephardic gene pools 

from the host non-Jewish populations. The only microsatellite haplotype to 

be shared between the Ashkenazi and Sephardic populations was the 

Cohen modal haplotype, indicating that there is still a shared “signature” of 

Jewish paternal origin.
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5 Statistical analysis 

5.1 Introduction

This chapter contains statistical analyses of the combined data gathered in this 

study, including KSHV subtype and mtDNA and Y chromosome haplogroup 

data. The contents of the sections in this chapter are as follows.

• The sub-populations studied are described, and the grouped data from each 

sub-population are summarised, in section 5.2.

• The gene diversity (h) of mtDNA and Y chromosome haplogroup frequency 

data for each sub-population are calculated in section 5.3, and compared to 

those previously obtained for Jewish populations and sub-populations.

• The results of the Exact Test of Population Differentiation based on mtDNA 

and Y chromosome haplogroup frequencies are described in section 5.4

• The results of this chapter are summarised in section 5.5.
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5.2  Sub-populations under study

Firstly, the distribution of mtDNA and Y chromosome haplogroups in the 

Ashkenazi Jewish population was compared directly against that of the 

Sephardic population. Each population was then divided into groups of samples 

carrying either the A or C subtype of KSHV, and the distributions of mtDNA and 

Y chromosome haplogroups within these sub-populations were compared. The 

samples were divided into groups containing those Ashkenazi Jewish samples 

collected in Israel and those collected elsewhere, to determine if there is any 

difference or bias in the genetic composition of those populations that 

emigrated to Israel and those that did not.

At the highest level, all the Ashkenazi and Sephardic Jewish samples from this 

study were divided into sub-populations carrying either the A or C subtype of 

KSHV. To ensure that any significant differences in haplogroup distribution 

were not due to uncharacterised population structure (i.e. that the samples were 

homogeneous), these populations were then narrowed even further. Eastern 

European (of Russian or Hungarian origin) or North African samples (of 

Moroccan or Tunisian origin) were grouped together according to the KSHV 

subtype carried. The lowest level of sub-populations under study were restricted 

to those samples of Russian or Moroccan origin only.

Tables 5-1 and 5-2 display the distribution of mtDNA and Y chromosome 

haplogroups in the sub-populations described above. The statistics discussed in 

sections 5.3 and 5.4 are derived from the distributions presented here, 

implemented in the program ARLEQUIN.
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Population 1 

Population 2 

Population 3 

Population 4 

Population 5 

Population 6 

Population 7 

Population 8 

Population 9 

Population 10

AH Ashkenazi samples carrying KSHV subtype A 

Ai! Ashkenazi samples carrying KSHV subtype C 

Israeli Ashkenazi samples carrying subtype A 

Israeli Ashkenazi samples carrying subtype C 

Non-Israeli Ashkenazi samples carrying subtype A 

Non-Israeli Ashkenazi samples carrying subtype C 

East European Ashkenazi samples carrying subtype A 

East European Ashkenazi samples carrying subtype C 

Russian Ashkenazi samples carrying subtype A 

Russian Ashkenazi samples carrying subtype C

Population 1 2 3 4 5 6 7 8 9 10
mtDNA
haplogroups

H 20 3 7 0 13 3 17 2 10 1
1 0 0 0 0 0 0 0 0 0 0
J 2 0 0 0 2 0 0 0 0 0
K 5 5 3 3 2 2 2 3 1 3
T 3 2 0 1 3 1 2 2 1 2
U 4 4 2 0 2 4 3 4 1 2
V 3 0 2 0 1 0 3 0 3 0
X 1 0 1 0 0 0 1 0 1 0
z 3 0 0 0 3 0 1 0 1 0

Total 41 14 15 4 26 10 29 11 18 8
Y chromosome 
haplogroups

1 2 2 1 1 1 1 0 2 0 2
16 2 0 0 0 2 0 2 0 2 0
2+ 7 3 1 1 6 2 6 3 5 3
21 3 3 1 0 2 3 3 2 1 0
26 4 2 2 1 2 1 3 2 1 2
3 4 1 0 1 4 0 2 0 2 0

Total 22 11 5 4 17 7 16 9 11 7

Table 5-1 Distribution of mtDNA and Y chromosome haplogroups in the 

Ashkenazi Jewish sub-populations
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All Sephardic samples carrying KSHV subtype A 

All Sephardic samples carrying KSHV subtype C 

Israeli Sephardic samples carrying subtype A 

Israeli Sephardic samples carrying subtype C 

North African Sephardic samples carrying subtype A 

North African Sephardic samples carrying subtype C 

Moroccan Sephardic samples carrying subtype A 

Moroccan Sephardic samples carrying subtype C 

All but 2 of the Sephardic Jewish samples were collected in Israel, so the non- 

Israeli Sephardic population is too small for statistical analysis.

Population 11 

Population 12 

Population 13 

Population 14 

Population 15 

Population 16 

Population 17 

Population 18

Population 11 12 13 14 15 16 17 18
mtDNA
haplogroups

H 4 9 3 9 2 9 1 9
1 0 0 0 0 0 0 0 0
J 0 4 0 4 0 4 0 4
K 0 5 0 5 0 5 0 4
T 0 1 0 1 0 0 0 0
U 5 2 5 2 4 2 4 0
V 0 0 0 0 0 0 0 0
X 0 3 0 3 0 3 0 1
z 0 0 0 0 0 0 0 0

Total 9 24 a 24 6 23 5 18
V chromosome 
haplogroups

1 1 5 1 5 1 5 1 2
16 0 0 0 0 0 0 0 0
2-k 8 9 7 9 6 9 4 7
21 2 1 2 1 2 1 2 1
26 0 1 0 1 0 1 0 1
3 0 0 0 0 0 0 0 0

Total 11 16 10 16 9 16 7 11

Table 5-2 Distribution of mtDNA and Y chromosome haplogroups in the 

Sephardic Jewish sub-populations
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5.3 Gene diversity

Gene diversity (h) was calculated for the haplogroup distribution of mtDNA and 

the Y chromosome in all the populations described in section 5.2. These values 

of h and its standard error (SE) are given in Table 5-3. The p-values in the final 

column are the result of a Z-test on the mtDNA and Y chromosome gene 

diversity values for each population, to see if they are significantly different. 

Significant p-values (p<0.05) are highlighted in red text; no comparisons are 

significant except for those for the All Sephardic, All Israeli Sephardic and All 

North African populations (which mainly contain the same samples). In these 

groups, the Y chromosome has significantly reduced genetic diversity 

compared to mtDNA. This is not the case in their respective sub-populations 

containing the A or C subtypes of KSHV, or in any other population to be 

compared in the Exact Test of Population Differentiation in section 5.4. It can 

therefore be assumed that mtDNA and the Y chromosome will have 

comparable power in this test.

The gene diversity values of the All Ashkenazi, All Israeli Ashkenazi and All 

non-Israeli Ashkenazi populations are similar, for both mtDNA and the Y 

chromosome (0.7690, 0.7778, 0.7603 and 0.8258, 0.8611, 0.8225 respectively). 

Z-tests of these h values reveal that there are no significant differences, either 

within each population or between these populations. The sub-population of 

Israeli Ashkenazi samples carrying KSHV subtype C appears to have reduced 

mtDNA diversity (0.5000); this result is based on only four samples, and the 

standard error is consequently large so that the difference between this and 

other sub-populations is not significant.
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Sub-populations studied mtCINA Y chromosome p-value
h SE h SE

All Ashkenazi 0.7690 0.0423 0.8258 0.0310 0.273
Ashkenazi-KSHV A 0.7366 0.0644 0.8355 0.0443 0.202
Ashkenazi-KSHV C 0.7802 0.0609 0.8545 0.0657 0.399
All Israeli Ashkenazi 0.7778 0.0640 0.8611 0.0872 0.432
Israeli Ashkenazi-A 0.7524 0.0918 0.9000 0.1610 0.417
Israeli Ashkenazi-C 0.5000 0.2652 1.0000 0.1768 0.114
All non-Israeli Ashkenazi 0.7603 0.0576 0.8225 0.0451 0.387
Non-Israeli Ashkenazi-A 0.7323 0.0827 0.8235 0.0618 0.369
Non-Israeli Ashkenazi-C 0.7778 0.0907 0.8095 0.1298 0.825
All East European 0.7295 0.0586 0.8033 0.0490 0.327
E. European-KSHV A 0.6453 0.0942 0.8083 0.0643 0.150
E. European-KSHV 0 0.8000 0.0747 0.8333 0.0800 0.746
All Russian 0.7846 0.0639 0.7778 0.0823 0.929
Russian-KSHV A 0.6863 0.1123 0.7818 0.1073 0.528
Russian-KSHV 0 0.8214 0.1007 0.7619 0.1148 0.683
All Sephardic 0.7765 0.0469 0.5613 0.0892 0.032
Sephardic-KSHV A 0.5556 0.0902 0.4727 0.1617 0.641
Sephardic-KSHV 0 0.7971 0.0526 0.6167 0.0963 0.098
All Israeli Sephardic 0.7863 0.0441 0.5754 0.0881 0.032
Israeli Sephardic-A 0.5357 0.1232 0.5111 0.1643 0.887
Israeli Sephardic-C 0.7971 0.0526 0.6167 0.0963 0.098
All North African 0.7808 0.0449 0.5725 0.0954 0.047
N. African-KSHV A 0.5333 0.1721 0.5556 0.1653 0.907
N. African-KSHV 0 0.7787 0.0542 0.6000 0.1129 0.151
All Moroccan 0.7510 0.0625 0.6013 0.1107 0.234
Moroccan-KSHV A 0.4000 0.2373 0.6667 0.1598 0.344
Moroccan-KSHV 0 0.6863 0.0798 0.6000 0.1539 0.606

Table 5-3 Gene diversity (h) and standard error (SE) of mtDNA and Y 

chromosome haplogroup distributions of each population.
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The gene diversity of mtDNA in the All Ashkenazi and All Sephardic Jewish 

populations (0.7690 and 0.7765 respectively) is not significantly different. 

However, the gene diversity of the Y chromosome in the Sephardic Jewish 

population, 0.5613, is significantly lower than that of the Ashkenazi population, 

which is 0.8258 (p<0.005). This suggests that the Y chromosome pool of the 

Sephardic Jewish population has been more restricted than that of the 

Ashkenazi Jewish population. This significant trend is continued when the Y 

chromosome gene diversity of the East European (/7=0.8033) and North African 

(A7=0.5725) populations are compared, although the smaller numbers mean that 

the p-value is less significant (p<0.05). The gene diversity of the Y chromosome 

is lower in Moroccan (A?=0.6013) than in Russian (h=0.777Q) samples, but the 

difference is not significant; again this is likely to be due to large standard errors 

resulting from small sample numbers.

