
















































































































































































































































































































































The second approach related the number of 'major SNPs' to the number of 

'minor SNPs', where the former type was assumed to represent the divergence 

between the type II and III lineages (beginning at T1), and the latter type the 

divergence between Ugandan strains and the reference strains (starting at time 

points T2 and T3), see Figure 5-6. This method is not applicable to regions without 

major SNPs, since the recombination events between the ancestral strains that gave 

rise to the present lineages occurred much more recently then did the MRCA of all 

the present strains, and types II and III have had much less time to acquire 

mutations in the regions they inherited jointly in this cross. Therefore, 

chromosomes la, XI and other chromosomal regions where type I SNPs are 

predominant (see Boyle 2006 and Figure 5-9) were excluded. All chromosomal 

regions included are listed in Table 5-8. These calculations resulted in considerably 

more recent divergence time estimates of 4,600 years for type II and 1,600 years for 

type III, which would correspond to an overall genomic mutation rate of 

approximately 1.29*10-8 per year. 

Table 5-8. Divergence time estimate based on the relation between major and minor SNPs. 

Genomic 
M RCAb years mutation 

Type II chrom Length- MinorSNPs Major SNPs (T2) rate C 

II 2,302,931 125 4,370 4,291 1.27E-08 

IV 2,576,468 236 4,731 7,483 1.22E-08 

VI >2.6 Mb 1,000,655 70 1,913 5,489 1.27E-08 

Vila 4,502,211 135 8,663 2,338 1.28E-08 

IX 0.5-4 Mb 3,500,000 205 6,349 4,843 1.21E-08 

X 7,418,475 445 13,459 4,960 1.2lE-08 

Total II 21,300,740 1,216 39,845 4,578 1.25E-08 

Genomic 
MRCA b years mutation 

Type III chrom Length- (bp) MinorSNPs Major SNPs (T3) rate C 

Ib >1.2 Mb 756,324 6 1,375 655 1.21E-08 

III <1.9 Mb 1,900,000 33 3,953 1,252 1.39E-08 

V 3,147,601 80 5,725 2,096 1.21E-08 

Vllb <2.5 Mb 2,500,000 43 5,069 1,272 1.3SE-08 

VIII >4 Mb 2,923,375 49 6,268 1,173 1.43E-08 

XII <1.5 Mb 1,500,000 69 3,259 3,176 1.45E-08 

Total III 12,727,300 280 25,648 1,638 1.34E-08 

aOnly chromosomal regions that were not jointly inherited by type II and type III in the lineage cross, 
i.e. regions that have a major SNP type, were included in this analysis. The length is in base pairs. 

b (Minor SNPs • 150,000) / Major SNPs. C (Minor SNPs / Length) / MRCA 
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As with the intron mutation rate method, substantial differences among 

chromosomes of the same genotype were observed. However, with the exception 

of chromosome Vila, all estimates of T2 were higher than those of T3. 

5.3.5 Novel SNPs and genes under selection 

In the alignments of TgCkUg2 with Me49 and VEG, 1,252 positions were found 

where the two reference strains were identical but the Ugandan strain TgCkUg2 had 

a different base (marked in orange in Figures 5-7,5-8,5-10 and Appendix 11). These 

novel SNPs were dispersed all over the genome with an average distance between 

them of about 50 kb. Based on the SNP discovery rate with the coverage and cut-off 

criteria used, the real density of novel SNPs is however likely to be around four 

times higher (see 5.3.2). Novel SNPs were often found towards the chromosomal 

ends, in the subtelomeric regions. The proportion of all SNPs located in the 

outermost 20% of each chromosome (10% on each end) was 21.4%, close to the 

expected value, but a significantly higher proportion (38%) of the unique SNPs were 

found in these regions (P«O.OOl). Several chromosomes had one or a few "hot­

spots" with a high level of new mutations, see Figure 5-11. 
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Figure 5-11. Distribution of novel SNPs in TgCkUg2. The graph shows the number of unique SNPs 
per 100 kb of sequence over the 14 chromosomes (separated by dashed lines). Several hot-spots 
with a high SNP density are seen and these were often located near the chromosomal ends, most 
prominently for chromosomes IX, X and III. Large peaks were also seen in central regions of 
chromosomes VI and VIII. 
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The highest concentrations of new SNPs were found in the subtelomeric 

regions of III, IX and X, and in more central regions of VI and VIII, but smaller 

clusters were found on all chromosomes except la. The majority of the novel SNPs 

(N=l,086, 86.7% of the total 1,252) were non-coding mutations in intergenic or 

intronic regions, but among the coding SNPs there were twice as many non­

synonymous (N=111) as synonymous (N=55) mutations. 

Fifteen genes, which had at least two new SNPs in the coding sequence, were 

identified and these are listed in Table 5-9. 

Table 5-9. Genes with ~2 novel 5NPs in the coding region of TgCkUg2. 

Novel SNPs in SNPs between the 
TgCkUg2 b three lineages b 

Gene lOa Chromo Syn Non-syn Syn Non-syn Protein description a 

641.m01S62 IV 1 1 12 86 SRS16B 

641.m02553 IV 1 1 6 1 
WO-40 repeat protein, 
putative 

49.m03276 VI 1 1 0 4 ROP29 

49.m03279 VI 2 8 1 13 Hypothetical 

49.m03372 VI 1 1 13 3 
Long chain fatty acid CoA 
ligase 

SS.m04829 Vllb 1 3 1 2 SRS26A 

44.m02583 VIII 0 2 9 11 Hypothetical 

44.mOS903 VIII 0 2 7 8 Hypothetical 

S7.m0176S IX 0 2 143 231 
Protein kinase domain 
containing 

2.mOOO67 IX 3 7 0 0 Hypothetical 

57.m01732 IX 0 2 7 8 Hypothetical 

80.m02252 IX 1 1 4 2 
Phosphoenolpyruvate 
carboxykinase, putative 

42.m07434 X 0 2 0 0 Hypothetical 

S51.mOO238 XII 3 6 8 44 ROP5 

65.mOOOOl XII 4 0 9 6 NTPase I 

-rhe GenelO is from ToxoOB 4.3, but the product description was updated from the more recent 
annotation in v.5.0. 
bAli listed genes have at two or more novel SNPs in TgCkUg2. The number of SNPs between the three 
lineages for each gene (data from ToxoDB) is listed for comparison. For example 57.m01765 is highly 
polymorphic, while 2.m00067 has a lot of novel SNPs but no divergence at all between the three 
archetypal strains. 
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Ten of the genes with novel SNPs in the CDS, including two SRS genes, had 

more non-synonymous than synonymous SNPs. Many of these genes, which appear 

to be under positive selection, have a high number of coding SNPs between all the 

lineages, but two of the hypothetical genes listed in Table 5-9 (57.m01765 and 

42.m07434) did not have any previously identified SNPs (ToxoDB search). Three 

genes contained six or more amino acid changing mutations: hypothetical proteins 

2.m00067 (IX), 49.m03279 (VI) and the rhoptry protein ROP5 (551.m00238, XII). 

5.3.6 Local allelic variants and relationship between strains 

In order to assess the level of divergence between all the eight Ugandan 

isolates and to investigate whether the novel SNPs in TgCkUg2 were conserved in 

the other strains as well, 32 new primer pairs were designed (see 5.2.6). These were 

distributed over all 14 chromosomes and while some of them were targeting novel 

SNP containing loci, others were simply distributed across the genome to provide an 

estimate of the overall divergence. Amplifications were primarily done in four 

strains: the recombinant (TgCkUg2), the type III (TgCkUg6) and two type II strains 

(TgCkUg5 and 8), and if informative polymorphisms were detected, the remaining 

type II strains were also amplified. 

A high level of sequence homology was seen between the novel isolates from 

Uganda and the reference strains. The type III strain, TgCkUg6, was very closely 

related to the type'" reference strain VEG as well as to the type III regions of 

TgCkUg2. In comparison to VEG, TgCkUg6 had 39 SNPs over 20.9 kb and most of 

these SNPs were concentrated to two loci: 11-4 (10 SNPs over 598 bp) and VI-13 (18 

SNPs over 368 bp). Apart from these regions the sequence identity between the 

type "I strains was >99.9%. Locus 11-4 consisted of non-coding sequence in the 

subtelomeric region of chromosome II, where TgCkUg6 shared some alleles with 

strains of genotype II (including Me49). The second locus, VI-13, included 220 bp of 

coding sequence from a SRS-gene (SRS22H, 49.m03110), where several new, non­

synonymous SNPs were found for TgCkUg6, TgCkUg2 and three of the Ugandan 

type II strains. Interestingly, most new SNPs found within coding regions, including 
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SRS22H, Toxofilin (33.m02185) and SRS16B (641.m01562), resulted in amino acid 

changes, suggesting positive selection (Table 5-10). 

Table 5-10. Amino acids at three polymorphic loci for Ugandan and reference strains. 

Locus SRS22H (VI-13) Toxofilin SRS16B 

aa position 111 113 138 139 140 141 143 144 146 150 147 168 176 77 
Me49 (II) E E K P S A H R T D L E K A 

TgCkUgS • G • G • • • • • • • • R • 
TgCkUg9 • • • • • • • • • V • D R • 
TgCkUg7 • • • • • • • • • • Q 0 R E 
TgCkUgl • • • • • • • • • • Q • • E 
TgCkUg8 • • • • • • • • • • Q • • E 

TgCkUg3 • • • • • • • • • V Q • • E 

TgCkUg2 D G T G T G R • P V Q • • E 
TgCkUg6 D G N G • G R S P V E • • T 

VEG (III) • • • • • • * • • * E * * T 

GTl (I) • G S A T E R S D G Q * R A 

Identities to the reference sequence shown at the top are indicated by asterisks (.). 

The Ugandan type II isolates, including the type II regions of TgCkUg2, were 

closely related to Me49 (>99.5% sequence identity), but with some allelic variation. 

The new SNPs were largely concentrated at a few loci and many were shared 

among several Ugandan isolates, suggesting that these are local allelic variants. At 

one locus on chromosome IV (IV-8), several of the Ugandan type II strains shared 

sequence homology with GT1 (Table 5-11). This was only seen for a short stretch 

near the chromosomal end (positions 8805-8907), and this was the only instance 

where a high level of similarity with the type I reference strain was detected. 

Table 5-11. Sequence similarity between Ugandan type II strains and the reference type I. 

Locus IV-8 

Me49 (II) T C T A T T G G A G G G A A G T 

VEG (III) • • • • * * • • * * • * • • * * 
TgCkUg6 • • • • • • • • • • • • • • • • 
TgCkUgS • • • • • • • • • • • • • • • * 
TgCkUg9 • • • • • • • • * • • • • • • • 
TgCkUg7 • • A T C C C • • T • • G C C • 
TgCkUgl C A A T C C C C C T A A G C C A 

TgCkUg2 C A A T C C C C C T A A G C C A 

TgCkUg3 C A A T C C C C C T A A G C C A 

TgCkUg8 C A A T C C C C C T A A G C C A 

GTl (I) C A A T C C C C C T A A G C C A 

Identities to the reference sequence shown at the top are indicated by asterisks (.). 
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Complementary Sanger sequencing confirmed the assignment of TgCkUg2 

chromosomes according to the 454 SNP analysis, but possible cross-over events 

were detected in two regions without major SNPs. Chromosome VIII was identified 

as derived from type III, based on the major SNP density in the second half of the 

chromosome (Figure 5-7). However, for loci VIII-19 and VIII-20 (located at 

approximately 0.9 and 2.1 Mb) TgCkUg2 was more similar to Me49 than VEG and 

even contained four allelic variants, which were present in the Ugandan type II 

isolate TgCkUg8 as well. However, locus VIII-21 located around 5.8 Mb on the same 

chromosome identified TgCkUg2 as a type III strain. Similarly, comparison of 

TgCkUg2 and TgCkUg6 sequence for the VI-13 locus, located around 0.3 Mb, 

indicated the presence of a type III region in the otherwise type II derived 

chromosome VI. These results provide indications of chromosomal recombination in 

TgCkUg2 (Table 5-12). 

Table 5-12. Different 5NP types on TgCkUg2 chromosome VIII suggests recombination. 

Locus VIII-19 VIII-20 VIJI-21 

Position O.9Mb 2.1Mb 5.8Mb 

Me49 (II) A T G C T T T C T G A G C G 

TgUgCkS • • • • • • • • • • • • • • 
TgUgCk8 • • • • A C * T * A * • • • 
TgUgCk2 * • * * A C * T • A • A A T 
TgUgCk6 T • C G • • C • C * T A A T 

VEG (III) T C C G • • C * C * T A A T 

Identities to the reference sequence shown at the top are indicated by asterisks (*). 

Few informative SNPs were detected on chromosome XI, but one unique allele 

within locus XI-28 was present in the recombinant as well as all of the type II 

Ugandan strains, but not in Me49, VEG or TgCkUg6. The fact that all of the Ugandan 

type II strains had this mutation implies that chromosome XI in TgCkUg2 was 

inherited from the type II parent. 
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Based on the sequence divergence over all amplified loci (including those 

described in Chapter 4), it was possible to resolve that TgCkUg5 and TgCkUg9 were 

the isolates most similar to Me49 and that TgCkUg3 was the strain most similar to 

the type II component of the recombinant TgCkUg2 (Figure 5-12). 

TgCkUg1 A 
TgCkUg8 
TgCkUg3 

TgCkUg2 

TgCkUg7 
TgCkUg9 

TgCkUgS 

Me.49 

GTl 
TgCkUg6 

VEG 
0.01 

~ TgCldJgJ B 
~TgCkUg8 

~TgCkUgl 

--TgCkUg2 

TgCkUgG 
.... VEG 

GT1 

-TgCkUg7 
Me49 

TgCkUgS --- TgCkUg9 
--------- 0.01 

Figure S-12. Phylogenetic trees of the relationship between Ugandan and reference strains. Trees 
based on sequence from chromosomes where TgCkUg2 were type II (A) and III (8). The type II part of 
the recombinant TgCkUg2 is most similar to TgCkUg3 and this strain can therefore be considered the 
putative type II parent in the cross. The slow-growing TgCkUgS and 9 associate with Me49, while 
TgCkUg7 showed a higher level of similarity with non-type II strains. The methodology is described in 
section 4.2.9. 
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5.4 Discussion 

5.4.1 Recombination through chromosome sorting 

The first whole genome sequencing of a recombinant T. gondii strain revealed 

a nearly equal contribution of type II and III a"eles, and the TgCkUg2 strain is likely 

to have arisen through a single recombination event between modern type II and 11\ 

strains. The origin of most chromosomes could easily be deduced from the SNP 

density, since TgCkUg2 was either similar to VEG (type III origin) or Me49 (type II 

origin). However, extended sections with an apparent paucity of SNPs were 

observed, and these were found to be consistent with the type I SNP dominated 

regions in the comparison between the three archetypal lineages (Boyle et aL, 

2006). Even though novel SNPs were observed in the Ugandan strains, the whole 

genome sequence of TgCkUg2 showed almost perfect synteny with either Me49 or 

VEG for any given region. Thus, the sequencing of this recombinant isolate does not 

provide evidence of exotic or ancient strains in Uganda, but demonstrates 

recombination between two strains that are closely related to the lineages in 

Europe and North America. 

Analysis of recombinant progeny from experimental crosses have shown that 

recombination can occur on a" T. gondii chromosomes and that the frequency is 

related to the physical size (Khan et aL, 200Sb). The genetic map unit was estimated 

at around 104 kb/cM (Khan et aL, 200Sb), which is high compared with the human 

genome 1000 kb/cM (Sved et aI., 2008) but represent a considerably lower 

recombination rate compared with the related apicomplexan P. Jalciparum, which 

has an estimated cross-over frequency of 17 kb/cM (Su et aL, 1999). The study by 

Khan et al also detected an unexpectedly high prevalence of closely spaced 

crossovers, which may be due to gene conversions as seen in other protozoa (Le 

Blancq et aL, 1988; Su et aL, 1999; Palmer and Brayton, 2007). For TgCkUg2, no 

chromosomal crossovers were detected by whole genome SNP analysis. However, 

complementary sequencing of regions that had an unusually high number of minor 

SNPs showed that two loci on the otherwise type 11\ derived chromosome VIII had a 
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high similarity to type II strains. This could indicate a regular crossover event, but 

the limited extension of the peaks (Figure 5-13) suggests that these may represent 

gene conversion events. Similarly, the identity of several Ugandan type II strains to 

the type I reference strain in the subtelomeric sequence of chromosome IV (Table 

5-11), was limited to around 0.1 kb, and is likely to have arisen through one double 

cross-over rather than two separate events. 

,O~----------------------------------------------------------~ 
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Figure S-13. SNP density graph of chromosome VIII, with polymorphic loci suggestive of 
recombination. The area around the two polymorphic loci at 0.9 Mb and 2.1 Mb were sequenced for 
four Ugandan strains and showed that TgCkUg2 was identical to TgCkUg8 (a type II strain) for these 
loci, while it was clearly similar to type III for the region after 3.7 Mb, as shown by the predominance 
of blue SNPs. 

Clonal propagation of non-archetypal genotypes has been observed in South 

America (Pena et aI., 2008) and Asia (Dubey et aI., 2007a; Dubey et aI., 2007d), but 

comparison of the ten loci used in these studies showed that TgCkUg2 had a unique 

genotype, which has not been observed in any of the >900 strains analyzed to date 

(Dr. Chunlei Su, personal communication). However, apart from locus c22-8 on 

chromosome Ib, TgCkUg2 was highly similar to one strain from Ghana (Table 5-13) . 
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Table 5-13. TgCkUg2 compared with circulating non-archetypal lineages and African strains. 

Vietnam, 
China + 

Locus· TgCkUg2 S. Amer. Brl Brll Brill BrlV Nigeria Ghanal Ghana 2 

c22-8 (Ib) III II u-l I II u-l III II II 

c29-2 (III) III III I III III I I III III 

L358 (V) III II I I III I I II III 

PKl (VI) II II I II III III III III II 

SAGl (VIII) III u-l I I I u-l u-l u-l II or III 
SAG2 (VIII) III II I I III I I II III 

BTUB (IX) II III I III III III III III II 

GRA6(X) II II II III III III III II II 

SAG3 (XII) III III III III III III III III III 

Apico II or III I I III III I I I III 
·loci used In the worldwide population study by J.P. Dubey and C. Suo 
Comparative strains were chosen because they are widely dispersed non-archetypal clonal lineages, 
found in Asia and South America (Dubey et aI., 2007a, d) or different regions of Brazil (Sri-IV, Pena et 
aI., 2008). In addition three African strains were used for the comparison (Velmurugan, 2008). 

5.4.2 Apicoplast genome copy number 

The quantitative nature of the 454 sequencing technology revealed that the 

read density of the apicoplast genome was more than nine times higher than the 

average for chromosomal contigs, which implies an average apicoplast genome 

copy number of 9.3 in this strain of T. gondii. This result is higher than the average 

apicoplast genome copy number of 5-6 reported in an early study using DNA 

hybridization (Fichera and Roos, 1997), but significantly lower than the average of 

25 copies (occasionally up to 80) detected by microscope photon counting 

(Matsuzaki et aI., 2001). These differences could be due to inherent differences 

between strains or methodological discrepancies, but the genome copy number 

may also vary over the different life cycle stages (Matsuzaki et aI., 2001). 

5.4.3 Level of divergence and relatedness to other strains 

The estimated time of the most recent ancestors relies on the theory of the 

molecular clock: that the mutation rate in a species remains relatively constant over 

time (Zuckerkandl and Pauling, 1965; Bromham and Penny, 2003). Since there are 

no fossil records for T. gondii, calibration of the clock is difficult, and furthermore it 

is reasonable to assume that the accumulation of mutations in an organism with a 

life cycle that includes rapid division as well as prolonged periods of latency 

depends heavily on factors such as the transmission frequency and life span of 
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infected hosts. For the first calculations of the MRCA of the TgCkUg2 parental 

strains (UglI and UgllI) and their respective reference strains (Me49 and VEG), the 

density of minor SNPs was divided by the T. gondii intron mutation rate and the 

estimates for the two splits landed at around 17,400 and 9,200 years ago, and using 

these estimates of T2 and T3 resulted in an estimate of T1 of 500,000-1,000,000 

years. Interestingly, these figures correspond relatively well with the estimates 

calculated by the Sibley group who suggest a MRCA for the clonal lineages around 

104 years ago and of all T. gondii strains around 106 years ago (Khan et aI., 2007). In 

the second approach, we used a previous estimate of the MRCA of all present T. 

gondii strains, which represents the time when the divergence between the 

different strains through mutations began (Tl). It would not be possible to 

substitute this for the time estimates for the crossings which have given rise to the 

clonal types, since much of the nucleotide divergence had occurred previously in 

the ancestral strains, before participating in the cross. The resulting approximations 

of 4,600 for type II and 1,600 years for type III correspond to an overall genomic 

mutation rate of 1.29*10.8 SNPs per bp per year, which is about 68% of the rate 

calculated for introns. The two methods, which partly use different data sets, end 

up with noticeably different results, and until we have better tools for calibration of 

the clock it is difficult to tell when these strains began their divergence from their 

common ancestor. However, the relative timing is fairly consistent and it is clear 

that the type II split (T2) preceded that of type III (T3). Comparisons of the density 

of major and minor SNPs between the chromosomes derived from type II and III 

(Table 5-7) showed significant differences between the groups, where the level of 

major SNPs was significantly higher in the type III derived chromosomes, while the 

minor SNP density was higher in the type II chromosomes (Figure 5-14). 

Furthermore, the difference between the minor SNP density in introns was 

significantly higher (P<O.Ol) compared with the overall minor SNP density, for type 

II as well as for type III derived chromosomes (not shown in graph). This is 

consistent with the calculations which showed that the genomic mutation rate was 

lower compared with the intron mutation rate. 
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Figure 5-14. Average SNP density in type II and type III derived chromosomes. Average values and 
standard deviations for major and minor SNPs and minor SNPs in introns are shown for the type II 
and type III derived parts ofTgCkUg2. These SNP densities were the basis for calculations of the 
divergence time estimates, and the real numbers are listed in Table 5-7 in section 5.3.4. 

Sequencing of selected polymorphic regions in all the Ugandan strains made it 

possible to look at the relationship between the type II component of TgCkUg2 and 

the other type II strains. From this it was inferred that the closest relative to the 

type II parent of the recombinant strain was the fast-growing TgCkUg3. The original 

chicken host of TgCkUg3, Ch17, had the highest antibody titre of all chickens from 

which isolates were retrieved (1:160 compared with 1:80 for Ch1/TgCkUg1 and 1:40 

for all the others) and the parasite DNA was readily amplified directly from the 

chicken tissues (Chapter 3). All this points towards a relatively high parasite burden 

in the chicken, and this may have increased the likelihood of recombination. 

Chickens 2 and 17, the hosts of TgCkUg2 and 3, both originated from the same 

district (Gayaza) as did the host of TgCkUgl. All the other isolates were obtained 

from chickens from Mulago and, as might be expected, there was a closer genetic 

relationship between T. gondii strains from chickens living in the vicinity of each 

other. The relatedness between TgCkUg1 and TgCkUg3 was also confirmed by the 

RAPD analysis, as was the closeness betweenTgCkUgS and TgCkUg9: These latter 
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ones were the slowest growing strains in cell culture and the targeted sequencing 

showed that these were the Ugandan type II strains most genetically similar to 

Me49. 

5.4.4 Genes under selection 

Although the Ugandan strains are very similar to the clonal lineages, we 

detected over 1,200 new SNPs in TgCkUg2, many of which were found in the 

subtelomeric regions (here defined as the outermost 10% on each chromosomal 

end). It is well known that other parasitic protozoa like Trypanosoma and 

Plasmodium spp. use the higher recombination and mutation rate of the 

subtelomeres to produce a variety of antigens in order to escape host immunity 

(Barry et aI., 2003; Carlton et aL, 2005; EI-Sayed et aI., 2005), and it is possible that 

similar mechanisms drives the adaptation of T. gondii to different hosts. There are 

clusters of genes encoding surface antigens and other proteins important in the 

host-pathogen interaction towards the chromosomal ends of T. gondii (Jung et aL, 

2004 and ToxoDB), and future gene annotations and functional studies of 

hypothetical proteins and regulatory factors may appoint a biological meaning to 

the clusters of novel SNPs detected in TgCkUg2. 

Pathogenicity in T. gondii is a multigenic trait and even though all the 

contributing genes have not yet been identified, a genome scale sequence analysis 

of recombinant and atypical isolates is a powerful tool for mapping genes important 

for survival and transmission in different natural environments. Early genetic 

linkage analysis of 6 RFLP markers in five strains showed that T. gondii virulence in 

mice was associated with the SAG1 gene on chromosome VIII (Howe et aL, 1996). 