It appears that within the Sephardic Jewish population, there is reduced mtDNA 

genetic diversity within the sub-populations carrying KSHV subtype A 

(/7=0.5556, 0.5333 and 0.4000) compared to those carrying subtype C 

(A?=0.7971, 0.7787 and 0.6863). None of these differences are significant, 

probably due to the small numbers of Sephardic samples carrying the A 

subtype of KSHV (n=9), resulting in large standard errors for h values. If more 

samples were available and these differences were found to be significant, that 

would suggest that a female founder effect had occurred within the Sephardic 

Jewish sub-population carrying KSHV subtype A.

The mtDNA gene diversity values calculated here cannot be compared directly 

to those previously obtained for the Jewish population, as those studies used 

different markers from the RFLP sites used here to define the haplogroups
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(Ritte et al., 1993b; Thomas et al., 2002; Tikochinski et al., 1991). In the study 

by Thomas et al. (2002), Y chromosome h values were calculated based on 

UEP plus microsatellite haplotype frequencies (compared to those shown here, 

based solely on UEP haplogroups). In that study, therefore, the Ashkenazi and 

Moroccan Jewish populations under investigation appeared to be significantly 

more diverse than those included in the current study. This is due to the nature 

of h, which is defined as the probability that two randomly chosen haplotypes 

are different in the sample (Nei, 1987). If more rapidly-evolving microsatellite 

haplotypes are included in the calculation, the chance of encountering two 

identical haplotypes will be lower, and h will be correspondingly higher.

5.4 Exact Test of Population Differentiation

Several different tests of differentiation were carried out between various pairs 

of populations, based on the frequency of the mtDNA coding region and Y 

chromosome UEP haplogroups. The p-values from each test are summarised in 

Tables 5-4 (mtDNA) and 5-5 (Y chromosome). The significant values (p<0.05) 

are highlighted in red.
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All Ashkenazi A/C
All Sephardic A/C 0.243

All Ashkenazi A All Ashkenazi C All Sephardic A
All Ashkenazi C 0.122 - _

All Sephardic A 0.193 0.075
All Sephardic 0 0.255 0.119 0.040

All Israeli Ash A/C All Israeli Sep A/C
All Israeli Sep A/C 0.243 -

All non-Israeli Ash A/C 0.956 0.224

All Israeli Ash A All Israeli Ash C All Israeli Sep A
All Israeli Ash C 0.056 . -

All Israeli Sep A 0.107 0.000 -

All Israeli Sep C 0.363 0.109 0.031
All E. European A/C

All N. African A/C 0.041
E. European A E. European C N. African A

E. European C 0.034 - -

N. African A 0.155 0.331 _

N. African C 0.027 0.037 0.043
All Russian A/C

All Moroccan A/C 0.118
Russian A Russian C Moroccan A

Russian C 0.020 - -

Moroccan A 0.035 0.114 -

Moroccan C 0.046 0.009 0.001

Table 5-4 p-values from the Exact Test of Population Differentiation for 

mtDNA haplogroup distributions
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All Ashkenazi A/C
All Sephardic A/C 0.015

All Ashkenazi A All Ashkenazi C All Sephardic A
All Ashkenazi C 0.798 - -

All Sephardic A 0.189 0.196 _

All Sephardic C 0.086 0.163 0.354
All Israeli Ash A/C All Israeli Sep A/C

All Israeli Sep A/C 0.025 -

All non-Israeli Ash A/C 0.629 0.025
All Israeli Ash A All Israeli Ash C All Israeli Sep A

All Israeli Ash C 0.792 - -

All Israeli Sep A 0.189 0.187 -

All Israeli Sep C 0.091 0.163 0.356
All E. European A/C

All N. African A/C 0.053
E. Eurooean A E. Eurooean C N. African A

E. European C 0.433 - -

N. African A 0.311 0.328
N. African C 0.040 0.308 0.499

All Russian A/C
All Moroccan A/C 0.298

Russian A Russian C Moroccan A
Russian C 0.198 . -

Moroccan A 0.359 0.243 -

Moroccan C 0.197 0.488 0.867

Table 5-5 p-values from the Exact Test of Population Differentiation for Y 

chromosome haplogroup distributions

The Israeli Ashkenazi and non-Israeli Ashkenazi Jewish populations do not 

have significantly different mtDNA or Y chromosome haplogroup distributions 

(p=0.956 and 0.629 respectively). This indicates that there is no difference in 

the distribution of these haplogroups between those Jews who have emigrated 

back to Israel and those who have remained in their country of birth, so the 

populations can be considered together.
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The global tests of differentiation between the general Ashkenazi and 

Sephardic Jewish populations show that the distribution of mtDNA haplogroups 

is not significantly different in these populations (p=0.243). By contrast, there is 

a noticeable difference in the distribution of Y chromosome haplogroups 

between the Ashkenazi and Sephardic Jewish populations (p=0.015). This also 

holds when the Israeli Ashkenazi or non-Israeli Ashkenazi populations are 

compared to the Israeli Sephardic Jewish population (p=0.025 in both cases). 

These results support the data discussed in Chapter 4, where it was proposed 

that the similarity in the mtDNAs of the Ashkenazi and Sephardic Jewish 

populations is the result of relatively recent common maternal origins. The 

differing Y chromosome distributions in the Ashkenazi and Sephardic Jewish 

populations may represent the input of Y chromosomes from the surrounding 

non-Jewish populations in each case.

An interesting phenomenon is observed when the distribution of mtDNA 

haplogroups in the Jewish sub-populations carrying either the A or 0  subtypes 

of KSHV are compared to each other. There is a significant difference between 

the mtDNA haplogroup distributions of the Sephardic Jewish sub-populations 

carrying the A and 0  subtypes of KSHV (p=0.040). This significant difference is 

maintained when the population is narrowed to avoid any uncharacterised 

genetic substructure in the Sephardic community: p=0.031, 0.043 and 0.001 for 

the Israeli Sephardic, North African and Moroccan sub-populations respectively. 

There is no significant difference between the All Ashkenazi Jewish sub

populations carrying either the A or C subtype of KSHV (p=0.122). However, 

when this population is restricted to East European or Russian samples only, 

the differences in the distribution of mtDNA haplogroups between sub

populations carrying the A subtype of KSHV versus those sub-populations
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carrying the C subtype become significant (p=0.034 and 0.020 respectively). 

These values, in fact, are becoming more significant as the sample numbers 

are reduced, implying that the significant differences we see are real and are 

not just an artefact of sample size.

These significantly different distributions of mtDNA haplogroups can be 

observed directly by studying Tables 5-1 and 5-2. It is apparent from Table 5-1 

that Ashkenazi Jewish samples carrying KSHV subtype A predominantly belong 

to mtDNA haplogroup H, whereas Ashkenazi sub-populations carrying subtype 

C have few or no samples in haplogroup H and a much higher proportion of 

samples in haplogroups K, T and U. Likewise, in Table 5-2, it is apparent that 

Sephardic Jewish samples carrying the C subtype of KSHV predominantly 

belong to mtDNA haplogroups H, J and K, whereas those Sephardic samples 

carrying subtype A exclusively belong to haplogroups H and U. These 

differences are reflected in the significant p-values returned by the Exact Test of 

Population Differentiation.

By contrast, in Table 5-5, the distributions of Y chromosome haplogroups are 

not significantly different within either the Ashkenazi or Sephardic Jewish sub

populations. This specific association of KSHV subtype with mtDNA (but not Y 

chromosome) haplogroups may be the result of maternal transmission of KSHV 

within the Ashkenazi and Sephardic Jewish sub-populations.

In the most restricted sub-populations, i.e. those containing samples from 

Russia or Morocco only, there are also significant differences in the mtDNA 

haplogroup distributions of the sub-populations carrying the same subtype of 

KSHV. The Russian samples carrying subtype A are significantly different from
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the Moroccan samples carrying subtype A (p=0.035), and likewise for the 

Russian and Moroccan sub-populations carrying subtype C (p=0.009). This 

suggests that, within these populations that have been geographically isolated, 

transmission of certain KSHV subtypes has occurred parallel to the maternal 

heredity of particular mtDNA haplogroups. This significant difference may not 

be apparent in the larger populations as they are broader and may contain 

some crossover of KSHV subtype or mtDNA haplogroup between sub

populations.
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5 .5  Summary

The following points summarise the results described in this chapter on

statistical analysis of the data gathered in the chapters on KSHV, mtDNA and Y

chromosome diversity.

• The sub-populations under study were designed to rule out possible 

uncharacterised genetic sub-structure that may cause misleading results. 

The mtDNA and Y chromosome haplogroups in these sub-populations were 

compared against each other to detect significant differences in the gene 

diversity or distribution of these haplogroups between populations.

• Y chromosome and mtDNA genetic diversity is not significantly different in 

the populations under study, except in the All Sephardic Jewish populations 

where the Y chromosome appears to have significantly less genetic diversity 

than mtDNA. This does not apply to its sub-populations carrying KSHV 

subtypes A and C, so it can be assumed that the Y chromosome and 

mtDNA haplogroup distributions will have comparable power in the Exact 

Test of Population Differentiation.

• The gene diversity of the Y chromosome in the Sephardic Jewish population 

is also significantly lower than that of the Ashkenazi Jewish population, 

suggesting that the Y chromosome pool of the Sephardic Jewish population 

may have been more restricted than that of the Ashkenazi Jewish 

population.

• There appears to be reduced mtDNA genetic diversity within the Sephardic 

Jewish sub-population carrying KSHV subtype A compared to those carrying 

subtype C. These differences are not significant, possibly due to small 

sample numbers.

• Those Ashkenazi Jews who have emigrated to Israel do not have

significantly different distributions of either mtDNA or the Y chromosome
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from those Ashkenazi Jews who have not returned to Israel, indicating that 

there is no detectable genetic difference in these two populations and they 

can be considered together for the purposes of this study.

• The distribution of mtDNA haplogroups is not significantly different in the 

Ashkenazi and Sephardic Jewish populations, possibly indicating common 

maternal origins. In contrast, the Y chromosome shows a significantly 

differing distribution in these two populations, implying paternal genetic input 

into the Jewish communities from neighbouring non-Jewish populations.