This analysis has later been followed up by experimental gene knockouts as well as 

large-scale bioinformatic analyses, and it is now clear that several surface antigens 

and secretory proteins affect the virulence of T. gondii. Knockout of the GRA2 gene 

led to attenuation of the virulent RH strain, while still allowing for chronic infection 

(Mercier et aI., 1998), and a similar reduction in virulence was seen in SAG3 

deficient mutants (Dzierszinski et aI., 2000). linkage analysis of recombinant 

progeny from an experimental cross led to the first identification of a major 
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virulence locus of the then called chromosome VII (Su et aI., 2002), which has later 

been the focus of much attention under its new designation Vila. In 2006, there was 

one report showing that knockout of MIC2 (located on Vila) resulted in severely 

restrained attachment and invasion, completely eliminating the virulence in mice 

(Huynh and Carruthers, 2006), and later the same year two studies published in the 

same issue of Science revealed a major virulence locus on Vila and proved through 

knockout experiments that the introduction of a virulent ROP18 allele in an 

avirulent strain increased the mouse mortality rate by 4-5 logs (Saeij et aI., 2006; 

Taylor et aI., 2006). Although novel SNPs were not present in the ROP18 gene 

(20.m03896) in our Ugandan isolates, positive selection was detected for several 

other genes active in the interface with the host, including two rhoptry antigens and 

two SRS genes (Table 5-9). In the study by Saeij and others, a total of four distinct 

virulence loci were identified in an experimental cross between types II and III, and 

these were located on chromosomes Vila, Vllb, X and XII (Saeij et aI., 2006). The 

TgCkUg2 strain possessed the avirulent allele for two of these loci: type III on Vllb 

and type II on X, and the virulent allele for two: type lion Vila and type III on XII. 

The candidate virulence gene at the Vila locus was ROP18, where genotype II is 

associated with virulence (Saeij et aI., 2006), but no polymorphisms were seen for 

ROP18 in TgCkUg2, it was identical to Me49 and the Ugandan type II strains. SAG3 

and ROPS were the candidate genes on XII, where genotype III is the virulent type, 

and while no new SNPs were found for TgCkUg2 in the SAG3 gene, ROPS was one of 

the genes with the highest number of novel SNPs (Table 5-9). The presence of six 

non-synonymous and three synonymous new SNPs suggests that ROPS may be 

under diversifying selection in TgCkUg2. 

While it is currently not possible to determine which loci are responsible for 

the intermediate phenotype of this recombinant strain the high density of SNP data 

from the current study could provide the basis for closer mapping of genotype­

phenotype associations and genes under selection for niche adaptation within 

African isolates. 
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5.5 Conclusions 

Whole genome sequencing of the recombinant TgCkUg2 revealed a nearly 

equal contribution from the type II and III parental strains. Recombination had 

mainly occurred through chromosome sorting and although indication of gene 

conversion events were recognized these were in regions where type II and III are 

highly similar and is probably of little biological significance. In experimental crosses 

intrachromosomal recombination is frequent and it is possible that the successful 

propagation in nature for this strain is due to the conservation of entire 

chromosomes, which may contain advantageous gene combinations. 

The amount of data generated in this study proved that the T. gondii strains 

present in Uganda are indeed highly similar to the archetypal lineages, and they 

were calculated to have diverged from the North American reference strains around 

104 years ago, with the type III divergence being more recent than type II. Novel 

SNPs were detected throughout the genome, but with a non-random distribution. A 

higher mutation frequency was detected in subtelomeric regions, but also in the 

coding sequence of a handful of genes. Interestingly, one of the genes indicated to 

be under positive selection (ROPS) have previously been indicated to be important 

for T. gondii virulence, and the alternate possession of virulent and avirulent alleles 

at different loci may explain the intermediate in vivo phenotype detected for this 

recombinant strain. 
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Chapter 6 General discussion and final conclusions 

Infectious and parasitic diseases kill around ten million people globally every 

year, and approximately half of these cases occur in Africa making communicable 

diseases the most important cause of death on the continent (WHO, 2004). In 

addition, many infections confer a substantial level of disability, with enormous 

social and economic consequences. The economic impact of malaria alone has been 

estimated to decrease the gross national income in many African countries by 

around 10% (Sachs and Malaney, 2002) and HIV/AIDS adds another 2-4% growth 

reduction (Dixon et aI., 2001). Research on infectious diseases is thus important in 

order to reduce morbidity and mortality as well as for fighting poverty, and a 

thorough understanding of the disease-causing microorganisms is crucial for the 

development of effective diagnostic, prevention and treatment strategies. 

A microbe is considered a pathogen if it is capable of causing damage in its 

host (Casadevall and Pirofski, 1999), but the level of virulence depends on a 

combination of factors including the host immune response, concurrent infections 

and the genetic make-up of the microorganisms. Host-pathogen interactions 

represent very complex systems, where the same infectious agents can give rise to 

completely different outcomes, highlighting the importance of factors encountered 

by the microbe in the host upon infection. For instance, while most Epstein-Barr 

virus infections are asymptomatic, some otherwise healthy people develop 

infectious mononucleosis, while oral hairy leukoplakia is a common complication in 

severely immunocompromised patients (Greenspan et aI., 1985) and 

Iymphoproliferative cancers may develop upon co-infections with Epstein-Barr virus 

and malaria parasites (Chene et aI., 2007). The recent spread of HIV has lead to a 

massive increase in diseases rarely seen before, caused by a number of viral, 

bacterial, protozoal and fungal pathogens which normally do not cause disease in 

immunocompetent hosts. In the pre-AIDS era T. gondii was recognised as an 

important veterinary pathogen and causative agent of severe congenital infections, 
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but cases of clinically important post-natally acquired toxoplasmosis were unusual 

before HIV-induced immunosuppressions became widespread (Moskowitz et aL, 

1983). High levels of T. gondii reactivation were seen in AIDS-patients in high­

income countries before the introduction of HMRT, but nowadays toxoplasmic 

encephalitis is uncommon in countries where appropriate antiretroviral treatment 

is provided (Miro et aL, 2006). It is clear that the immune status of the host is highly 

important for the development of T. gondii, and this was confirmed through the 

investigation of latent and active toxoplasmosis in Ugandan HIV-patients described 

in Chapter 2 of this thesis, where nearly one out of five HIV-patients were shown to 

have active T. gondii infections. The affected patients had reached a more advanced 

stage of immunosuppression compared with the patients who had managed to 

keep their infections in the latent state, and these seropositive, PCR-negative 

individuals are at risk of reactivation at a later stage of AIDS. The seroprevalence 

rates of T. gondii exceed 50% in many countries in East-, West-, and Central Africa 

(Figure 2-1), and previous autopsy studies have shown that TE is an important cause 

of death in AIDS-patients in this part of the world (Byanyima, 1998; lucas et aL, 

1993). Until efficient HIV-treatment is widely available in Africa opportunistic 

diseases including TE will continue to cause significant morbidity and mortality, 

unless they are properly diagnosed and treated. To achieve disease control, we 

must know the enemy. The major aim of the work presented in this thesis was 

therefore to investigate the genotypic and phenotypic properties of T. gondii strains 

from Africa, where the problem with HIV-associated toxoplasmosis is worst. 

The success of an invasive microorganism is dependent of its capacity to evade 

the host immune response and pharmaceutic treatments, and different types of 

organisms use different approaches to meet the challenge of a changing 

environment. HIV-viruses are adaptation specialists that can escape from immune 

defence mechanisms as well as antiviral drugs through very high reproduction and 

mutation rates; every possible mutation in the genome can be generated on a daily 

basis in a single viremic patient (Richman et aL, 2004). In bacteria, large blocks of 

genes, 'pathogenicity islands', can be transmitted horizontally through conjugation 

or with bacteriophages, and these may confer dramatic phenotype alterations such 
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as adaptations to an intracellular lifestyle (Gal-Mor and Finlay, 2006). Eukaryotic 

organisms typically have a slower mutation and replication rate compared with 

viruses and bacteria, and only rarely acquire genes through horizontal uptake 

(Opperdoes and Michels, 2007). Sexual recombination provides an opportunity of 

extensive genetic exchange and is the driving force of evolution in metazoa, 

however many protozoan parasites appear to use this option sparingly. A clonal 

population structure was first discovered in Trypanosoma cruzi, where isozyme 

analysis of 121 samples revealed clonal strains without evidence of mating, 

although some clones derived from the same individual or even the same insect 

vector (Tibayrenc et aL, 1986). Different levels of clonality were later detected in 

several other organisms including Leishmania, Giardia, Trypanosoma brucei, 

Entamoeba, Plasmodium and Toxoplasma (Tibayrenc et aL, 1990, 1991). The 

observed clonality could be due to inherent properties of the parasites favouring 

asexual transmission or self-fertilization over recombination, or it might be the 

result of downstream purifying selection of non-recombinant progeny (Tibayrenc, 

2002). These explanations may not be mutually exclusive and could vary between 

species, for example Plasmodium goes through an obligatory sexual stage in the 

mosquito, while Toxoplasma can be transmitted directly between intermediate 

hosts, which enable prolonged transmission of true clones. It is noteworthy that a 

predominantly clonal population structure does not exclude sexual recombination. 

In the case of T. gondii, a limited number of clonal lineages are found over vast 

geographic areas, but a high level of non-clonal strains have been found in South 

America (Pena et aL, 2008), which may be due to increased mating opportunities or 

selection of a diversity of strains. As more areas and host species are being 

investigated, more diversity has been unravelled, and the work described in this 

thesis provides the first characterization of an African T. gondii population. The 

focus of this work was on strains present in the domestic cycle, since these are most 

relevant for HIV-associated toxoplasmosis. 

The discovery of multiple infections in five Ugandan chickens gave the first 

indication that mating opportunities between genetically distinct genotypes may be 

more frequent in the human I domestic animal cycle in Africa compared with 
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Europe or North America. Small scale rearing of animals like goats and chickens 

around the houses is commonplace and the transmission between these animals 

and domestic cats can easily take place. The subsequent isolation of a recombinant 

strain confirmed that sexually derived strains were present in Uganda. 

Recombination is difficult to detect if it occurs between strains with a similar 

genetic background, such as two type II strains. However, the deep sequencing 

performed on TgCkUg2 revealed different levels of novel SNPs among the 

chromosomes derived from the same lineage. For example, the MRCA of the 

Ugandan type II and Me49 was estimated to be 3-5 times higher based on 

chromosome IV compared with Vila, using the two different methods (Tables 5-7 

and 5-8) and this may be an indication of a previous chromosome sorting event 

between two type II strains. Furthermore, the gene conversion event where several 

(but not all) Ugandan type II strains shared SNPs with GT1 indicate that this 

recombination occurred at a time point prior to the type II/III cross that gave rise to 

TgCkUg2. Thus, lack of opportunity for sexual recombination, which has been 

suggested to be an important explanation for the dominance of three clonal types 

in Europe and North America (Sibley and Boothroyd, 1992, Darde, 1996, Ajzenberg, 

et aI., 2002), does not appear to hold true for Africa. 

Nevertheless, the whole genome analysis of this strain and sequencing of >20 

kb from each of the eight additional Ugandan strains showed a remarkable level of 

similarity with the reference strains isolated decades ago in North America. Unlike 

the findings from South America, the Ugandan strains were highly conserved and 

although the recombinant strain provided evidence of the sexual cycle, all the 14 

chromosomes were nearly identical to either type II or III, and virtually no mixing of 

genes from different origin was seen on the same chromosome. Indications of 

recombinatory events were detected for small regions located on chromosomes VI 

and VIII, but these occurred in type I dominated regions where type II and III share a 

high level of similarity and did therefore not alter the overall gene composition of 

the chromosomes. Although diverse genotypes are likely to be generated through 

sexual recombination in this setting, the environment does not seem to favour the 

persistence of mUltiple diverse genotypes. A prerequisite for recombinant strains to 
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be found is their ability to survive and propagate, and in order to persist in nature 

they must be able to compete with the established lineages. T. gondii is known to 

undergo sexual recombination given the chance, and the average map unit size has 

been calculated to 104 kb/cM (Khan et aL, 200Sb). The data from TgCkUg2 shows 

evidence of at least three past recombination events, but the gene content on each 

chromosome has remained intact. A single cross yields countless genetically distinct 

progeny, but only a handful may survive in nature, where the predominant strain 

type in a defined environment can be assumed to be the one that is best adapted to 

the prevailing conditions. Thus, in contrast to the upstream inhibition of sexual 

recombination proposed previously (Ferguson, 2002) the data obtained in this study 

favour the model of downstream selection through environmental pressure rather 

than absence of opportunity for sexual recombination. This conclusion is in 

agreement with a recent review on the subject, where the population structure is 

described as "punctuated by clonal sweeps" when a new recombinant happens to 

be superiorly adapted to the prevailing conditions (Grigg and Sundar, 2009). 

The research presented in this thesis revealed that the T. gondii strains 

present in humans and domestic animals in Uganda are closely related to the clonal 

lineages, and began diverging from these approximately 10,000 years ago. Although 

recombination occurs the selective pressures appear to favour conservation of the 

genetic make-up of the clonal strains, but some genetic drift inevitably occurs over 

time. But are these good representatives for African strains? The strains were 

isolated from the area in and around Kampala, and they are likely to be 

representative of the strain population important for the HIV-associated 

toxoplasmosis in this region. However, it is possible that other strains are present 

elsewhere in Africa. A recent serotyping study reported a predominance of non­

type II strains in West Africa (Ivory Coast, Congo, Angola, Cameroon and Gabon) 

and several samples reacted with both peptides, which may indicate multiple 

infection in human patients (Sousa et aL, 2008). Furthermore, a recent case report 

found a type 1/111 recombinant strain causing severe toxoplasmic encephalitis and 

chorioretinitis in a HIV-patient from Ghana (Genot et aL, 2007). None of these 

studies provide much detail on the genetic composition of the strains involved, but 
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the latter emphasize the clinical importance of the T. gondii genotype, and the 

disease severity often associated with atypical strains. No study has yet looked 

further afield into the African sylvatic cycle, where different selective pressures may 

shape the population structure and transmission may be driven by other feline 

species. 

The studies presented in this thesis extend the understanding of the T. gondii 

population structure and provides the first in depth characterization of African 

strains. The whole genome sequencing project was one of the first to utilize a new 

generation sequencing platform for a protozoan genome, and it was the first large 

scale sequencing of any T. gondii strain apart from the three clonal references. 

Evidence of recombination through chromosome sorting, in an organism where 

meiotic recombination is frequent in experimental crosses, was a significant result, 

and furthermore the novel African alleles and genes under selection provide clues 

to the selective pressures acting in this environment. The unique situation with a 

fully sequenced genome from a natural recombinant strain and the isolation of its 

putative parents provide excellent opportunities for further studies of the genetic 

basis for virulence and transmission of T. gondii. 
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Appendix 1: T. gondii genotypes in different regions and host species 

Abbreviations for genotyping methods are: RFlP = restriction fragment length polymorphisms, MS = microsatellites, Z = zymodemes, SNP = 
single nucleotide polymorph isms, seq = sequencing. 
Recombinant strains are strains which show alleles typical for different genotypes on different loci, and atypical are strains with non-archetypal 
alleles on at least one locus. Mixed means co-infection with two or more strains in the same host. 

No of 
Host Origin N Method(s) markers Type I Type II Type III Recomb. Atypical Mixed Reference 

Cats Brazil 38 RFLP 1 15 23 Dubey et aI., 2004d 

Chickens Argentina 9 RFLP 1 1 1 7 Dubey et aI., 2003d 

Chickens Argentina 17 RFLP 1 4 3 10 Dubey et aI., 2005g 

Chickens Austria 67 RFLP 1 67 Dubey et aI., 2005a 

Chickens Brazil 48 RFLP 1 34 13 1 Dubey et aI., 2003a 

Chickens Chile 22 RFLP ~5 17 4 1 Dubey et aI., 2006a 

Chickens Colombia 24 RFLP 1 7 17 Dubey et aI., 2005b 

Chickens Costa Rica 32 RFLP ~5 5 1 26 Dubey et aI., 2006b 
DRC, Mali, Burkina 

Chickens Faso, Kenya 17 RFLP 1 1 4 12 Dubey et aI., 2005d 

Chickens Grenada 36 RFLP 1 5 1 29 1 Dubey et aI., 2005i 

Chickens Guatemala 8 RFLP 1 3 5 Dubey et aI., 2005t 
Chickens India 7 RFLP, MS ~5 2 5 Sreekumar et al., 2003 

Chickens Israel 19 RFLP 1 17 2 Dubey et aI., 2004f 

Chickens Mexico 6 RFLP 1 1 5 Dubey et aI., 2004c 

Chickens Peru 10 RFLP 1 7 3 Dubey et aI., 2004b 

Chickens Sri Lanka 12 RFLP 1 6 6 Dubey et aI., 2005h 

Chickens USA 19 RFLP 1 5 14 Dubey et aI., 2003c 

Chickens Venezuela 13 RFLP 1 3 10 Dubey et aI., 200Se 

Chickens, duck Egypt 20 RFLP 1 3 17 Dubey et aI., 2003b 

Dogs Brazil 9 RFLP 1 4 5 da Silva et aI., 2005 

Domestic 
animals Brazil 16 RFLP ~S 16 Ferreira Ade et al., 2006 



Noof 
Host Origin N Method(s) markers Type I Type II Type III Recomb. Atypical Mixed Reference 
Domestic 
animals Colombia 19 RFlP 1 19 Gallego et aI., 2006 
Domestic 
animals Europe, USA 5 SNP+ MS ~5 2 1 2 Ajzenberg et aI., 2004 
Domestic Sibley and Boothroyd, 
animals Europe, USA 9 RFlP 3 2 4 1 2 1992 
Domestic 
animals Europe, USA 10 Z, MS 1 1 5 4 Costa et aI., 1997 
Domestic 
animals Europe, USA 23 MS, Z, RFlP ~5 1 14 4 4 Ajzenberg et al., 2002a 
Domestic 
animals Uruguay, Barbados 3 SNP + MS ~5 2 1 Ajzenberg et aI., 2004 
Domestic 
animals USA, Canada, U.K 4 RFlP, seq t!S 1 2 1 lehmann et aI., 2000 

Humans Africa 3 SNP+ MS t!S 1 1 1 Ajzenberg et aI., 2004 
Sibley and Boothroyd, 

Humans Australia 1 RFlP 3 1 1992 
Sibley and Boothroyd, 

Humans Brazil 1 RFlP 3 1 1992 

Humans Brazil 4 RFlP t!5 4 Ferreira Ade et aI., 2006 

Humans Colombia 14 RFlP 1 12 1 1 Gallego et aI., 2006 

Humans Europe, USA 14 SNP+ MS ~5 2 1 3 1 7 Ajzenberg et aI., 2004 
Sibley and Boothroyd, 

Humans Europe, USA 14 RFLP 3 6 1 2 5 1992 

Humans Europe, USA 24 Z,MS 1 6 17 1 Costa et aI., 1997 

Humans Europe, USA 60 MS, Z, RFlP t!5 15 37 4 4 Ajzenberg et aI., 2002a 

Humans France 37 MS 1 37 Costa et aI., 1997 

Humans France 68 RFlP 1 7 SS 6 Howe et aI., 1997 

Humans France 86 MS t!S 7 73 2 4 Ajzenberg et aI., 2002b 

Humans France 90 RFlP 1 14 69 7 Honore et aI., 2000 

Humans French Guyana 16 MS ~S 16 Carme et aI., 2002 



Noof 
Host Origin N Method(s) markers Type I Type II Type III Recomb. Atypical Mixed Reference 

Sibley and Boothroyd, 
Humans Japan 1 RFLP 3 1 1992 
Humans Spain 25 RFLP 1 10 10 5 Fuentes et aI., 2001 
Humans U.K. 32 RFLP 1 10 11 1 10 Aspinall et aI., 2003 

Uruguay, 
Guadeloupe, 
Reunion, French 

Humans Guyana 13 SNP+ MS t!5 1 1 11 Ajzenberg et aI., 2004 

Humans USA 12 RFLP t!5 3 3 1 5 Grigg et aI., 2001 

Humans USA, Canada, U.K 9 RFLP, seq ~5 3 2 3 1 Lehmann et aL, 2000 
Sibley and Boothroyd, 

Pigs Brazil 1 RFlP 3 1 1992 

Pigs Brazil 7 RFlP 1 2 5 dos Santos et aI., 2005 
Sibley and Boothroyd, 

Pigs Japan 1 RFlP 3 1 1992 

Pigs Portugal 15 RFLP, MS ~5 10 4 1 de Sousa et aL, 2006 

Pigs USA 7 RFLP, MS 1 2 3 2 Dubey et aL, 2005c 

Pigs USA 25 RFLP, MS ~5 20 5 Lehmann et aL, 2003 

Pigs USA 43 RFLP 1 36 7 Mondragon et aI., 1998 

Pork, beef, lamb UK 27 RFLP 1 21 6 Aspinall et aI., 2002 

Sea otters USA 13 RFlP 2 6 7 Cole et aL, 2000 

Sea otters USA 35 RFlP, RAPD t!5 14 21 Conrad et al., 2005 

Sea otters USA 35 RFLP, seq ~5 14 21 Miller et aL, 2004 

Sheep U.K. 15 RFLP 1 15 Owen and Trees, 1999 

Wildlife Europe, USA 3 SNP+ MS t!5 2 1 Ajzenberg et aI., 2004 

Wildlife USA 10 RFlP 1 2 8 Dubey et aL, 2004e 

Wildlife USA 43 RFLP 1 3 35 5 Dubey et aL, 2004a 

Wildlife USA, Canada, U.K 3 RFlP, seq t!5 1 2 Lehmann et aI., 2000 
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Appendix 2: T. gondii-seroprevalence in adult Africans 

Country N Seroprev. (%) Reference 

Benin 211 54 Rodier et aL, 1995 
Burkina Faso 1828 25 Millogo et aL, 2000 
Burkina Faso 336 25 Simpore et aL, 2006 
Burkina-Faso 148 50 Ledru et aL, 1995 
Burundi 622 44 Excler et aL, 1988 
Cameroon 421 48.5 Marty et aL, 1985 

Cameroon 192 77 Ndumbe et aL, 1992 

Central African Republic 814 40 (overall) 

25 (pre-desert) Dumas et aL, 1990b 
Central African Republic 1953 51 Morvan et aL, 1999 

Perez-Rendon Gonzalez and 
Ceuta (Morocco) 100 51 lopez Caminero, 1992 

Comoros 871 84 Julvez et aL, 1994 

Congo-Brazzaville 2500 40 Dumas et aL, 1990a 

Congo-Brazzaville 310 42 Candolfi et aL, 1993 

DRC 50-65% Dumas et aL, 1990c 
Egypt 150 43 el-Nawawy et aL, 1996 

Egypt 700 15 Hamadto et aL, 1997 

Egypt 152 58 Hussein et aL, 2001 

Ethiopia 144 34 Flatau et aL, 1993 

Ethiopia 1016 75 Guebre-Xabier et aL, 1993 

Ethiopia 170 80 Woldemichael et aL, 1998 

Gabon 268 61 Billiault et aL, 1987 

Gabon 1178 68 Duong et aL, 1992 

Gabon 767 71 Nabias et aL, 1998 

Ghana 364 57 Anteson et aL, 1978 

Ivory Coast 2000 37 (pre-desert) 

56-70 (humid) Dumas et aL, 1989 

Ivory Coast 1025 60 Adou-Bryn et aI., 2004 

Kenya 322 54 Griffin and Williams, 1983 

Kenya 180 54 Brindle et aL, 1991 

liberia 133 70 Negro Ponzi et aL, 1976 

liberia 390 58 Omland et aL, 1977 

libya 2300 50.5 Khadre and el Nageh, 1987 

libya 369 47 Kassem and Morsy, 1991 

Madagascar 599 84 Lelong et aL, 1995 

Madagascar 2354 52 Dromigny et aL, 1996 

Mali 100 34 Maiga et aL, 1984 

Niger 400 18.2 Develoux et aI., 1988 

Niger 218 15 Develoux et aL, 1989 

Niger 371 18 Julvez et aL, 1996 

Nigeria 352 78 Onadeko et aL, 1992 

Nigeria 162 68 Ekweozor et aL, 1994 

Nigeria 363 32 Uneke et aL, 2005 

Nigeria 1650 59 Arene, 1986 



country N Seroprev. (%) Reference 

Rwanda 50 Gascon et aL, 1989 

Senegal 415 25 (dry) 

58 (humid) 

33 (Dakar) Dumas et aL, 1990d 
Senegal 720 40 Diallo et aL, 1996 
Senegal 353 40 Faye et aL, 1998 
Somalia 356 53 Zardi et aL, 1980 

Somalia 40-56% Ahmed et aL, 1988 
South Africa 600 10 Brink et aL, 1975 
South Africa, Namibia, 
Botswana 3379 20 Jacobs and Mason, 1978 
Sudan 386 42 Abdel-Hameed, 1991 
Sudan 487 34 Elnahas et aL, 2003 
Tanzania 357 48 Gill and Mtimavalye, 1982 
Tanzania 450 4 Gille et aL, 1992 

32 47 Doehring et aL, 1995 

Tanzania 849 35 Agbo et aL, 1991 

Togo 819 59 Deniau et aL, 1991 

Togo 618 62-88% Bouratbine et aL, 2001 
Tunisia 1421 58 Zumla et aL, 1991 

Uganda 279 33 This study 

Uganda 677 56 Zumla et aL, 1991 
Zambia 376 7 Dumas et aI., 1990d 
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Appendix 3. Result table, Ugandan HIV-patients 

All HIV·samples used in the study, listed by group and sample 10. HA=headache, 
PP=photophobia, MCF=mental confusion, CV=convulsions, F=fever, W=weakness or 
paresis, V=vomiting. '+' indicates a positive test result or the presence of a 
symptom, '.' indicates a negative test result or the absence of a symptom. Blanks 
show that the information was not obtained. 