• Ashkenazi and Sephardic Jewish sub-populations carrying either the A or C 

subtype of KSHV show significant differences in the haplogroup distribution 

of mtDNA, but not the Y chromosome. This is strong molecular evidence for 

the maternal transmission of KSHV within Jewish communities, maintained 

by geographic isolation and inbreeding.

• The significance of these differences is increased when studies are 

restricted to only the Russian and Moroccan sub-populations, indicating that 

the differences are not the result of uncharacterised genetic structure. Within 

these most restricted populations, there are also significant differences 

between the mtDNA haplogroup distributions of the two sub-populations 

carrying the same subtype of KSHV. This implies that transmission of certain 

KSHV subtypes has occurred parallel to the maternal heredity of particular 

mtDNA haplogroups within these populations that have been geographically 

isolated.
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6 Discussion

6.1 Main conclusions of this thesis

• This is the largest single study to date of KSHV 0RF-K1 sequences 

(n=123). Several novel sequence motifs were observed, including an 

unusual viral subtype and a motif in VR2 that defines a new clade of subtype 

A1.

• Analysis of variability in 0RF-K15 detected a novel C-terminal deletion in the 

minor (M) allele; the predominant (P) allele was present in the majority 

(73%) of samples. Variability in ORF75 was correlated with that of the RMS, 

rather than the LHS, of the KSHV genome.

• Subtype A (and particularly clade AT) of KSHV is significantly associated 

with the Ashkenazi Jewish population, and subtype C with the Sephardic 

Jewish population. The M allele of 0RF-K15 appears to be over-represented 

in Ashkenazi Jews (39%).

• The distribution of mtDNA haplogroups was typical of most Eurasian 

populations. There was no significant difference in the mtDNA haplogroup 

distributions of the Ashkenazi and Sephardic Jewish populations.

• In contrast, Y chromosome haplogroup distributions differ significantly 

between the two Jewish populations studied. The differences may reflect 

paternal genetic contributions from neighbouring non-Jewish populations.

• The significant association of mtDNA haplogroup with KSHV subtype within 

the Ashkenazi and Sephardic communities provides molecular evidence for 

the predominantly maternal transmission of KSHV in Jewish populations.
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6.2 Discussion

6.2.1 KSHV serology and transmission in classic KS

The clinical KS variant known as the classic form of the disease is defined as 

that affecting elderly Jewish or Mediterranean individuals, predominantly men, 

who are HIV-seronegative (Bertaccini, 1959; Laor & Schwartz, 1979; Rothman, 

1962). These populations have been found to carry a relatively high KSHV 

seroprevalence, e.g. in Italy (Cattani at ai., 1999; Whitby at ai., 1998), Greece 

(Touloumi at ai., 1997) and Israel (Iscovich at ai., 2000b), in comparison to the 

low seroprevalence rates of <3% found in blood donors from the UK (Simpson 

at ai., 1996) and USA (Gao at ai., 1996). This explains the higher incidence of 

disease in these Mediterranean communities (Cottoni at ai., 1996; Geddes at 

ai., 1995; Iscovich at ai., 1998).

Population KSHV 
seroprevaience (%)*

Ciassic KS incidence per 100 000
Maie Femaie

UK blood donors <3 0.21 0.05
USA blood donors <3 0.29 0.07
Greece 12 0.49 0.31
Northern Italy 8.4 0.7 0.1
Italy: Po Valley 25 2.5 0.7
Southern Italy 24.6 4.12 1.09
Sardinia 25.0 2.43 0.77
israei: Ashkenazi Jews 16.0 1.67 0.95
israei: Sephardic Jews 29.7 3.63 1.39
israei: Arabs <10 0.69 0.22

Table 6-1 KSHV seroprevalence and Incidence of classic KS In the general 

adult population by geographic origin

*These data are taken from several references and obtained by different 

serological methods, as there is not yet a "golden standard" method for KSHV 

serology.
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The observations that classic KS (Iscovich et al., 2000b) and high KSHV 

seroprevalence (Davidovici eta!., 2001) occur at an increased frequency in both 

the Ashkenazi and Sephardic Jewish populations, despite their long geographic 

isolation from each other, suggests that KSHV was endemic in the Jewish 

population over two thousand years ago, and pre-dates the Jewish Diaspora. It 

has been suggested from seroepidemiological surveys that the predominant 

mode of KSHV transmission in the Jewish population is from mother to child 

(Davidovici eta!., 2001). This has also been found to occur in other populations 

where KSHV is endemic, e.g. in French Guiana (Plancoulaine et a/., 2000), 

South Africa (Bourboulia et a!., 1998; Sitas & Newton, 2001) and Tanzania 

(Mbulaiteye eta!., 2003).

It is possible to study the viral subtypes present in the Jewish population in 

parallel with host genetic markers, and to hypothesise about the factors that 

have transmitted and maintained KSHV at relatively high levels within this 

population. The wealth of data already gathered on the host genetic markers 

studied here, human mitochondrial DMA and the Y chromosome, gives us the 

means to elucidate KSHV evolution in a new and exciting way: by comparison 

to the evolution of its host populations.
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6.2.2 Variability in KSHV 0RF-K1

In the phylogenetic analysis of 0RF-K1 DNA sequences, the topologies 

produced by the parsimony and maximum likelihood algorithms were more 

reliable (based on bootstrap analysis) than the distance-based neighbour 

joining algorithm. Distance-based methods may be less applicable to these 

data, as only 0RF-K1 VR1 or VR2 sequence data were available for some 

samples and genetic distances between such samples cannot be calculated. 

Published phylogenetic studies of 0RF-K1 DNA sequence data have also used 

the parsimony and maximum likelihood methods (Cook et al., 1999; Lacoste et 

al., 2000b). Phylogenetic analysis of the 0RF-K1 sequences obtained in this 

study was more reliable when performed on amino acid, rather than nucleotide, 

sequence data. This reflects the fact that the original subtype designations were 

based on amino acid sequence motifs (Nicholas etal., 1998; Zong et ai, 1999).

Based on these phylogenetic trees and visual analysis of amino acid sequence 

motifs, the 123 KSHV isolates from this study were classified into 64 isolates of 

subtype A, 52 isolates of subtype 0 and 6 isolates of subtype B. Of these six B 

strains, three were in samples from non-Jewish patients with an African origin; 

the remaining subtype B isolates were observed in Sephardic Jewish patients, 

one from Italy and two from Morocco. It is likely that these patients contracted 

KSHV by direct or indirect contact with sub-Saharan African individuals.

One isolate appears to belong to an unusual, unclassified strain of KSHV. This

sample, K443, consistently clustered outside the designated subtypes and is

closely related to API 78810, reported to be an “ancient/early variant of the

whole set of A/C strains” (Lacoste et ai, 2000a); recombination between

different subtypes to create this unusual strain has been ruled out. K443 (this
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study) and AF178810 (Lacoste et al., 2000a) have different geographic origins 

(Kenyan child and French Caucasian homosexual respectively); it is likely that 

isolate AF178810 was originally contracted from an African individual, either 

directly or indirectly. This would fit the theory that this unusual strain evolved 

before the divergence of subtypes A and 0, but after their divergence from the 

"African" subtype B.

Several viral isolates (n=13) contain a novel SHVITR motif at amino acids 205- 

210 in 0RF-K1; in phylogenetic analysis, these isolates cluster closely with 

subtype A l, and contain sequence motifs in variable region 1 that are typical of 

this subtype (see Figure 6-a). This novel motif therefore appears to define a 

new clade of subtype A l , provisionally called A l

51 61 73

Typical subtype A l Y  
Typical subtype AT Y  
Typical subtype A l

c  N N t r l f r ï ^ r t ï ^ ^ 7 t ï à
C N N T R L F R L ^ K T I^ Œ @ rA  

’ÿ C N N T R L L R L 'J T T T ltŸ P V T IA

CN
CIŜ
CN

191 201 210 215

Typical subtype A l ÿ  
Typical subtype AT ip 
Typical subtype A l"  T
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Figure 6-a Amino acid sequence motifs in 0RF-K1 VR1 & VR2 in prototype 

sequences of subtypes A1, AT and AT'. The novel SHVITR motif in VR2 at 

amino acid positions 205-210 can be clearly seen in subtype AT'.

The samples that belong to the novel subtype AT' are all of Jewish origin, but

are of both Ashkenazi (n=6) and Sephardic (n=7) origins. As this is the largest

study to date of KSHV variability in Jewish populations, it may be that subtype

A T  is found predominantly in the Jewish population and only rarely outside it.
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The majority (n=9) of Jewish patients with this subtype immigrated to Israel 

during the 5-year period from 1951-1956; it may be the case that subtype A l" 

was then circulating within the Jewish population in Israel, and these patients 

may have acquired KSHV at that time.

6.2.3 Variability in KSHV 0RFs-K15 and -75

The overall ratio of 0RF-K15 predominant (P) to minor (M) alleles detected in 

this study was 73% : 27%. This is similar to the ratio detected in the original 

study that reported the variable alleles of 0RF-K15 (Poole et al., 1999), where 

the ratio detected was 71.4% P : 28.6% M alleles across a variety of 0RF-K1 

subtypes. In the present study, both P and M alleles are found in viral isolates 

belonging to each of the A, B and C subtypes of KSHV, but at differing 

proportions. The M allele, at 39.6%, is over-represented among samples in 

subtype A, whereas a large majority (85.7%) of viral isolates in subtype C carry 

the P allele, as predicted. Although the M allele of 0RF-K15 has become 

integrated into all KSHV subtypes by recombination, founder effects in the 

Jewish population may have led to the significant difference (p=0.016) in the 

distribution of the P and M alleles in viral isolates belonging to subtypes A and 

C. The M allele of 0RF-K15 is not particularly associated with any clade of 

subtype A; it is found in Ashkenazi isolates belonging to subtypes A l, AT, A2, 

A3 and A4, and in African isolates belonging to subtype A5.

Samples from the Ashkenazi, Sephardic and African backgrounds all show a

predominance of the P allele over the M allele, as expected. However, within

these ethnic groups, the P allele has a varying prevalence of 60.9% (28/46),

90.2% (37/41 ) and 66.7% (4/6) respectively, implying that there is a correlation

of 0RF-K15 allele with ethnic origin. The very high preponderance of the ORF-
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K15 p allele within Sephardic Jews (>90%) may indicate a founder effect that 

resulted in this skewed distribution in the Sephardic population during the 

Jewish Diaspora. Furthermore, this skewed distribution, combined with the 

significant associations of Ashkenazi Jews with KSHV subtype A and Sephardic 

Jews with subtype C, is likely to be the cause of the difference in proportion of 

the ORF-K15 P allele in subtype A and C isolates.

A novel 10-aa deletion in the M allele of 0RF-K15 was detected in three 

patients from widely varying ethnic backgrounds, and with different 0RF-K1 

subtypes (A1, AT and A5). This deletion in 0RF-K15 M may imply that 

recombination has occurred recently in the evolutionary history of this allele, as 

it is unlikely that the same deletion has occurred at least three separate times in 

different viral lineages. The deletion creates a mitochondrial targeting sequence 

in the M allele that was previously only present in the P allele, possibly leading 

to functional differences for the deleted K15-M protein compared to the wild- 

type. The abilities of K15 to bind (and possibly sequester) the anti-apoptotic 

protein HAX-1 in mitochondria (Sharp et al., 2002), and to activate the NF-kB 

signalling pathway via the putative TRAF-binding site (T. Sharp, unpublished 

data), may be affected.

Although a large study on ORF75 variability could not be carried out due to the 

low amplification success rate of this gene fragment, results from all samples in 

which ORF75 could be partially sequenced (n=18) show that the variability in 

this gene corresponds with that of the RMS (0RF-K15), rather than the LHS 

(0RF-K1), of the viral genome. This concurs with larger studies of ORF75 

variability, which suggest that recombination of the RHS P and M alleles has
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occurred at different loci within the KSHV genome, but often to the left of 

ORF75 (Zong etal., 2002).

6.2.4 KSHV variability in Jewish populations

The results of this study support and extend those of a small previous report,

which suggested that the distribution of KSHV subtypes differs between the

Ashkenazi and Sephardic Jewish populations (Davidovici et ai., 2001). In the

present study, Ashkenazi Jewish samples are significantly associated with the

A subtype of KSHV (p<0.001), particularly clade AT, whereas subtype C

predominates in Sephardic Jewish samples (p<0.05). Strong clustering by

geographical origin can also be seen for viral isolates within the subtype groups

(see Figure 3-a). This may be to due to founder effects that occurred before or

during the Jewish Diaspora, so that the founders of the Ashkenazi Jewish

population were already predominantly carrying the A subtype of KSHV and the

Sephardic founders were carrying the C subtype. Alternatively, the founders of

the two populations may have been carrying a similar distribution of KSHV

subtypes at the time of the Diaspora, but subtype A was the predominant strain

subsequently transmitted within the Ashkenazi Jewish population and subtype

C was predominantly transmitted within the Sephardic population. The third

explanation is that the Jewish population in ancient Israel, before the Diaspora,

carried a common ancestor of the modern-day A and C subtypes of KSHV, and

that these two subtypes have diverged during the last 2000 years in the

Ashkenazi and Sephardic Jewish populations respectively. This third

explanation is highly unlikely, as this would indicate unprecedented rates of

herpesviral evolution; this would be clarified by a molecular clock to estimate

the date of divergence of the A and C subtypes. A fourth explanation is that the

A and C subtypes were acquired from local communities as the Jewish

population migrated across Eastern Europe or North Africa; this is also highly
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unlikely, as the incidence of classic KS is much higher in Ashkenazi Jews than 

in their non-Jewish European neighbours.

6.2.5 mtDNA variability in Jewish populations

The variability observed in the mtDNA episome in the Ashkenazi and Sephardic 

Jewish populations is typical of that seen in most European populations 

(Richards et al., 2000; Torroni et al., 1998). The most commonly occurring 

haplogroups, detected by both the HVR-1 sequencing and RFLP methods, 

were H, U and K. The mtDNA haplogroup of most of the African samples could 

not be characterised by the RFLP method, as the polymorphisms studied were 

characteristic of major European, not African, haplogroups. However, the 

African samples seem to cluster away from the Ashkenazi and Sephardic 

Jewish samples, indicating that there is an African mtDNA outgroup. The depth 

of the mtDNA tree in the Ashkenazi and Sephardic Jewish samples was 

estimated at 39 286 YBP, which is in agreement with the time that modern 

humans spread into Eurasia, calculated from both molecular (Cavalli-Sforza & 

Cavalli-Sforza, 1995) and archaeological evidence (Bolus & Conard, 2001).

The mtDNA haplogroup distributions of the Ashkenazi and Sephardic Jewish 

populations do not differ significantly, indicating a relatively recent common 

maternal origin (although there are some population-specific differences in the 

data presented here, such as the presence of haplogroup V solely in Jews of 

Ashkenazi origin). Evidence for a common maternal ancestry was reported in 

1991 (Tikochinski et al., 1991), but was not detected in a more recent study 

(Thomas et al., 2002), which suggested that many Jewish populations 

(including Ashkenazi and Moroccan Jews) have each descended from a small 

number of female founders, independently of the other populations. The current
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study did not analyse as many Jewish samples (n=129) as that of Thomas etal. 

(n=687), which may explain this discrepancy.

6.2.6 Y chromosome variability in Jewish populations 

In this study, Y chromosome UEP haplogroups 1, 2+ and 21 are detected most 

frequently; this is fairly representative of a typical European population (Jobling 

& Tyler-Smith, 2000; Wilson et ai., 2001). Asian populations generally show a 

higher than average proportion of hg26; this haplogroup is represented here in 

the Ashkenazi and Sephardic Jewish populations at a total frequency of 9.7%, 

suggesting a Middle Eastern influence in Jewish Y chromosomes (Hammer et 

ai., 2000; Nebel etal., 2001).

The Cohen modal haplotype (CMH) is a signature of the ancient Jewish 

population (Skorecki et ai., 1997; Thomas et ai., 1998a), and is present in 1/25 

Ashkenazi samples (4.0%) and 2/27 Sephardic samples (7.4%) in this study, 

giving an overall rate of 3/52 (5.8%). This is relatively low (but not significantly 

so) for lay Ashkenazi and Sephardic Jews, who have been reported to carry the 

CMH at a frequency of 13.2% and 9.8% respectively (Thomas et ai., 1998a). In 

contrast, haplogroup 3 (n=8) was not represented among Sephardic Jewish 

samples, agreeing with a previous report which suggests that haplogroup 3 is 

the Ashkenazi modal haplogroup (Thomas et ai., 1998a).

The Y chromosome haplogroup distributions of the Ashkenazi and Sephardic

populations are significantly different (p=0.015), implying that although a

common maternal origin for these populations has been detected, there have

been significant paternal contributions to each Jewish community from the

neighbouring non-Jewish populations (Nebel et ai., 2001). Matrilocal Jewish
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populations, where there is more male than female genetic contribution from 

external populations, have been supported by data from a previous study 

(Thomas et a/., 2002). At the haplotype level, the Cohen modal haplotype is the 

only microsatellite haplotype that is shared between the Ashkenazi and 

Sephardic Jewish populations in this study, agreeing with a previous report that 

the CMH is the major component of shared Y chromosomes between different 

Jewish populations (Thomas et a/., 2000).

6.2.7 Maternal transmission

The results of the Exact Test of Population Differentiation show that there is a 

significant correlation of mtDNA haplogroup with KSHV subtype, within both the 

Ashkenazi and Sephardic Jewish populations. Although the sub-populations 

used to generate these data are relatively small, especially when the study is 

restricted to Jews of only Russian or Moroccan origin, the associations are 

significant (p<0.05) and in some cases, highly significant (p<0.01). As low 

sample numbers tend to produce results with wide confidence intervals, this 

indicates that the results we observe are not aberrations or artefacts, but are in 

fact real.

This observation leads to the conclusion that within each Jewish community, 

the A and C subtypes of KSHV are being inherited in common with particular 

mtDNA haplogroups. This indicates that the predominant mode of vertical 

transmission of KSHV in the Jewish population is from mother to child, rather 

than from the father. As children share their mother's mtDNA episome, we 

cannot predict what proportion of this transmission may be between siblings.

It appears that this predominantly intra-familial transmission, combined with the

endogamy common in isolated Jewish communities, has resulted in the

217



elevation and maintenance of a high KSHV seroprevalence in the Jewish 

people compared to neighbouring non-Jewish populations. This is an example 

where religious and cultural practices have caused the maintenance of a viral 

pathogen within a specific community. Other examples of oncogenic viral 

pathogens where intrafamilial transmission has led to variations in the 

geographical distribution of specific diseases include the following:

• Human T-cell leukaemia virus-1 (HTLV-1), which causes adult T-cell 

leukaemia/lymphoma, is endemic in southern Japan and the Caribbean 

basin, and occurs sporadically in Africa, Central and South America and the 

Middle East. Approximately 2-4% of HTLV-1-infected individuals develop the 

disease (reviewed by Siegel et al. [2001]); however, this proportion is much 

higher in individuals who have acquired the virus by maternal, rather than 

sexual, transmission.

• Hepatitis B virus is the archetypal oncogenic virus for illustrating mother-to- 

child transmission. The risk of perinatal HBV infection among infants born to 

HBV-infected mothers ranges from 10 to 85%, depending on each mother's 

hepatitis B e-antigen status (Margolis et a!., 1991). Even when not infected 

during the perinatal period, children of HBV-infected mothers remain at high 

risk of acquiring chronic HBV infection by horizontal transmission during the 

first years of life (Beasley & Hwang, 1983), particularly in populations in 

which HBV infection is endemic. Over 90% of these infections can be 

prevented if the infants of hepatitis B e-antigen-positive mothers are 

vaccinated against HBV soon after birth (Stevens etal., 1985).

• Hepatitis C virus (HCV) is endemic in most of the world, with an estimated 

overall prevalence of 3%. It has at least three different temporal patterns of 

transmission (Wasley & Alter, 2000), consistent with the bulk of infections 

occurring in the distant past (Japan, Italy), the last two decades (USA) or the
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present (Egypt and the Middle East). Mother-to-child transmission is thought 

to occur at a level of 5-15% (Newell & Pembrey, 2002), possibly at birth or 

through breast-feeding; the majority of the remainder of infections are 

thought to be nosocomial.

• Burkitt's lymphoma is the most common childhood cancer in Africa, and is 

most prevalent in areas endemic for malaria (Goldstein & Bernstein, 1990; 

Stiller & Parmin, 1996). The other infectious agent responsible for the 

development of the lymphoma is Epstein-Barr virus (EBV); carcinogenesis is 

thought to occur by a multi-step process provoked by both the viral and 

malarial pathogens. Early intrafamilial acquisition of EBV is thought to be 

important in the pathogenesis of Burkitt's lymphoma.