Group Sample Age Sex CD4 HA pp MCF CV F W V IgG peR Type 
Gl HOS-l 40 F + + + 
Gl HOS-2 S6 F + + + + 
Gl HOS-3 3S M + + + 
Gl HOS-4 34 F + + + + 
Gl HOS-S 31 F + + + 
Gl HOS-6 4S M + + + 
Gl HOS-7 36 F + + 
Gl HOS-8 + 
Gl HOS-9 29 M + + + 
Gl HOS-IO 28 F + + + + 
Gl HOS-ll 23 F + + + 
Gl HOS-12 + 
Gl HOS-13 
Gl HOS-14 + 
Gl HOS-lS 32 M + + + + 
Gl HOS-16 
Gl HOS-17 44 M + + + 
Gl HOS-18 
Gl HOS-19 37 F + + + + + II 

Gl HOS-20 32 F + + + + + 1/11 

Gl HOS-21 36 F + + + + III 

Gl HOS-22 M + + 
Gl HOS-23 27 F + + + 
Gl HOS-24 F + + + 
Gl HOS-2S M + + 
Gl HOS-26 M + + + II 

Gl HOS-27 39 M + 
Gl HOS-28 40 F + + + 
Gl HOS-29 
Gl HOS-30 27 F + 
Gl HOS-31 + II 

Gl HOS-32 43 M + 
Gl HOS-33 
Gl HOS-34 40 M + 
Gl HOS-3S + + II 

Gl HOS-36 M + + 
Gl HOS-37 + II 

Gl HOS-38 + 
Gl HOS-39 + 
Gl HOS-40 

Gl HOS-41 + 
Gl HOS-42 M + + 
Gl HOS-43 + + II 

Gl HOS-44 



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G1 HOS-4S + II 
G1 HOS-46 
G1 HOS-47 + 
G1 HOS-48 
G1 HOS-49 
G1 HaS-SO 
G1 HOS-S1 + + 
G1 HOS-S2 + + 
G1 HOS-S3 + 
G1 HOS-S4 
Gl HOS-SS + 
Gl HaS-56 

Gl HOS-S7 + 
Gl HOS-S8 + 
Gl HOS-S9 + 
Gl HOS-60 + + II 
G1 HOS-61 
G1 HOS-62 
G1 HOS-63 
G1 HOS-64 + + I 
G1 HOS-6S + + 1/11 
G1 HOS-66 
G1 HOS-67 + + II 
G1 HOS-68 + II 
Gl HOS-69 F 
G1 HOS-70 42 M 
G1 HOS-71 S4 M + II 
Gl HOS-72 
Gl HOS-73 60 M 
Gl HOS-74 
Gl HOS-7S F 
Gl HOS-76 M + + 
Gl HOS-77 22 M + + + 
G1 HOS-78 M + + + + 
Gl HOS-79 + + 
Gl HOS-80 30 F + 
Gl HOS-8l + + + + II 
Gl HOS-82 35 M + + + + II 
G1 HOS-83 37 M + 
Gl HOS-84 M + + + + 
G1 HOS-8S 2S M + + + 
G1 HOS-86 + + 
Gl HOS-87 + 
Gl H05-88 + + + 
Gl H05-89 25 F + 
G1 HOS-90 27 M + + + + III 
G1 HOS-91 + + + 
G1 HOS-92 39 M 
G1 HOS-93 + 
G1 HOS-94 + + 
Gl H05-9S + 
Gl H05-96 M + 
Gl HOS-97 + + + + 



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
Gl HOS-98 M - - - - - - - + -
Gl HOS-99 F - - + - - + - - -
Gl HOS-lOO F - - - - - - - + -
Gl HOS-lOl F - - - - - - - - -
Gl HOS-l02 46 M - - - - - - - + -
Gl HOS-l23 F + - - - - + - + + II 
Gl HOS-l24 F + + - - - - - - -
Gl HOS-l2S + - - - + - - + + II 
Gl HOS-l26 - - + - - - - + + II 
Gl HOS-l27 23 F + - - - - - - + + I 
Gl HOS-l28 F + + + - - - - - -
Gl HOS-129 - - - - - + - + -
Gl HOS-130 F - - - + + - - + -
G1 HOS-131 SO F - - + - - - - + -
Gl HOS-132 + - - - - - - - + II 
G1 HOS-133 + - + - - - - + -
Gl HOS-134 - - + - - - - - -
Gl HOS-13S 42 F + - - - - - - + -
G1 HOS-136 31 F - - - - - + - + -
Gl HOS-137 3S F + - + - - - - + + 1/11 
Gl HOS-138 48 M + - - - - - - + + II 
Gl HOS-139 32 M + + + - - - - + -
G1 HOS-140 38 M - - + - - - - - -
Gl HOS-14l 38 F + - - + - - - + -
Gl H05-142 25 M + - - - + - - + -
Gl H05-143 M - - - - - - - - -
Gl HOS-144 41 M - - + - - - - + -
Gl H05-145 35 F - - - - - - - + + I 
Gl HOS-146 F - - + - - - - - -
Gl HOS-l47 F + - + - - - - - -
Gl H05-148 35 F + + - - - - - + + III 
G1 H05-149 F - - + - - - - + -
G1 HOS-1S0 F + - - - + + - - -
G1 H05-1S1 43 F - - + - - - - - -
G2 H06-1 34 M 2G3 - -
G2 H06-2 17 F - + 
G2 H06-3 40 F + -
G2 H06-4 1 F - + 
G2 H06-5 37 M 234 - -
G2 H06-6 45 M + -
G2 H06-7 2S M - -
G2 H06-8 28 F + -
G2 H06-9 20 F - + 
G2 H06-10 19 F 600 + -
G2 H06-11 36 F 175 + + 
G2 HOG-12 22 M 22 + -
G2 H06-13 27 F + -
G2 H06-14 4S M + -
G2 H06-1S S F - + 
G2 H06-1G 32 F + -
G2 HOG-17 40 F 344 - -
G2 HOG-18 25 F 150 - -
G2 HOG-19 18 F + -



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G2 HOG-20 30 F 
G2 H06-21 30 F + 
G2 H06-22 17 M 
G2 HOG-23 42 F 
G2 H06-24 17 F + 
G2 H06-25 25 F + 
G2 H06-2G 43 M + 
G2 H06-27 50 F 
G2 H06-28 26 F + 
G2 H06-29 55 F + 
G2 H06-30 35 F + 
G2 H06-31 2G F 
G2 H06-32 30 F 
G2 HOG-33 30 M 
G2 H06-34 30 F 68 + 
G2 H06-35 40 F 142 
G2 HOG-3G 31 F + 
G2 HOG-37 24 F 
G2 HOG-38 34 M + 
G2 HOG-39 30 F + + 
G2 HOG-40 29 F 
G2 HOG-41 28 M 
G2 H06-42 38 F + 
G2 HOG-43 42 F 71 
G2 H06-44 25 F G48 
G2 HOG-45 45 
G2 HOG-4G 46 M 323 
G2 HOG-47 2G F 
G2 H06-48 47 F 143 + 
G2 H06-49 45 F 244 + 
G2 HOG-SO 30 M 
G2 HOG-51 M 
G2 HOG-52 49 F + + 
G2 H06-53 F 
G2 HOG-54 M + 
G2 HOG-55 M + + 
G2 HOG-5G 44 F + 
G2 H06-57 F + 
G2 HOG-58 F + + 
G2 HOG-GO 24 M + + 
G2 HOG-G1 37 M 
G2 HOG-62 22 F + + 
G2 H06-63 19 F 
G2 HOG-G4 30 F + 
G2 H06-65 33 F + + 
G2 HOG-6G 41 M + 
G2 HOG-67 37 F 502 + 
G2 HOG-68 38 M + + 
G2 HOG-69 24 M + 
G2 H06-70 18 F + + 
G2 HOG-71 42 F + + 
G2 HOG-72 25 M 
G2 HOG-73 36 M 70 



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G2 HOG-74 4G F 103 + 
G2 HOG-7S 30 F + + 
G2 HOG-7G 3G M 
G2 HOG-77 31 F + 
G2 HOG-78 23 F 
G2 HOG-79 27 F + 
G2 HOG-80 20 F 
G2 HOG-81 3S F + + 
G2 HOG-82 44 F + 
G2 HOG-83 30 M 
G2 HOG-84 38 M + + 
G2 HOG-8S 23 F 1837 + 
G2 HOG-8G 47 M 
G2 HOG-87 35 M + 
G2 HOG-88 23 F 
G2 HOG-89 27 M 
G2 HOG-90 30 F 329 
G2 HOG-91 25 M + 
G2 HOG-92 32 M + 
G2 HOG-93 32 F + 
G2 HOG-94 2G F + 
G2 HOG-9S 23 F 
G2 HOG-96 33 M 
G2 HOG-97 3G F + 
G2 HOG-98 32 F 
G2 HOG-99 34 F 
G2 HOG-100 2G F + 
G2 HOG-101 55 M + 
G2 HOG-102 37 F 
G2 HOG-103 29 F 
G2 HOG-104 25 M + 
G2 HOG-lOS 40 M 
G2 HOG-lOG 25 F 
G2 HOG-107 24 M + 
G2 HOG-108 40 M + 
G2 HOG-109 2S F + 
G2 HOG-ll0 40 F 
G2 HOG-lll 45 M + 
G2 HOG-112 2G M 
G2 HOG-113 30 M 
G2 HOG-114 33 F + 
G2 HOG-llS 30 F 
G2 HOG-llG 24 F 
G2 HOG-117 34 M 
G2 HOG-llS 40 M + 
G2 HOG-119 21 F 
G2 HOG-l20 33 F + 
G2 HOG-l21 27 F + 
G2 HOG-122 30 F 
G2 HOG-l23 41 F + 
G2 HOG-124 33 F 
G2 HOG-12S 35 F + 
G2 HOG-126 21 F + 



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 

G2 H06-127 39 F + -
G2 H06-128 30 F - -
G2 H06-129 45 M + -
G2 H06-130 34 F + -
G2 H06-131 26 F + -
G3 H07-1 35 M - - - - -
G3 H07-2 45 M - + - + -
G3 H07-3 35 M + - + - -
G3 H07-4 26 F + - + + + 
G3 H07-5 33 F - - - + -
G3 H07-6 43 M + - - + + 
G3 H07-7 34 M - - - - -
G3 H07-8 35 F + + - - -
G3 H07-9 42 F - - - - -
G3 H07-10 34 M - - - + -
G3 H07-11 45 F - - + - -
G3 H07-12 29 F + - + + -
G3 H07-13 32 F + - + - -
G3 H07-14 30 M + - + - -
G3 H07-15 26 M · + + - -
G3 H07·16 29 F · - + - -
G3 H07-17 21 F + - - + + 
G3 H07-18 22 F · + - + -
G3 H07-19 23 M - - + + -
G3 H07-20 40 M + - + - . 
G3 H07-21 45 F + + + + -
G3 H07-22 33 M + + + + -
G3 H07-23 32 F · + · + -
G3 H07-24 36 F + + + + -
G3 H07-25 34 F · · - + -
G3 H07-26 42 F + + - - -
G3 H07-27 23 M · · · · -
G3 H07·28 30 F · · - - -
G3 H07·29 26 F · + - + + 
G3 H07·30 38 F + · + - -
G3 H07·31 33 F + - + + + 
G3 H07-32 38 F + - + - -
G3 H07-33 39 F + + · + · 
G3 H07·34 30 M + + + + -
G3 H07·35 36 M · · + · -
G3 H07·36 28 F + + + - -
G3 H07-37 23 F + + + + -
G3 H07·38 25 F · · + - -
G3 H07-39 24 F + - + · · 
G3 H07-40 30 F + · + - -
G3 H07-41 37 F + · + · -
G3 H07·42 27 M + - - + + 
G3 H07-43 30 F + · + · -
G3 H07-44 + · 
G3 H07-45 · · 
G4 E06-1 26 F 19 + - - - + . - + -
G4 E06·2 31 F 152 + · - - + + . + -
G4 E06-3 45 F 37 + - . + + . - + -