One paradigm is the apparent horizontal and vertical transmission of KSHV 

through saliva, for which there is ever-increasing evidence. EBV, which is 

present in -99% of individuals, is also transmitted via saliva; if this is also the 

medium by which KSHV is transmitted, why is it not as ubiquitous as EBV? 

Possible solutions to this riddle are a potentially much lower viral load of KSHV 

than EBV in saliva, or lower permissibility of cells to infection by KSHV than by 

EBV.

This is the first study to provide molecular evidence of maternal transmission of 

KSHV in the Jewish population. It is particularly poignant that KSHV, like the 

Jewish religion, should be principally passed from mother to child.
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6.3 Limitations of this study and future directions

One aim of this study was to calculate a molecular clock to estimate the 

divergence time of KSHV subtypes A and C. This has not been possible, due to 

the imperfect (although considerable) phylogenetic correlation between mtDNA 

and KSHV sequence data. If the transmission of KSHV in the populations under 

study had been solely maternal, the phylogenetic trees from the two data sets 

would have been identical, allowing the rate of mtDNA sequence evolution to 

act as a calibration factor for the KSHV 0RF-K1 molecular clock. However, 

even 1% of non-maternal transmissions would result in significant differences 

between the trees that make the calibration impossible.

Another possible reason for the imperfect correlation of the mtDNA and KSHV 

phylogenetic trees is that there may be insufficient divergence in the mtDNA 

sequence data to reflect the amount of viral evolution that has occurred over the 

same timescale. Although mtDNA is much faster-evolving than human nuclear 

DNA, many viruses characteristically evolve even more rapidly. KSHV belongs 

to the Herpesviridae, which have large DNA genomes and are fairly slow to 

evolve compared to other viruses e.g. retroviruses (Seo at a/., 2002; Yusim at 

al., 2001). However, KSHV 0RF-K1 has been shown to be under high selective 

pressure, and hence to evolve much faster than the rest of the KSHV genome 

(Cook at a/., 1999). It has been proposed that O IL recognition of epitopes in 

VR1 may be driving the impressive level of sequence evolution in the 

hypervariable loop region (Stebbing at a/., 2003). The resulting level of 

sequence divergence may be too high for human mtDNA mutations, which have 

been accumulating more slowly over the same period, to resolve.
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A molecular clock to date the divergence of the various KSHV subtypes should 

be relatively simple to calibrate based on the sequence divergence in the ORF- 

K1 homologues of the KSHV-like herpesviruses that have been identified in Old 

World primates (Lacoste et al., 2000c, 2001 ; Schultz et al., 2000). No ORF-K1 

homologue sequences have yet been published from related primate viruses, 

and it is still uncertain whether these viruses have an ORF with sequence 

similarity to KSHV 0RF-K1 (A. Gessain, personal communication, 2003). If 

these data become available, the sequence divergence between these genes 

and 0RF-K1 could be used to calibrate the phylogenetic branch lengths 

between 0RF-K1 subtypes, based on the time of the last common ancestor of 

humans and their primate relatives. This is known to be approximately 5 million 

YBP (Horai et al., 1995), and as KSHV is thought to have diverged from its 

closest relatives along with its human hosts, this date can be used to calibrate 

the molecular clock for KSHV subtype divergence.

It is known that the seroprevalence of KSHV in Jewish men and women is 

similar (Davidovici et al., 2001; Sarid et al., 1999); however, the incidence of 

classic KS is consistently higher in men than in women (Franceschi & Geddes, 

1995; Iscovich et al., 1998; Kaposi, 1872). An interesting direction in which this 

work may progress would be the investigation of the mechanism by which 

classic KS occurs more in Jewish men than women. It has been proposed (N. 

Bradman, personal communication) that there may be an unknown X- 

chromosomal haplotype involving genes linked to immunity, which would leave 

men more susceptible to compromise of the immune system in older age, when 

classic KS typically occurs. A study to investigate X-chromosomal genetic 

markers in elderly KSHV-seropositive Jewish individuals, both healthy and 

those with classic KS, may elucidate this hypothesis.
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As in any population genetic study, larger sample numbers lead to stronger 

statistical support for data. This study could be continued, particularly with 

respect to the subtyping of KSHV isolates and mtDNA and Y-chromosome 

haplogroup determination, to provide more statistical evidence for the 

predominantly maternal transmission of KSHV in the Jewish population.

A more direct way to indicate mother-to-child transmission in this community 

would be to subtype the viral isolates of KSHV-seropositive Jewish women and 

children; identical viral sequences in a statistically significant majority of mother- 

child pairs, taken together with the evidence from this study, would provide a 

golden standard for studies to determine maternal viral transmission. However, 

such a study would prove difficult to do, as KSHV can only be amplified from 

the blood of about 1 in 10 non-symptomatic, KSHV-positive individuals; taken 

alongside the fact that seroprevalence is approximately 1 in 5 in the Jewish 

population, it would be very difficult to obtain enough viral DNA sequences from 

mother-child pairs to achieve statistical significance. Such a study has been 

undertaken in Malawian families (Cook et al., 2002), where identical viral ORF- 

K1 VR1 sequence data were obtained from 3 mother-child pairs, out of 8 total 

intra-family comparisons. These small numbers, despite the relatively large 

number of individuals studied [index patients with KS (n=22) and their first- 

degree relatives (n=67)], show the difficulty in obtaining sufficient data to draw 

reliable conclusions.

Nevertheless, such a statistically significant finding in Jewish mother-child pairs 

would provide almost irrefutable proof that maternal transmission, as an indirect 

result of cultural practices, is maintaining KSHV seroprevalence within the 

Jewish population.
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9 Appendices 

9.1 Sample details

Samples included in this study, with ethnicity data. Age: age at diagnosis of KS. 

Date: year of immigration to Israel (for samples from Israel only).

Sample ID Ethnicity Collaborator Sex Place of birth Age Date
26A Ashkenazi S. Ar ad, Israel M Russia 84 1965

26B Ashkenazi S. Ar ad, Israel M Russia 84 1965
27 Sephardic S. Ar ad, Israel M Morocco 65 1960

28 Sephardic S. Ar ad, Israel M Tunisia 65 1955
29 Ashkenazi S. Ar ad, Israel M Romania 81 1947

30A Sephardic S. Ar ad, Israel F Tunisia 70 1956
30B Sephardic S. Ar ad, Israel F Tunisia 70 1956
31 Sephardic S. Ar ad, Israel M Morocco 66 1955
32 Sephardic S. Ar ad, Israel M 79 1954
33A Sephardic S. Ar ad. Israel M Morocco 80 1964
33B Sephardic S. Ar ad, Israel M Morocco 80 1964
34 Ashkenazi S. Ar ad, Israel F Romania 87 1960
35 Sephardic S. Ar ad, Israel M Morocco 48 1954
36 Ashkenazi S. Ar ad. Israel F Russia 71 1989
37 Sephardic S. Ar ad, Israel F Morocco 74 1963

38 Sephardic S. Ar ad. Israel M Morocco 69 1956
39 Ashkenazi S. Ar ad, Israel M Russia 88 1965
40 Sephardic S. Ar ad, Israel M Morocco 72 1962
41A Sephardic S. Ar ad, Israel M Morocco 72 1949
41B Sephardic S. Ar ad, Israel M Morocco 72 1949
42 Sephardic S. Ar ad, Israel M Morocco 70 1962
43 Sephardic S. Ar ad, Israel M Turkey 74 1949

44 Ashkenazi S. Ar ad, Israel F Finland 52 1973
45 Sephardic S. Ar ad, Israel M Iraq 78 1946
46 Sephardic S. Ar ad. Israel F Morocco 79 1956
47 Ashkenazi S. Ar ad, Israel F Russia 72 1990

48 Sephardic S. Ar ad, Israel F Tunisia 88 1957
49 Sephardic S. Ar ad, Israel M Morocco 54 1957

50 Ashkenazi S. Ar ad. Israel M Russia 74 1990
51 Ashkenazi S. Ar ad, Israel M Russia 85 1998
52 Sephardic S. Ar ad. Israel M Morocco 56 1956
53 Sephardic S. Ar ad, Israel M Morocco 62 1955
54 Sephardic S. Ar ad, Israel F Morocco 70 1963

55 Sephardic S. Ar ad. Israel F Morocco 81 1963
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Sample ID Ethnicity Collaborator Sex Place of birth Age Date

56 SeDhardic S. Ar ad. Israel M Tunisia 78 1952
57 Ashkenazi S. Ar ad, Israel F Russia 73 1993
58 Ashkenazi S. Ar ad, Israel F Romania 75 1951

59 Sephardic S. Ar ad, Israel M Morocco 50 1955
60 Ashkenazi S. Ar ad, Israel F Russia 76 1992

61 Ashkenazi S. Ar ad. Israel F Russia 71 1998
62 Ashkenazi S. Ar ad, Israel M Russia 79 1990

63 Sephardic S. Ar ad. Israel M Yemen 57 1949
64 Ashkenazi S. Ar ad, Israel M Romania 90 1961

65 Sephardic S. Ar ad. Israel M Morocco 84 1957
66 Sephardic S. Ar ad, Israel M Tunisia 49 1963

67 Sephardic S. Ar ad. Israel M Tunisia 75 1948
68A Ashkenazi S. Ar ad, Israel M Romania 89 1951
68B Ashkenazi S. Ar ad, Israel M Romania 89 1951

69 Sephardic S. Ar ad, Israel M Morocco 87 1984
70 S. Ar ad, Israel M 46

71 Sephardic S. Ar ad, Israel M Morocco 32
72 Sephardic S. Ar ad, Israel M Morocco 79 1954

73 Sephardic S. Ar ad, Israel M Morocco 72 1962
74 Ashkenazi S. Ar ad, Israel M Russia 40 1991

75 Sephardic S. Ar ad. Israel F Morocco 56 1963
76 Sephardic S. Ar ad, Israel M Morocco 42 1934

77 Ashkenazi S. Ar ad. Israel F Russia 89 1922
78A Ashkenazi S. Ar ad, Israel M Russia 73 1955

78B Ashkenazi S. Ar ad. Israel M Russia 73 1955
79 Sephardic S. Ar ad, Israel M Tunisia 66 1951

80 Sephardic S. Ar ad. Israel M Morocco 85 1956
81 Sephardic S. Ar ad, Israel M Morocco 34 1908
82 Ashkenazi S. Ar ad, Israel F Russia 74 1991