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G4 E06-4 30 M 5 + + + - - - - + -
G4 E06-5 34 M 42 + - + + - - - + -
G4 E06-6 31 M 33 + + + - - - - - -
G4 E06-7 28 F 0 + - + - + - - - + 
G4 E06-8 33 F 397 + - - - + - - + -
G4 E06-9 43 M 73 + - - - + - - - + 
G4 E06-10 39 M 182 + - + + + + - + -
G4 E06-11 30 F 336 + - + - + - - + + 
G4 E06-12 30 M 17 + + - - + - - + -
G4 E06-13 36 M 15 + - - - + - + - -
G4 E06-14 45 M 16 - - - - - - + + -
G4 E06-15 47 M 49 + + - - - - + - -
G4 E06-16 38 M 49 + - + - + - - - -
G4 E06-17 40 M 13 + - - - + - - + -
G4 E06-18 20 F 235 + - + - + - - - -
G4 E06-19 54 F 31 + - - - + - - + -
G4 E06-20 38 M 9 + - - - + - - + -
G4 E06-21 29 F 611 + - - - + - + + -
G4 E06-22 41 F 97 + + + + - - + - -
G4 E06-23 21 F 20 + - - - + - + + -
G4 E06-24 42 F 128 + + + + + - + + -
G4 E06-25 43 F 6 + + + - + + - - -
G4 E06-26 53 M 26 + + + - + - - - -
G4 E06-27 50 F 22 + - + - + - - - -
G4 E06-28 30 F 89 - + - - + - - - -
G4 E06-29 35 F 166 + + + - + - + + + 
G4 E06-30 35 F 4 + + - - + - - + -
G4 E06-31 30 M 226 + - + - + - - + -
G4 E06-32 35 F 524 - + - - + - - - -
G4 E06-33 20 M 292 + - - - + - - + -
G4 E06-34 43 F 68 - + + + + - + - -
G4 E06-35 38 M 6 - - - - + - - + -
G4 E06-36 35 F 1 - + - - + + - + -
G4 E06-37 20 F 71 + + - - + - + + -
G4 E06-38 35 M 354 + - - - + - + + -
G4 E06-39 30 M 164 + - - - + - - - -
G4 E06-40 23 M 44 + - + - + - - + -
G4 E06-41 33 M 46 + + - - + - - + -
G4 E06-42 25 M 248 + - - - + - + - -
G4 E06-43 45 M 9 + + + - + - + - -
G4 E06-44 33 M 689 + - - - + - - + -
G4 E06-45 27 F 47 + + - - + - + + -
G4 E06-46 35 F 150 + - - - + - + + -
G4 E06-47 21 F 61 + - - - - - + + -
G4 E06-48 34 M 11 - + - - + - - + -
G4 E06-49 45 M 4 + - - - + - - + -
G4 E06-50 43 M 45 + - - - + - - + + 
G4 E06-51 28 F 8 + - - - - - - + -
G4 E06-52 25 F 93 + - - - + - + + -
G4 E06-53 30 F 240 + - - - + - - - -
G4 E06-54 32 M 210 + - - - + - - + -
G4 E06-55 47 F 353 - - - - - - - + -
G4 E06-56 36 M 75 + - - - + - + + + 



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G4 E06-57 29 M 48 + - + - + - + - -
G4 E06-58 19 F 304 + - - - + - - + -
G4 E06-59 30 F 1 + - - - + - + - -
G4 E06-60 25 F 83 + - - - + - + - -
G4 E06-61 25 F 23 + - - - + - - + -
G4 E06-62 45 F 78 + - - - + - - + -
G4 E06-63 55 F 3 + - + - + - + - -
G4 E06-64 28 F 94 + - - - + - + + + 
G4 E06-65 25 F 19 + - - + + - + + -
G4 E06-66 22 F 419 - - - - + - - + -
G4 E06-67 60 F 442 - - - - + - + + -
G4 E06-68 28 F 1361 + - - - + - + + -
G4 E06-69 35 F 18 + - - - + - + + -
G4 E06-70 36 M 532 + - - - + - + + + 
G4 E06-71 35 M 303 + - - - + - - - -
G4 E06-72 33 M 26 + + + - + - + + -
G4 E06-73 15 M 4 + - - - + - + - -
G4 E06-74 27 M 429 + - - - + - - - -
G4 E06-75 28 F 33 + - - - + - + - -
G4 E06-76 27 F 16 + + + - + - + + -
G4 E06-77 30 F 20 + - - - + - + - -
G4 E06-78 22 F 100 + - + - + - - + -
G4 E06-79 40 M 15 + - + - + - - + -
G4 E06-80 38 F 67 + - + - + + - + -
G4 E06-81 60 F 463 + - - - + - + + -
G4 E06-82 23 F 181 + - - - + - + + -
G4 E06-83 37 M 356 + + - - + - + + -
G4 E06-84 22 F 111 + - - - + - + + -
G4 E06-85 34 M 9 + - - - + + - + -
G4 E06-86 24 M 3 + - - - + - + + -
G4 E06-87 40 M 81 + - + - + - - + -
G4 E06-88 44 M 143 + + + - + - + + -
G4 E06-89 42 M 456 + - + + + - + + -
G4 E06-90 32 M 240 + + + - + - - + -
G4 E06-91 29 M 1 + - + - + - - + -
G4 E06-92 41 M 181 + - - - + - - + -
G4 E06-93 38 M 48 + - + - + - + - -
G4 E06-94 35 F 16 + + + - + - + + -
G4 E06-95 28 F 493 + + + + + + + - -
G4 E06-96 26 F 208 + + + + + - + - -
G4 E06-97 28 F 7 + - - - + - + + + 
G4 E06-98 32 F 97 + - - - + - + - -
G4 E06-99 20 M 129 + - - - + - + - -
G4 E06-100 28 F 70 + - - - + - + + -
G4 E06-101 22 F 403 + - - - + - - - -
G4 E06-102 44 F 5 + - - - + - + + -
G4 E06-103 45 M 162 . - - . + - + + -
G4 E06-104 25 F 312 + - - - + - + + -
G4 E06-105 36 M 10 + - - - + - + + -
G4 E06-106 50 F 46 + - - - + - - + -
G4 E06-107 32 F 141 + - - . + + + - -
G4 E06-108 26 F 82 + - + + + - - + -
G4 E06-109 55 F 9 + - - - + - + + -



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G4 E06-110 49 M 39 + + - + + - - + -
G4 E06-111 40 F 240 - - - - + - + + -
G4 E06-112 38 M 47 - - + - + - - + -
G4 E06-113 32 F 559 + - - - + - - - -
G4 E06-114 25 F 0 + - + - + - - - -
G4 E06-115 35 F 419 + + + + + - + - -
G4 E06-116 45 F 130 + + + - + - + - -
G4 E06-117 37 M 0 + - + - + - - + -
G4 E06-118 34 F 8 + - + - + - + + -
G4 E06-119 26 F 2 + + + + + - - + -
G4 E06-120 29 F 38 + - + - + - - + -
G4 E06-121 25 F 2 + - + - + - - + -
G4 E06-122 30 M 21 + - - - + - - + -
G4 E06-123 47 M 21 + - + - + - + + -
G4 E06-124 37 M 37 + - - - + - - + -
G4 E06-125 30 F 324 + + - - + - + + -
G4 E06-126 28 M 4 + - - - + - + + -
G4 E06-127 38 F 330 - - - - - - - + -
G4 E06-128 44 M 175 + + - - - - - - -
G4 E06-129 27 M 2 + - + - + - + + -
G4 E06-130 60 M 16 + - - - + - + + -
G4 E06-131 40 M 3 + - + - + - - - + 
G4 E06-132 28 F 28 + - - - + - + - + 
G4 E06-133 60 F 59 + - - - + - + - -
G4 E06-134 32 F 89 + - - - + - + + -
G4 E06-135 28 F 41 + - + - + - + - -
G4 E06-136 34 M 237 + - - - + - + + + 
G4 E06-137 40 M 18 + - + - + - + + -
G4 E06-138 32 M 16 + - - - + - + + -
G4 E06-139 28 F 22 + - - - + - + + 
G4 E06-140 35 F 21 + - - - + - + + 
G4 E06-141 40 M 23 + - - - + - - + 
G4 EOG-142 28 M 195 + - - - + - - + 
G4 EOG-143 40 F Gl + - - - + - - + 
G4 EOG-144 30 M 2 + + - - + - + + 
G4 EOG-145 33 F 67 + - - - + - - -
G4 E06-146 35 F 128 + - - - + - + -
G4 [06-147 52 F 41 + - - - + - + -
G4 E06-148 35 F 14 + - + - + - - -
G4 EOG-149 22 F 13 - - - - + - + -
G4 E06-1S0 58 M 1 + - + - + - - -
G4 E06-151 33 F 172 + - - - + - - -
G4 EOG-1S2 31 M 296 + - - - + - - -
G4 E06-1S3 24 F 15 + - + - + - - + 
G4 [06-154 43 M 715 - - - - + - - + 
G4 EOG-1S5 40 M 78 - - - - + + + + 
G4 EOG-1S6 29 M 122 - - - - + + + + 
G4 EOG-1S7 41 M 674 - - - - + + - + 
G4 EOG-1S8 30 M 515 + - - - + + + -
G4 E06-1S9 43 M 42 - - - - + + + -
G4 E06-1GO 30 F 976 + - + - + - - + 
G4 E06-161 23 F 20 + - - - + - + + 
G4 E06-1G2 27 F 77 + - - - + - + + 



Group Sample Age Sex CD4 HA pp MCF CV F W V IgG peR Type 
G4 £06-163 45 F 507 + - - - + - + -
G4 £06-164 SO F 107 + - + - + - - + 
G4 £OG-165 37 F 16 + - - - + - - + 
G4 £06-166 28 F 3 + - - - + - - -
G4 [06-167 34 F 5 + - - - + - + + 
G4 £06-168 36 M 46 + - - - + - - + 
G4 [06-169 19 F 3 - - - - + - - + 
G4 £06-170 27 F 11 - + - - + - - + 
G4 £06-171 22 F 232 + - - - + - - + 
G4 £06-172 27 F 3 + - - - + - + -
G4 [06-173 34 F 56 + - - - + - + + 
G4 [06-174 28 F 238 + - - - + + - + 
G4 [06-175 35 F 518 + - - - - - - + 
G4 £06-176 31 M 1 + - - - + - + -
G4 £06-177 42 M 52 + - - - + - - + 
G4 £06-178 32 F 638 · - - - + - - + 
G4 [06-179 35 F 635 - · - - + - - + 
G4 [06-180 26 M 151 + - - - + - + + 
G4 [06-181 35 M 3 - · - - + - + + 
G4 [06-182 34 M 5 + · + - + - - + 
G4 £06-183 54 M 152 + - + - - + - -
G4 [06-184 24 F 3 + · - - + - - + 
G4 £06-185 45 M 115 + - . - + - - + 
G4 [06-186 38 F 13 - + + - + - - + 
G4 [06-187 36 F 143 · - + + + - - + 
G4 [06-188 25 F 3 · - + - + - + + 
G4 [06-189 28 F 0 + - - - + + + + 
G4 £06-190 34 F 2 + - - - + - + + 
G4 [06-191 26 M 619 - - - - + - - + 
G4 [06-192 42 M 9 + - + - + - - + 
G4 [06-193 35 M 29 + - + - + - - -
G4 [06-194 34 M 0 + - - - + - - + 
G4 [06-195 28 M 54 + - - · + - + + 
G4 [06-196 28 M 103 + - - · + - - + 
G4 £06·197 40 M 332 + - - - + - - + 
G4 £06·198 38 F 6 + - - - + - - + 
G4 [06·199 25 F 448 · · - - + - + -
G4 [06·200 32 F 34 - - - - + - - + 
G4 [06·201 21 F 1 + - - - + - + -
G4 [06·202 30 M 77 + - - - + - - + 
G4 £06-203 34 M 6 - - - - + - + -
G4 £06-204 20 M 90 + - - · + - + + 
G4 £06-205 43 M 219 - - + - + + - -
G4 £06·206 29 F 41 - - - · - - - -
G4 [06·207 29 F 128 + - - - + - - -
G4 [06·208 36 M 155 + + - - - - - -
G4 [06·209 33 F 10 + - - - + - - -
G4 £06-210 35 F 2 + - - - + - + + 
G4 £06·211 25 F 305 + + + - + - - -
G4 £06·212 28 M 12 + - - - + - - -
G4 [06·213 21 M 391 + - - - + - - + 
G4 [06·214 40 F 70 · - + · + - - -
G4 £06·215 25 F 12 + + + - + - . -



Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G4 E06-216 45 F 2 + - - - + - - + 
G4 E06-217 40 F 2 - - - - + - + -
G4 E06-218 50 F 194 + - - - + - + -
G4 E06-219 25 F 708 + - - - + - - + 
G4 E06-220 27 M 363 - - + - + - - + 
G4 E06-221 20 F 272 - - - - + - + -
G4 E06-222 44 F 52 + - - - + - - + 
G4 E06-223 24 F 3 + - + - + - - + 
G4 E06-224 32 F 95 + - - - - + + + 
G4 E06-225 32 F 111 - + + - - - + + 
G4 E06-226 40 F 101 + - - - + - + + 
G4 E06-227 55 M 290 + + - - + - - + 
G4 E06-228 35 M 62 + - + - + - - -
G4 E06-229 30 M 416 + + - - + - - + 
G4 E06-230 45 M 91 + - - - + - - + 
G4 E06-231 40 M 0 + - + - + - + -
G4 E06-232 43 F 442 - - - - + - - -
G4 E06-233 20 F 109 + - - - + - + + 
G4 E06-234 49 F 9 - - + - + - - -
G4 E06-235 38 F 1 - - - - + - - + 
G4 E06-236 25 M 514 + + - - + - + -
G4 E06-237 34 M 612 + - + - + - - + 
G4 E06-238 25 M 7 + - - - + - + + 
G4 E06-239 68 F 96 + - - - - - + -
G4 E06-240 34 M 20 + - - - + - - -
G4 E06-241 37 F 53 + + + - - + - -
G4 E06-242 32 F 223 + + + - + + - -
G4 E06-243 27 F 60 + - - + + - - + 
G4 E06-244 23 M 11 + - + - - - - + 
G4 E06-24S 54 F 21 + + - - + - - + 
G4 E06-246 30 F 0 - - - - + + - -
G4 E06-247 24 F 16 - - + + + - - + 
G4 E06-248 52 F 0 + - - - + - - + 
G4 E06-249 45 F 608 - - - - + - + + 
G4 E06-250 23 F 465 + - - - + - - + 
G4 E06-2S1 44 M 90 - + - - - - + + 
G4 E06-2S2 33 M 13 + - + - + - - -
G4 E06-2S3 24 F 352 - - - - + - + -
G4 E06-254 30 M 500 + - - - - - - -
G5 E06-255 27 F 320 - - - - - - - + 
G5 E06-256 25 F 66 - - - - + - - + 
G5 E06-257 19 F 214 - - - - + - - -
G5 E06-258 33 F 46S - - - - - - - + 
GS E06-259 24 F 1218 - - - - - - - -
G5 E06-260 30 F 542 - - - - - - - -
G5 E06-261 24 M 159 - - - - - - - -
GS E06-262 42 F 552 - - - - + - - + 
GS E06-263 28 F 417 - - - - - - - -
G5 E06-264 35 M 33 - - - - - - - -
GS E06-265 26 F 2S0 - - - - + - - -
G5 E06-266 32 F 7S3 - - - - + - - -
GS E06-267 31 F 110 - - - - + - - + 
G5 E06-268 37 M 588 - - - - - - - -
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Group Sample Age Sex CD4 HA PP MCF CV F W V IgG PCR Type 
G5 E06-322 24 F 298 + + + 
G5 E06-323 45 F 404 + + + 
G5 E06-324 33 F 307 + + 
G5 E06-325 30 F 799 + 
G5 E06-326 24 F 397 + + 
G5 E06-327 37 M 117 
G5 E06-328 24 F 623 + 
G5 E06-329 29 F 450 + + 
G5 E06-330 SO M 585 + 
G5 E06-331 44 M 9 + 
G5 E06-332 30 F 26 
G5 E06-333 52 F 218 
G5 E06-334 25 F 655 
G5 E06-335 23 F 600 + + + 
G5 E06-336 31 M 343 + 
G5 E06-337 77 M 276 + + 
G5 E06-338 24 F 26 
G5 E06-339 46 F 263 + + 
G5 E06-340 36 F 5 + + + 
G5 E06-341 48 F 244 + + + 
G5 E06-342 25 F + 
G5 E06-343 22 F 894 
G5 E06-344 30 F 8 + + 
G5 E06-345 29 F 165 + 
G5 E06-346 27 F 481 
G5 E06-347 54 F 225 + 
G5 E06-348 27 F 769 + 
G5 E06-349 26 F 326 
G5 E06-350 35 F 438 + 
G5 E06-351 18 F 1008 + 
G5 E06-352 42 F 747 + 
G5 E06-353 23 M 602 + + 
G5 E06-354 33 F 710 
G5 E06-355 26 F 450 + + 
G5 E06-356 30 M 583 + + 
G5 E06-357 42 M 152 + 
G5 E06-358 SO F 759 + 
G5 E06-359 30 F 142 + + 
G5 E06-360 31 M 278 + + + 
G5 E06-361 45 F 378 + + 
G5 E06-362 28 F 190 + + 
G5 E06-363 30 F 522 + 
G5 E06-364 22 F 6 + 
G5 E06-365 27 M 150 
GS E06-366 28 F 126 + + 
GS E06-367 31 F 215 + 
GS E06-368 40 F 423 + 
GS E06-369 22 F 105 + 
GS E06-370 42 M 136 + 



Appendix 4. Chicken genotyping studies 

N Seropos (%) 
Isolates Genotyping 

Type I Type II Type III Atypical Multiple Reference 
(% markers 

Europe and USA 1284 411 (32) 114 0% 82% 16% 2% 0% 

Austria 830 302 (36) 67 SAG2 67 Dubey et al. 2005a 

Italy 80 11 (14) 3 10 RFLP 3 Dubey et al. 2008a 
Poland 20 6 (30) 2 10 RFLP 2 Dubey et al. 2008! 
Portugal 225 61 (27) 12 SAG2 8 4 Dubey et al. 2006e 
USA (Illinois) 11 11 (100) 11 11 RFLP 11 Dubey et al. 2007e 
USA (Ohio and Mass.) 118 20 (17) 19 SAG2 5 14 Dubey et al. 2003c 

Central and South America 1508 714 (47) 568 13% 7% 24% 54% 1% 

Argentina (La Plata) 29 19 (65) 9 SAG2 1 1 7 Dubey et al. 2003e 

Argentina (Santiago) 61 25 (41) 17 SAG2 4 3 10 Dubey et al. 2005t 
Brazil (Minas Gerais) 28 15 (54) 18 SAG2 17 1 Brandao et al. 2006 

Brazil (Amazon) 50 33 (66) 24 SAG2 14 10 Dubey et al. 2006! 

Brazil (Rio Grande do Sui) 50 19 (38) 19 11 RFLP 19 Dubey et al. 2007b 

Brazil (Para) 34 2059) 15 11 RFLP 15 Dubey et al. 2007b 

Brazil (Parana) 40 16 (40) 13 SAG2 7 6 Dubey et al. 2003d 

Brazil (Rio de Janeiro) 198 129 (65) 48 SAG2 34 13 1 Dubey et al. 2003a 

Brazil (Sao Paulo) 82 33 (40) 21 SAG2 13 8 Dubey et al. 2002 

Brazil 13 states, retyping 151 10 RFLP 1 5 143 2 Dubey et al. 2008b 

Chile 85 47 (55) 21 5RFLP 17 3 1 Dubey et al. 2006b 

Colombia 77 32 (42) 24 SAG2 7 17 Dubey et al. 2005b 

Costa Riea 144 60 (42) 32 5RFLP 5 1 26 Dubey et al. 2006e 

Grenada 102 53 (52) 36 SAG2 5 1 29 1 Dubey et al. 2005h 

Guatemala 50 37 (74) 8 SAG2 3 5 Dubey et al. 2005e 

Guyana 76 50 (66) 35 11 RFLP 2 33 Dubey et al. 2007a 

Mexico 208 13 (6) 6 SAG2 1 5 Dubey et al. 2004b 

Nicaragua 98 84 (86) 48 5 RFlP 6 3 6 29 4 DlJl:>ey et al. 2006d 



N Seropos (%) 
Isolates Genotyping 

Type I Type II Type III Atypical Multiple Reference 
(% markers 

Peru 50 13 (26) 10 SAG2 7 3 Dubey et al. 2004a 
Venezuela 46 16 (35) 13 SAG2 3 10 Dubey et al. 2005d 
Asia 524 143 (27) 13 0% 38% 46% 15% 0% 

Indonesia 94 24 (26) 1 10 RFlP 1 Dubey et al. 20081 

Sri lanka 100 39 (39) 11 SAG2 5 6 Dubey et al. 2005g 
Vietnam 330 80 (24) 1 10 RFlP 1 Dubey et al. 2008! 

North Africa/Middle East 262 117 (45) 44 0% 45% 55% 0% 0% 

Egypt 121 49 (41) 19 
SAG2,10 RFlP for 7 

3 16 
Dubey et al. 2003b, 

samples Velmurugan, 2008 

Iran 45 23 (51) 6 GRA6 seq 6 Zia-Ali et al. 2007 

Israel 96 45 (47) 19 SAG 2 17 2 Dubey et al. 2004e 

Sub-Saharan Africa 311 75 (24) 20 5% 15% 65% 15% 0% 

Burkina Faso 40 0(0) 1 10 RFlP 1 
Dubey et al. 2005e, 
Velmurugan, 2008 

25 (50) 
SAG2,10 RFlP for 5 

1 8 
Dubey et al. 2005, 

Congo 50 10 
sample 

1 
Velmurugan, 2008 

Ghana 64 41 (64) 2 10RFlP 2 Dubey et al. 2008a 

Kenya 30 4 (13) 1 10 RFlP 1 
Dubey et al. 2005e, 
Velmurugan, 2008 

Mali 48 0(0) 5 
SAG2,10 RFlP for 4 

1 4 
Dubey et al. 2005e, 

samples Velmurugan, 2008 

5 (6) 1 
Velmurugan et al. 

Nigeria 79 1 10 RFlP 
2008 
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Appendix 5. Chicken samples and serology results 

Chickens were pooled according to their serological titre. Seronegative chickens were pooled in 
groups of lS and fed to three cats, none of which shed oocysts or seroconverted. For simplicity this 
has been omitted from the table. 

Sample No Site Sex Age group MAT titre PCR+bioassay 

Ch-1 Gayaza F 3 1:80 Ch-1 

Ch-2 Gayaza M 4 1:40 Ch-2 

Ch-3 Gayaza M 3 0 

Ch-4 Gayaza M 3 0 

Ch-5 Gayaza F 4 1:5 Pool5A 

Ch-6 Gayaza F 4 1:10 Pool lOA 

Ch-7 Gayaza M 2 1:10 Pool lOA 

Ch-8 Gayaza M 2 1:5 Pool5A 

Ch-9 Gayaza M 2 0 

Ch-10 Gayaza F 1 0 

Ch-ll Gayaza M 1 1:5 Pool5A 

Ch-12 Gayaza F 2 1:5 Pool SA 

Ch-13 Gayaza F 2 0 

Ch-14 Gayaza F 1 1:10 Pool lOA 

Ch-1S Gayaza F 1 1:40 Ch-1S 

Ch-16 Gayaza M 4 0 

Ch-17 Gayaza F 2 1:160 Ch-17 

Ch-18 Gayaza M 1 0 

Ch-19 Gayaza M 3 1:5 Pool SA 

Ch-20 Gayaza F 1 1:20 Ch-20 

Ch-21 Gayaza F 3 1:10 Pool lOA 

Ch-22 Gayaza F 3 1:10 Pool lOB 

Ch-23 Gayaza M 3 0 

Ch-24 Gayaza M 4 0 

Ch-25 Gayaza F 1 1:20 Ch-25 

Ch-26 Buloba M 1 0 

Ch-27 Buloba M 1 0 

Ch-28 Buloba F 2 0 

Ch-29 Buloba M 1 0 

Ch-30 Buloba F 1 1:10 Pool lOB 

Ch-31 Buloba F 1 0 

Ch-32 Buloba M 3 0 

Ch-33 Buloba M 1 0 

Ch-34 Buloba M 1 0 

Ch-35 Buloba M 1 0 

Ch-36 Buloba M 1 0 

Ch-37 Buloba M 1 0 

Ch-38 Buloba M 1 0 

Ch-39 Buloba F 3 0 

Ch-40 Buloba M 1 0 

Ch-41 Buloba F 1 0 



Sample No Site Sex Age group MAT titre PCR+bioassay 
Ch-42 Buloba M 1 l:S PoolSB 
Ch-43 Buloba M 1 0 
Ch-44 Buloba F 1 0 
Ch-4S Buloba M 2 0 
Ch-46 Buloba F 3 0 
Ch-47 Mukono M 3 l:S PoolSB 
Ch-48 Mukono M 3 0 
Ch-49 Mukono M 3 0 
Ch-SO Mukono F 3 0 
Ch-S1 Mukono F 2 0 
Ch-S2 Mukono M 3 1:40 Ch-S2 
Ch-S3 Mukono M 4 l:S PoolSB 
Ch-S4 Mukono M 3 0 
Ch-SS Mukono F 1 1:20 Ch-SS 
Ch-56 Mukono F 4 1:10 Pool lOB 
Ch-57 Mukono F 3 0 
Ch-58 Mukono M 2 1:40 Ch-58 
Ch-S9 Mukono F 4 1:10 Pool lOB 
Ch-60 Mukono F 3 0 
Ch-61 Mukono F 4 1:40 Ch-61 
Ch-62 Mukono F 4 1:20 Ch-62 
Ch-63 Mukono F 3 0 
Ch-64 Mukono F 1 1:320 Ch-64 
Ch-65 Mukono F 3 1:5 Pool5B 
Ch-66 Mulago F 4 0 
Ch-67 Mulago F 4 0 
Ch-68 Mulago M 3 1:40 Ch-68 
Ch-69 Mulago F 2 0 
Ch-70 Mulago F 4 1:40 Ch-70 
Ch-71 Mulago M 3 0 
Ch-72 Mulago M 1 1:10 PooI10C 
Ch-73 Mulago F 1 1:40 Ch-73 
Ch-74 Mulago F 2 1:10 PooI10C 
Ch-7S Mulago F 3 1:10 PooI10C 
Ch-76 Mulago M 3 0 
Ch-77 Mulago M 2 0 
Ch-78 Mulago M 3 1:20 Ch-78 
Ch-79 Mulago M 3 1:40 Ch-79 
Ch-80 Mulago M 3 0 
Ch-81 Mulago M 3 1:40 Ch-81 
Ch-82 Mulago M 3 1:40 Ch-82 
Ch-83 Mulago M 3 1:40 Ch-83 
Ch-84 Mulago M 3 0 
Ch-85 Mulago M 3 0 



Appendix 6. Rodent samples and serology results 

Rodents were bioassayed and pooled according to their serological titre, but in 2007 no bioassay was 

performed since all samples were negative. 