83 Sephardic S. Ar ad, Israel F Israel 66
84 Ashkenazi S. Ar ad, Israel F Russia 89 1978

85 Sephardic S. Ar ad, Israel M Morocco 65 1956
86 Ashkenazi S. Ar ad, Israel M Romania 75 1958

87 Sephardic S. Ar ad, Israel F Morocco 79 1955
88 Sephardic S. Ar ad, Israel M Tunisia 53 1964

89 Sephardic S. Ar ad. Israel M Morocco 44 1963
1. BK Ashkenazi K. Nagy, Hungary M Hungary N/A

2. CsS Ashkenazi K. Naov, Hungary F Hungary N/A
3. DI Ashkenazi K. Nagy, Hungary F Hungary N/A

4. HM Ashkenazi K. Nagy. Hungary M Hungary N/A
5. HJ Ashkenazi K. Nagy, Hungary F Hungary N/A

6. KS Ashkenazi K. Nagy. Hungary M Hungary N/A
7. JA Ashkenazi K. Nagy, Hungary M Hungary N/A
8. U Ashkenazi K. Nagy, Hungary F Hungary N/A

9. ML Ashkenazi K. Nagy, Hungary F Hungary N/A
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Sample ID Ethnicity Collaborator Sex Place of birth Age Date

10. MP Ashkenazi K. Naav. Hunaarv M Hunaarv N/A
11. NJ Ashkenazi K. Nagy, Hungary M Hungary N/A

13. Nvi Ashkenazi K. Nagy, Hungary F Hungary N/A

14. OEJ Ashkenazi K. Nagy, Hungary M Hungary N/A
15. SzF Ashkenazi K. Nagy, Hungary F Hungary N/A

16. SzS Ashkenazi K. Nagy. Hunaarv F Hungary N/A
17. TA Ashkenazi K. Nagy, Hungary M Hungary N/A

18. ID Ashkenazi K. Nagy. Hungary M Hungary N/A
19. VE Ashkenazi K. Nagy, Hungary M Hungary N/A

20. VI Ashkenazi K. Nagy. Hungary M Hungary N/A
21.ZsZ Ashkenazi K. Nagy, Hungary M Hungary N/A

B-25 Ashkenazi K. Nagy. Hungary M Hungary N/A
B-131A Ashkenazi K. Nagy, Hungary M Hungary N/A
B-131B Ashkenazi K. Nagy, Hungary M Hungary N/A

B-131C Ashkenazi K. Nagy, Hungary M Hungary N/A
B-473 Ashkenazi K. Nagy, Hungary M Hungary N/A

Cs.Gu Ashkenazi K. Nagy, Hungary M Hungary N/A
1628 Ashkenazi B. Chodynicka, Poland F Poland N/A

3803 Ashkenazi B. Chodynicka, Poland M Poland N/A
RUS18 Ashkenazi V. Morozov, Russia M Russia 74 N/A

RUS 25 Ashkenazi V. Morozov. Russia M Russia 73 N/A
RUS 31 Ashkenazi V. Morozov, Russia M Russia N/A

RUS 88 Ashkenazi V. Morozov. Russia M Russia N/A
RUS 111 Ashkenazi V. Morozov, Russia F Russia 84 N/A

RUS 112 Ashkenazi V. Morozov. Russia M Russia 70 N/A
RUS 185 Ashkenazi V. Morozov, Russia M Russia N/A

RUS 186 Ashkenazi V. Morozov. Russia Russia N/A
RUS 284 Ashkenazi V. Morozov, Russia M Russia N/A
RUS 285 Ashkenazi V. Morozov, Russia F Russia N/A

RUS 431 Ashkenazi V. Morozov, Russia F Russia 82 N/A
RUS33688 Ashkenazi V. Morozov, Russia M Russia N/A

RUS33767 Ashkenazi V. Morozov, Russia M Russia 49 N/A
RUS33838 Ashkenazi V. Morozov, Russia M Russia N/A

NY-1 Ashkenazi 0 . Flore, New York M N/A
NY-2 Sephardic 0 . Flore, New York M Greece N/A

95-46768 Ashkenazi 0 . Flore. New York M Russia 48 N/A
95-02707 Ashkenazi 0 . Flore, New York M Russia 78 N/A

90-34481 Ashkenazi 0 . Flore. New York M Russia 37 N/A
98-47110 Ashkenazi 0 . Flore, New York M Poland 89 N/A

95-23886 Ashkenazi 0 . Flore. New York M Poland 87 N/A
94-28117A Ashkenazi 0 . Flore, New York F Poland 88 N/A

94-28117B Ashkenazi 0 . Flore. New York F Poland 88 N/A
92-00280 Sephardic 0 . Flore, New York M Italy 35 N/A
88-72577 Ashkenazi 0 . Flore, New York M Romania 39 N/A

90-65071 0. Flore. New York M 68 N/A
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Sample ID Ethnicity Collaborator Sex Place of birth Age Date

90-30020 Ashkenazi 0 . Fiore. New York M Germanv 41 N/A
91-74672 Ashkenazi 0 . Fiore, New York M Russia 37 N/A
92-17505 Ashkenazi Ô. Fiore, New York M Russia 43 N/A

93-5848 0 . Flore, New York M 35 N/A
94-19921 Ashkenazi 0 . Flore, New York F Poland 88 N/A

94-20900 Ashkenazi 0 . Fiore. New York F Poland 88 N/A
94-31258 Ashkenazi 0 . Fiore, New York M Lithuania 57 N/A

92-35012 0 . Fiore. New York M 42 N/A
92-33973 0 . Fiore, New York M 70 N/A

6074951 Ashkenazi Miscellaneous M UK 81 N/A
HS African Miscellaneous M Tanzania N/A

AG African Miscellaneous F N/A
CG African Miscellaneous F N/A
K1670 African Miscellaneous Kenya N/A

K443 African Miscellaneous Kenya N/A
K705 African Miscellaneous Kenya N/A

K025 African Miscellaneous Kenya N/A
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9.2 Primers used In PCR amplification

Details of primers used in this study for the amplification of the KSHV genes 

0RF-K1, 0RF-K15 and ORF75, and for human p-actin, mitochondrial DNA and 

Y chromosome fragments. NCBI accession numbers are given in brackets for 

the position references.

KSHV amplicon Positions
ampiified

Forward primer 
Reverse primer

T.
(®G)

0RF-K1 VR1 1° 21-445
(U75698)

5'-GTTCTGCCAGGCATAGTC-3' with 
5*-GTAACATGCTGACCACAAG-3'

56

VR1 2° 46-425
(U75698)

5 -CTGGCGGCCCTTGTGTAAAC-3' with 
5-GACTGTGTTTGATGGCTGTGC-3'

52

VR1 3° 73-404
(U75698)

5-TCAGACCTTGTTGGACATC-3' with 
5-ACACAAGGTTTGTAAGACAG-3'

56

VR2 r 589-946
(U75698)

5 -CGTCTCGCCTGTCAAATC-3' with 
5'-ACTGGTTGCGTATAGTCTTCC-3'

56

VR2 2° 607-927
(U75698)

5 '-G iA IA IG I 1 1 1 l'GGGCGCGTTG-3' with 
5'-CCGTGCACAAATCGTGTAGGG-3'

54

0RF-K15 P allele 1° 3103 or 3336- 
3704 (U85269)

5'-CAAGTTGTAATTTACAGGCGG-3' or 
5 -CAAATGTATGTGAATATACAAG-3' with 
5'-CAAACCCCATTTACAAC-3'

50

P allele 2° 3125 or 3359- 
3688 (U85269)

5'-GCAGTGTTTTATTAACGTC-3' or 
5'-GTCAGCTTGCAATGTTTATAC-3' with 
5'-CAACTCTATTGTAAGCCCTG-3'

58

M allele 1 ° 136045-136414
(U75698)

5'-CATGCAGCGAGCTTGAGA-3' with 
5'-CTTTGAGTACTGTTTGTG-3'

52

M allele 2® 136063-136397
(U75698)

5'-CAAGGCCCATTATCTGTTGC-3' with 
5'-GTTTGTATTATAAGTTTATTGTC-3'

51

P allele C- 
terminus 1 °

1496-2106
(U85269)

5'-CCACAGTTACATGTAGCC-3’ with 
5'-CATAAATTATATCACCACATG-3‘

54

P allele C- 
terminus 2°

1535-2074
(U85269)

5'-ACCACATGACATATACTATG-3' with 
5'-TGTCACTAACCTCAAATACTC-3'

54

M allele C- 
terminus 1 °

134606-135234
(U75698)

5'-GTGATATTAAGTGAGTTGTG-3' with 
5-GGGATCCACAGTTACTTG-3'

54

M allele C- 
terminus 2°

134623-135201
(U75698)

5'-TTGGAACACCAGCGCC-3' with 
5'-GTAGCCATGTCACTAACC-3'

54

ORF75 1® 133213-133731
(U756981

5'-GATCTGTTTAGTCCGGAG-3' with 
5'-CGGGATCCACGGAGCGTAC-3'

56

2® 133230-133713

(U75698)
5'-GAAGATAGGGCCCTTGGCAAG-3‘ with 
5-CACCCACGTCCACAGCAGCG-3'

54
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Human amplicon Positions Forward primer T.
amplified Reverse primer (°C)

I^Actln 1° 74-429
(NM_001101)

5'-ATGGATGATGATATCGCCGC-3' with 
5'-ATCTTCTCGCGGTTGGCCTT-3'

52

2° 94-395
(NM_001101)

5-GCTCGTCGTCGACAACGG-3' with 
5'-CCTCGGTCAGCAGCACGG-3'

52

mtDNA HVR-I r 15961-16518
(NC_001807)

5'-GTCTTTAACTCCACCATTAG-3' with 
5'-CCCTGAAGTAGGAACCAG-3'

56

HVR-I 2° 15978-16501
(NC_001807)

5-CACCATTAGCACCCAAAGCT-3' with 
5'-GATGTCGGATACAGTTCAC-3'

56

1715 Ddel 1574-1897 
(NC 001807)

5'-GTGTACTGGAAAGTGCAC-3' with 
5-TAGCTTTGGCTCTCCTTG-3'

54

4577 N/a III 4394-4716 
(NC 001807)

5'-CATCCTAAAGTAAGGTCAGC-3' with 
5-GTCCGGAGAGTATATTGTTG-3'

58

7025 A/u 1 6890-7141 
(NC 001807)

5 -AAGCAATATGAAATGATCTG-3' with 
5'-CGTAGGTTTGGTCTAGG-3'

52

8251 Ayall 8063-8323 
(NC 001807)

5-TTGCACTCATGAGCTGTC-3' with 
5-AAGGTTAATGCTAAGTTAGC-3'

54

10394 Dcfel 10253-10601 
fNC 001807)

5 -TGATCTAGAAATTGCCCTCC-3' with 
5'-AGCTATAATGAACAGCGATAG-3‘

58

10397 A/u\ As for 10394 Dde 1
12305 H/nfl 12104-12338

(NC_001807)
5'-CTCAACCCCGACATCATTACC-3' with 
5'-ATTACTTTTATTTGGAGTTGCACCAA 
GATT-3' (mismatched orimer at 12308)

64

13704 Mva 1 13588-13854 
fNC 001807)

5 -CTGACAAGCGCCTATAGC-3' with 
5'-TCTAGGGCTGTTAGAAGTC-3'

56

15606 A/u I 15504-15751 
(NC 001807)

5 -CAGACAATTATACCCTAGC-3' with 
5'-TAGAATGAGGAGGTCTGC-3'

54
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Y chromosome kit Polymorphism Primers Label
UEP1 92R7 5‘-TGCATGAACACAAAAGACGTA-3' with 

5'-GCATTGTTAAATATGACCAGC-3'-HEX
Tat 5-GACTCTGAGTGTAGACTTGTGA-3' with 

5‘-GAAGGTGCCGTAAAAGTGTGAA-3'-TET
sY81 5'-ATGGGAGAAGAACGGAAGGA-3'-FAM 

with 5'-TGGAAAATACAGCTCCCGCT-3'

SRY+465 5-GCCGAAGAATTGCAGTTTGC-3' with 
5'-GTTGATGGGCGGTAAGTGGC-3'-HEX

SRY4064 5'-GGTATGACAGGGGATGATGTGA-3'-TET with 
5 -CCACGCCCAGCTAA i i I I TTGT-3'_________

YAP 5'-AGGACTAGCAATAGCAGGGGAAGA-3'-TET 
with 5'-CAGGGCCAACTCCAACCAAG-3'

HEX

TET

FAM

HEX

TET

TET

UEP2 M9 5'-TCAGGACCCTGAAATACAGAACT-3'-TET 
with 5 -TTGAAGCTCGTGAAACAGATTAG

M13 5'-TAGTTTATGCCCAGGAATGAAC-3'-HEX with 
5'-AT6CCAACCACATTTGCAAAA

M17 5'-GTGGTTGGTGGTTGTTACGT-3' with 
5'-AGGTGAGGAGAAAGT5GATGTAGA-3'-TET

M20 5'-AGTTGGGGGTTTGTGTGTGT-3'-FAM with 
5-GATGTTGAGTGGAAATGGAAG-3'

SRY10831 5'-TGATTGAGTATGTGGGGTGTTG-3'-FAM with 
5'-GAGGAGATAGGTGAAGGTTGAA-3‘________

TET

HEX

TET

FAM

FAM

MSI DYS19

DYS388

DYS390

DYS391

DYS392

DYS393

5'-GTAGTGAGTTTGTGTTATAGT-3'-TET with 
5'-ATGGGATGTAGTGAGGAGA-3‘
5'-GTGAGTTAGGGGTTTAGGGA-3'-TET with 
5'-GAGATGGGAAGGAGTGGG-3'
5'-TATATTTTAGAGAi I i i IGGGGG-3' with 
5'-TGAGAGTAAAATGAAGAGATTGG-3'-FAM
5'-GTATTGATTGAATGATAGAGGGATAT-3'-FAM 
with 5'-AGATAGGGAAATATGTGGTGGG-3'

5'-AAAAGGGAAGAAGGAAAAGAAA-3' with 
5'-GAGTGAAAGTGGAAAGTAGTGTGG-3'-HEX

5-GTGGTGTTGTAGTTGTGTGAATAG-3' with 
5'-AAGTGAAGTGGAAAAAATGAGG-3'-HEX

TET

TET

FAM

FAM

HEX

HEX
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9.3 Summary of sample variation

Sample ID 0RF-K1
subtype

ORF75
subtype

0RF-K15
allele

mtDNA
haplogroup

Y chromosome 
haplogroup

Y chromosome 
haplotype

26A AT V

26B hg26
27 C3 A/P P H hgl 14 1223101313
28 AT' ho2+ 14 15241011 12
29 A lins K

30A C3 P U
30B C3 P U
31 AT' A/P P H ho2+ 16 1222 10 11 14
32 A1" A/P P H

33A A1" A/P P U ho2+ 14 1522 11 11 12
33B A1" A/P P U hg2+ 14 1522 11 11 12
34 AT A/P P U

35 C3 P J hg21 1312241011 13
36 A1" H
37 C2 A/P P J
38 A3 A/P P hg21
39 AT P V hg21 13 1225 10 11 13
40 C3 P H hg2+ 13 15241011 12
41A C2 A/P P K ho2+ 15 1223 10 11 14
41B C2 P K hg2+ 14 1223 10 11 14
42 C3 P H ha2+ 14 15231011 12
43 C3 T

44 A1" H
45 C2 P Illegal 15 12 22 0911 14
46 C3 P H
47 A1" X
48 C2 P

49 B P H hg21 14 1222 12 11 13
50 C2 P T hgl

51 AT A/P P U hg2+ 14 16231011 12
52 C3 P H 15 1824 0911 12
53 C3 P J hg2+
54 C3 P J

55 B P U
56 C3 P X hg2+ 15 12 22 09 11 14
57 A1 A/P P

58 AT P
59 C3 P hg2+ 15 12231011 13
60 AT P H
61 AT P
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Sample ID 0RF-K1
subtype

ORF75
subtype

0RF-K15
allele

mtDNA
haplogroup

Y chromosome 
haplogroup

Y chromosome 
haplotype

62 C3 P hg2+

63 A1 M U ho2+ 1516231011 12
64 C3 P K hg3
65 C2 P H

66 C2 A/P P ha2+ 14 16231011 12
67 C3 P K hg1 13 1222 10 15 13
68A A1 P K 14 1224 10 13 13
68B A1 A/P P K hg26 14 1224 10 13 13

69 C6 M ha2+ 151222 1011 14
70 C3 P H hg2+

71 C P ho2+ 1516241011 12
72 AT'
73 C3 P H hg2+ 14 1623 10 11 12
74 C3 K
75 C3 P K

76 C6 M U hg21 1512241011 13
77 C3 P K

78A AT' H hg26 13 1223 10 13 13
78B A1" H
79 A1 A/P P H hc2+
80 C2 H 1512241011 13
81 C2 A/P P H hoi 14 1224 11 13 13
82 A3 P H
83 P U
84 A1 P

85 A1" A/P P U hoi 14 1224 11 13 13
86 A1 H hgl 14 12 24 10 14 12
87 C3 P X

88 C3 P X hgl 15 1224 10 13 13
89 C3 P K hg26 15 12 24 10 14 13

1. BK A1 M H
2. CsS C3 H

3. Di C2
4. HM A3 M H hg26 14 122311 1413

5. HJ A4 M
6. KS H hg21

7. JA A1 H hc21
8. U A1 M U

9. ML A lins M H
10. MP C C/M M H hg21
11. NJ H Illegal

13. Nvl P 1
14. OEJ C U hg21 13 1223 10 11 13
15. SzF T
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Sample ID 0RF-K1
subtype

ORF75
subtype

ORF-K15
allele

mtDNA
haplogroup

Y chromosome 
haplogroup

Y chromosome 
haplotype

16. SzS AT T

17. TA AT M K hp26
18. TD C3 P U hg21 14 1224 11 11 14

19. VE H Putative 16 1225 11 11 13
20. VI C3
21.ZsZ AT' H

B-25 H
B-131A A1 U

B-131B
B-131C C3

B-473
Cs.Gu A2 P H hg2+ 15 1222 1011 12
1628 M
3803 AT M J hg3 16 12 251011 13
RUS18 A1 P T ho2+ 17 1324 11 11 13
RUS 25 C2 P hgl 14 12 24 1013 13
RUS 31 A lins H ho2+
RUS 88 A2 M T hg3 16122311 11 13
RUS 111 A1 H
RUS 112 C3 M hg26
RUS 185 A1 P H hg2+ 14 1424 10 11 13
RUS 186 hgl 14 1224 11 13 12
RUS 284 A1 Z hg2+
RUS 285 C H
RUS 431 AT'

RUS33688 A1 M K hg16 14 12 22 10 1414
RUS33767 A2 M liiegal 16 1224 11 12 14

RUS33838 C2 P K ho2+ 131224 1011 13
NY-1 C3 P K hg21 13 1223 10 11 13
NY-2 A1 MP H ho2+ 15182311 11 12
95-46768 A5 V

95-02707 AT P H ho2+ 16 1223 10 11 13
90-34481 M U

98-47110 A1 P H ho3 16122511 11 13
95-23886
94-28117A

94-28117B
92-00280 B M U hg21 1612 22 0912 13
88-72577 A4 P T hgl 14122311 13 13
90-65071 AT M U hg21 131224 1011 12

90-30020 C3 M 14122311 1412
91-74672 A4 P H hg16 141221 1014 13
92-17505 C3 C/M M U 1416231011 12

93-5848 A4 J
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Sample ID 0RF-K1
subtype

ORF75
subtype

0RF-K15
allele

mtDNA
haplogroup

Y chromosome 
haplogroup

Y chromosome 
haplotype

94-19921 A1 M Z

94-20900 A1 M Z
94-31258 C3 H

92-35012 P V ha1 14 122411 13 12
92-33973
6074951 AT P hg2+ 15 12 22 10 12 14

HS A5 M ho3 14 122311 1313
AG B M

CG B MP
K1670 B P J Illegal 15 11 21 09 11 13

K443 unusual P
K705 A5 M
K025 A5 M
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9.4 Details of published 0RF-K1 sequences used In Figure 3-f

Accession
number

Country of 
origin

Reference

AF042370 France Morand et a , 1999
AF130259 Gambia Cook etal., 999
AF130260 Gambia Cook etal., 999
AF130261 Gambia Cook etal., 999
AF130262 Gambia Cook etal.. 999
AF130263 Gambia Cook etal.. 999
AF130264 Gambia Cook etal.. 999
AF130265 Gambia Cook etal.. 999
AF130266 Gambia Cook etal.. 999
AF130267 Greece Cook etal.. 999
AF130268 Greece Cook etal.. 999
AF130269 Italy Cook etal.. 999
AF130270 Italy Cook etal.. 999
AF130271 Italy Cook etal.. 999
AF130272 Iceland Cook etal., 999
AF130273 Iceland Cook etal.. 999
AF130274 Italy Cook etal.. 999
AF130275 Italy Cook etal.. 999
AF130276 Italy Cook etal.. 999
AF130277 Sicily Cook etal., 999
AF130278 Italy Cook etal.. 999
AF130279 Italy Cook etal., 999
AF130280 Italy Cook etal.. 999
AF130281 Italy Cook etal.. 999
AF130282 Italy Cook etal.. 999
AF130283 Italy Cook etal.. 999
AF130284 Italy Cook etal.. 999
AF130285 Italy Cook etal.. 999
AF130286 Italy Cook etal.. 999
AF130287 Sweden Cook etal.. 999
AF130288 Uganda Cook etal.. 999
AF130289 Uganda Cook etal.. 999
AF130290 Uganda Cook etal.. 999
AF130291 Uganda Cook etal.. 999
AF130292 Uganda Cook etal.. 999
AF130293 Uganda Cook etal.. 999
AF130294 Uganda Cook etal.. 999
AF130295 UK Cook etal.. 999
AF130296 UK Cook etal.. 999
AF130297 UK Cook etal.. 999
AF130298 UK Cook etal.. 999
AF130299 UK Cook etal., 999
AF130300 UK Cook etal.. 999
AF130301 UK Cook etal., 999
AF130302 UK Cook etal.. 999
AF130303 UK Cook etal.. 999
AF130304 UK Cook etal.. 999

Accession Country of Reference
number origin
AF130305 Spain Cook etal., 1999
AF130306 Gambia Cook etal., 1999
AF133038 USA Nicholas etal., 1998
AF133039 USA Nicholas etal., 1998
AF133040 Africa Nicholas etal., 1998
AF133041 USA Nicholas etal., 1998
AF133042 USA Nicholas etal., 1998
AF133043 Taiwan Nicholas etal., 1998
AF133044 Pacific Islands Nicholas etal., 1998
AF151686 USA Meng etal., 1999
AF151687 Australia Meng etal., 1999
AF151688 USA Meng etal., 1999
AF151689 Uganda Meng etal., 1999
AF151690 Uganda Meng etal., 1999
AF152366 Zimbabwe Lampinen etal., 2000
AF152367 Zimbabwe Lampinen et al., 2000
AF170531 USA Samaniego etal., 2001
AF171056 French Guiana Fouchard etal., 2000
AF171057 French Guiana Fouchard etal., 2000
AF171058 Cameroon Fouchard etal., 2000
AF171059 Central African Fouchard etal., 2000

Republic
AF178773 France Lacoste etal., 2000a
AF178774 France Lacoste et al., 2000a
AF178775 France Lacoste et al., 2000a
AF178776 French Guiana Lacoste et al., 2000a
AF178777 France Lacoste etal., 2000a
AF178778 French Guiana Lacoste etal., 2000a
AF178779 Central African Lacoste etal., 2000a

Republic
AF178792 Central African Lacoste etal., 2000a

Republic
AF178793 France Lacoste et al., 2000a
AF178794 Spain Lacoste etal., 2000a
AF178795 France Lacoste etal., 2000a
AF178796 Central African Lacoste etal., 2000a

Republic
AF178797 Cameroon Lacoste etal., 2000a
AF178798 Central African Lacoste etal., 2000a

Republic
AF178799 USA Lacoste etal., 2000a
AF178800 France/Corsica Lacoste etal., 2000a
AF178801 Central African Lacoste et al., 2000a

Republic
AF178802 Lacoste et al., 2000a
AF178803 France/Corsica Lacoste etal., 2000a
AF178804 Togo Lacoste et al., 2000a
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Accession Country of Reference
number origin
AF178805 Algeria Lacoste et al. 2000a
AF178806 France Lacoste et al. 2000a
AF178807 USA Lacoste et al. 2000a
AF178808 France Lacoste et al. 2000a
AF178809 Lacoste et al. 2000a
AF178810 France Lacoste et al. 2000a
AF178811 South America Lacoste et al. 2000a
AF178812 Mauritania Lacoste et al. 2000a
AF178813 Lacoste etal. 2000a
AF178814 Lacoste et al. 2000a
AF178815 Lacoste etal. 2000a
AF178816 Lacoste et al. 2000a
AF178817 Lacoste et al. 2000a
AF178818 Senegal Lacoste et al. 2000a
AF178819 French Guiana Lacoste etal. 2000a
AF178820 Senegal Lacoste etal. 2000a
AF178821 French Guiana Lacoste etal. 2000a
AF178822 French Guiana Lacoste etal. 2000a
AF178823 Central African Lacoste et al. 2000a

Republic
AF178824 Central African Lacoste etal. 2000a

Republic
AF178825 French Guiana Lacoste et al. 2000a
AF178826 Lacoste et al. 2000a
AF178827 Lacoste et al. 2000a
AF178828 France Lacoste et al. 2000a
AF178829 Turkey Lacoste et al. 2000a
AF178830 Lacoste etal. 2000a
AF178831 Lacoste et al. 2000a
AF178832 Lacoste etal. 2000a
AF178833 Lacoste et al. 2000a
AF178834 Lacoste etal. 2000a
AF196316 Lacoste et al. 2000a
AF196317 Lacoste et al. 2000a
AF201847 Russia Lacoste et al. 2000a
AF201848 Russia Lacoste etal. 2000a
AF201849 Russia Lacoste etal. 2000a
AF201850 Russia Lacoste etal. 2000a
AF201851 Russia Lacoste et al. 2000a
AF201852 Russia Lacoste etal. 2000a
AF201853 Russia Lacoste et al. 2000a
AF220292 Brazil Biggar etal., 2000
AF220293 Brazil Biggar et al., 2000
AF249741 USA Zhang etal., 2001
AF259903 USA Zhang etal., 2001
AF274308 Kuwait Meng et al., 2001
AF274309 Kuwait Meng etal., 2001
AF278823 Australia Meng etal., 2001
AF278824 Australia Meng et al., 2001
AF278825 Australia Meng etal., 2001
AF278826 USA Meng etal., 2001
AF278827 USA Meng etal., 2001

Accession Country of Reference
number origin
AF278828 USA Meng etal., 2001
AF278829 USA Meng etal., 2001
AF278830 USA Meng etal., 2001
AF278831 Uganda Meng etal., 2001
AF278832 Argentina Meng etal., 2001
AF278833 Argentina Meng ef a/., 2001
AF278834 Argentina Meng etal., 2001
AF278835 Argentina Meng etal., 2001
AF278836 Argentina Meng etal., 2001
AF278837 Japan Meng ef a/., 2001
AF278838 Japan Meng etal., 2001
AF278839 Japan Meng etal., 2001
AF278840 Japan Meng etal., 2001
AF278841 Japan Meng etal., 2001
AF278842 Japan Meng etal., 2001
AF278843 Japan Meng etal., 2001
AF278844 Japan Meng etal., 2001
AF278845 Japan Meng etal., 2001
AF278846 Japan Meng etal., 2001
AF278847 Japan Meng etal., 2001
AF278848 Japan Meng etal., 2001
AF278849 Japan Meng etal., 2001
AF278850 Japan Meng etal., 2001
AF278851 Japan Meng etal., 2001
AF278852 Japan Meng etal., 2001
AF278853 New Zealand Meng etal., 2001
AF278854 USA Meng etal., 2001
AF278855 USA Meng et al., 2001
AF282184 Brazil Caterlno-de-Araujo et 

al., unpublished
AF282185 Brazil Caterino-de-Araujo et 

al., unpublished
AF282186 Brazil Caterino-de-Araujo et 

al., unpublished
AF282187 Brazil Caterino-de-Araujo et 

al., unpublished
AF282188 Brazil Caterino-de-Araujo et 

al., unpublished
AF282189 Brazil Caterino-de-Araujo et 

al., unpublished
AF282199 Brazil Caterino-de-Araujo et 

al., unpublished
AF282200 Brazil Caterino-de-Araujo et 

al., unpublished
AF282201 Brazil Caterino-de-Araujo et 

al., unpublished
AF282202 Brazil Caterino-de-Araujo et 

al., unpublished
AF282203 Brazil Caterino-de-Araujo et 

al., unpublished
AF282204 Brazil Caterino-de-Araujo et 

al., unpublished
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Accession number Country of origin Reference
AF282205 Brazil Cater no-de-Araujo et al., unpublished
AF282206 Brazil Cater no-de-Araujo et al., unpublished
AF282207 Brazil Cater no-de-Araujo et al., unpublished
AF282208 Brazil Cater no-de-Araujo et al., unpublished
AF282209 Brazil Cater no-de-Araujo et al., unpublished
AF282210 Brazil Cater no-de-Araujo et al., unpublished
AF282211 Brazil Cater no-de-Araujo et al., unpublished
AF282212 Brazil Cater no-de-Araujo etal., unpublished
AF282213 Brazil Cater no-de-Araujo etal., unpublished
AF282214 Brazil Cater no-de-Araujo etal., unpublished
AF282215 Brazil Cater no-de-Araujo etal., unpublished
AF282216 Brazil Cater no-de-Araujo etal., unpublished
AF387367 South Africa Treurnicht etal., 2002
AF387368 South Africa Treurnicht etal., 2002
AF387369 South Africa Treurnicht etal., 2002
AF387370 South Africa Treurnicht et al., 2002
AF387371 South Africa Treurnicht etal., 2002
AF387371S South Africa Treurnicht etal., 2002
AF387371S1 South Africa Treurnicht etal., 2002
AF387371S2 South Africa Treurnicht etal., 2002
AF387372 South Africa Treurnicht etal., 2002
AF387373 South Africa Treurnicht etal., 2002
AF387374S South Africa Treurnicht etal., 2002
AF387376 South Africa Treurnicht etal., 2002
AF387377.1 South Africa Treurnicht etal., 2002
AF387377S South Africa Treurnicht etal., 2002
AF387377S1 South Africa Treurnicht etal., 2002
AF387377S2 South Africa Treurnicht etal., 2002
AFS1387374 South Africa Treurnicht etal., 2002
AFS2387374 South Africa Treurnicht etal., 2002
AFS2387377 South Africa Treurnicht etal., 2002
U75698 USA Russo etal., 1996
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