Sample no Year MAT-titre PeR/bioassay 

Rat-1 2006 0 PoolRA 

Rat-2 2006 160 Rat-2 

Rat-3 2006 0 PoolRA 

Rat-4 2006 0 PoolRA 

Rat-S 2006 40 Rat-S 

Rat-6 2006 0 PoolRA 

Rat-7 2006 0 PoolRB 

Rat-8 2006 0 PoolRB 

Rat-9 2006 0 PoolRB 

Rat-10 2007 0 Serology only 

Mouse-1 2006 0 PoolM 

Mouse-2 2006 0 Pool M 

Mouse-3 2006 0 PoolM 

Mouse-4 2006 0 Pool M 

Mouse-S 2006 0 PoolM 

Mouse-6 2007 0 Serology only 

Mouse-7 2007 0 Serology only 

Mouse-8 2007 0 Serology only 

Mouse-9 2007 0 Serology only 



Appendix 7. Location 0/ new SNPs detected by direct sequencing 

Novel or unusual allelic variants detected through direct sequencing of chicken tissue samples are marked with grey boxes. In SAGl 

the parasites in Ch-70 had the u-l allele, which is similar to type I at one position and II and III at another. The Ch-2S parasites had 
one new allele for SAG!, but were otherwise like type I. Ch-83 had one new allele at SAG2-3' and Ch-70 had three novel SNPs for the 
SAG3 sequence. 

SAG! 

Ch-25 
Ch-70 
GT-1 
Me49 
VEG 

Ch-25 
Ch-70 
GT-1 
Me49 
VEG 

Ch-25 
Ch-70 
GT-1 
Me49 
VEG 

10 20 30 40 50 60 70 80 90 100 
••• • 1 •••• 1 •••• 1 •.•• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 
CAATGTGCACCTGTAGGAAGCTGTAGTCACTGCTGATTCTCACTGTTCTCGGCAAGGGCCGACGACCGGAGTACAGTTTTTGTGGGCAGAGCCGTTGTGC 
CAATGTGCACCTGTAGGAAGCTGTAGTCACTGCTGATTCTCGCTGTTCTCGGCAAGGGC~GACGACCGGAGTACAGTTTTTGTGGGCAGAGCCGCTGTGC 
CAATGTGCACCTGTAGGAAGCTGTAGTCACTGCTGATTCTCACTGTTCTCGGCAAGGGCCGACGACCGGAGTACAGTTTTTGTGGGCAGAGCCGTTGTGC 
CAATGTGCACCTGTAGGAAGCTGTAGTCACTGCTGATTCTCGCTGTTCTCGGCAAGGGCTGACGACCGGAGTACAGTTTTTGTGGGCAGAGCCGCTGTGC 
CAATGTGCACCTGTAGGAAGCTGTAGTCACTGCTGATTCTCGCTGTTCTCGGCAAGGGCTGACGACCGGAGTACAGTTTTTGTGGGCAGAGCCGCTGTGC 

110 120 130 140 150 160 170 180 190 200 
••• • 1 •••• 1 •••• I •••• 1 •••• 1 •••• 1 •••• I •••• I •••• 1 •••• 1 •••• 1.· •• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 
AGCTTTCCGTTCTTCTCGGTTGTGTCACATGTGTCATTGTCGTGTAAACACACGGTTGTATGTCGGTTTCGCTGCACCACTTCATTATTTCTTCTGGTTT 
AGCTTTCCGTTGTTCTCGGTTGTGTCACATGTGTCATTGTCGTGTAAACACACGGTTGTATGTCGGTTTCGCTGCACCACTTCATTATTTCTTCTGGTTT 
AGCTTTCCGTTCTTCTCGGTTGTGTCACATGTGTCATTGTCGTGTAAACACACGGTTGTATGTCGGTTTCGCTGCACCACTTCATTATTTCTTCTGGTTT 
AGCTTTCCGTTGTTCTCGGTTGTGTCACATGTGTCATTGTCGTGTAAACACACGGTTGTATGTCGGTTTCGCTGCACCACTTCATTATTTCTTCTGGTTT 
AGCTTTCCGTTGTTCTCGGTTGTGTCACATGTGTCATTGTCGTGTAAACACACGGTTGTATGTCGGTTTCGCTGCACCACTTCATTATTTCTTCTGGTTT 

210 220 230 240 250 260 270 280 290 300 
•••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 •••• 1 

TTTGACGAGTATGTTTCCGAAGGCAGTGAGACGCGCCGTCACGGCAGGGGTGTTTGCCGCGCCCACACTGATGTCGTTCTT~GATGTGGCGTTATGGCA 
TTT~CGAGTATGTTTCCGAAGGCAGTGAGACGCGCCGTCACGGCAGGGGTGTTTGCCGCGCCCACACTGATGTCGTTCTTGCGATGTGGCGCTATGGCA 
TTTGACGAGTATGTTTCCGAAGGCAGTGAGACGCGCCGTCACGGCAGGGGTGTTTGCCGCGCCCACACTGATGTCGTTCTTGCGATGTGGCGTTATGGCA 
TTTGGCGAGTATGTTTCCGAAGGCAGTGAGACGCGCCGTCACGGCAGGGGTGTTTGCCGCGCCCACACTGATGTCGTTCTTGCGATGTGGCGCTATGGCA 
TTTGGCGAGTATGTTTCCGAAGGCAGTGAGACGCGCCGTCACGGCAGGGGTGTTTGCCGCGCCCACACTGATGTCGTTCTTGCGATGTGGCGCTATGGCA 



Appendix B. Parasite density in mouse organs 

Mouse Brain Heart Muscle Lung 
TgCkUgl m34 27,383 78 1,911 5 
(II) m35 (tr) 354,404 160 0 38 

m36 (tr) 17,855 52 597 14 
average 133,214 97 836 19 

TgCkUg2 m6 168,779 14,594 43,914 108 
(II/III) m8 2,285,529 3,327 217,195 103 

average 1,227,154 8,960 130,554 106 
TgCkUg3 m38 12,690 16 2 0 
(II) m47 (tr) 234,607 140 67 65 

m48 (tr) 136,235 566 1 10 
average 127,844 240 23 25 

TgCkUg5 m41 92,615 39 0 0 
(II) m53 (tr) 16,242 1,150 0 27 

m54 (tr) 541,394 276 1 0 
average 216,750 488 0 9 

TgCkUg6 m40 7,697,924 306,000 0 244 
(III) m51 (tr) 4,614,821 56,553 1,006,725 487 

m52 (tr) 1,252,527 7,181 6,224 2 
average 4,521,757 123,245 337,650 244 

TgCkUg7 m42 8,007 0 146 0 
(II) m55 (tr) 444,171 853 2,122 0 

m56 (tr) 82,689 3,280 206 597 
average 178,289 1,378 825 199 

TgCkUg8 m43 15,503 0 5,703 0 
(II) m57 (tr) 51,014 86 559 2 

average 33,258 43 3,131 1 
TgCkUg9 m44 61,775 1,597 0 41 
(II) m59 (tr) 433,236 1,761 129,121 0 

m60 (tr) 60,024 483 3,548 262 
average 185,012 1,280 44,223 101 



Appendix 9. FASTA contig output example 

Sample of output file, showing data for 3 of the 67,013 contigs. 

>contig25406 VI, 3599926 .. 3600620 length=694 numreads=16 
GTTTAGGAAGAAAAAGTAGGAaCATTACTCCGTGTGTTCTATAGAGGTTGTGCGTGCATG 
GTTGCACTGGCTGAGCCATGACACGGCAGGGgACGCCTCAGTGAACGGTTCCTCCCAACG 
TCCCCGTGATCGGTGTGAGGATCTCGCGTCTTACAAAGGCCCACGAATGAGGGAACCCTG 
TGGgCGCCCATCACCAATGTAGTACTGGGGCACACTGACAAAACGTCTACGCCCGCGCAT 
GTGACGGgACGTTTTGTCCGGAAACCATCGGgCAAGTCATCAACTGTTTCCTCtCACGAA 
AAAGAAAAaGAAACGTAaTGgCTTGTTCACATGAACCAATCACCAGCGAACGCTGgTCTG 
TGTGCAGCTGCAATGTTGAAAGCGGAGGAGAATGCAGCGGCGTCTGCGCGTTGCTTGAGA 
TGGCGGCTCGGGTTCaGaGCTGGACTCCACTAATAGTATTTTTCACTCTGGTTTTTGTAT 
GTCATACGTTTCGAGAGTGCGGGTGTGTGGCTATCGCCAAACCCGTGTGTTCGCCTTGGC 
TGGCAGGATATCTCCGCTCAGCCTCGACCAGGGGCATCGATGGGCCTCTTTACCCCTTGA 
ACGAGGACCCTAATCTGTTCGGGcgcagaaggggtgttttccgtagtgccaatgcgtctg 
cgactatagctagcttggatgtcgaggagtttcg 
>contig25407 VIla, 28 .. 2058 length=2027 numreads=113 
ccgccgcctcaacagagtcgtcgtgTcTTCGCTTCCCACTCGgAGACTCAAGTCCGCACC 
CGCGCCCCGTGGATGGATGGACGACTAGCGGATCGACCGCCCGCGAACGCAGACAAACAG 
TACGCAGAACGTGCACCCGCCGTCCGACGATACACGCGAcACCTGAGCCAAGCCGCCAAA 
ACGCGACAACCAGTCGCACCACGATCCCCGACGTCGACTCCAGCGACACCCTACTCAGGA 
CGATGCCCCTCGTGTAACTCCCGATTCACCCTCCGAACCCGTCGACCAATCGTCGTGGCC 
ACTCAGGCCACGTCCCCCGACATCCTCAGACACGAGTAgCACATCGCACCGCTGCCTCCC 
GTCACGGTCTCGCGTACCGGCTCCACCTGTCGCAGACGCCACGACGTCGCCTCAAACGTA 
GGAGGGCCAGCCAGCTCGTGCCGCCGCCAATGCGTACCTGCGACCTCCGACGTCGTTCCC 
TGGCGCTCCTTCGCAACTCATGTCTGCACAGTGCATTCGCCGCCCGACCTACAAGTGGCC 
CCCCGACCTCCACATACCTCACGACCACATCTGCcTTCACTCCCATGTGCCGCGTCCATT 
CTCTGCACGTCTCCTCCTCCTCGCCGCCAACTCCCCACAGACCACCCCTCATGCAAACCA 
AACCTGACCCACTAGAAACACAACGCAACAGCCGCCCACCAGATCcATCCGTCGTCCGCA 
GGGTCACTCACCGACtGTTCaCAAaGaaaaaaCACeAAACACAGTGACGAGTCAAATCGT 
CCTCAACCCTGTCACCACCCACGCCTTCCCACGTACTTCCGACGCATTCCGCAAGCCGCG 
ACCCCCTCACCGCCATCACGCGACACCGGTCTGTGGCCGGGACACCGTCGCCCCGGCATT 
AGGCTCCCGCGCCGCTCCTGGATCACCTCCGCCGCCTCAACAGAGTCGTCGTGTCTTCGC 
TTCCCACTCGGAGACTCAAGTCCGCACCCGCGCCCCGTGGATGGATGGACGACTAGCGGA 
TCGACCGCCCGCGAACGCAGACAAACaGTACGCAGAACGTGCACCCGCCGTCCGACGATA 
CACGCGACACCTGAGCCAAGCCGCCAAAACGCGAAAACcAGTCgCACCACGATCCCCGaC 
GTCGACTCCAGCGACACCCTACTCAGGACGATGCCCCTCGTGTAACTCCCGATTCACCCT 
CCGAACCCGTCGACCAATCGTCGTGGCCACTCAGGCCACGTCCCCCGACATCCTCAGACA 
CGAGTAACACATCGCACCGCTGCCTCCCGTCACggtctcgcgtaeeggctccacctgtcg 
cagaCGCCACGACGTCGCCTCAAACGTAGGAAAGCCAGCCAGCTCGTGCCGCCGCCAATG 
CGTACCTGcgacctccgacgtcgttcectggcactccgtegcacetcatgtctgcacagt 
gcattcgecgceegacetaeaagtggccceccgacetecacataccteacgaccacatet 
gccttcacteecatgtgccgcgtceattctctgcacgtctcctccacctcgccgccaacT 
CCCCACAGaccacccctcatgcaaaccaaacctgacccactagaaacacaacgcaacagc 
cgcccaccagatccatccgtcgtccgcagggcactcaccgactgttcacaaagcaccaaa 
cacagtgacgagtcaaatcGTCCTCAACCCTGTCACCACCCACGCCTTCCCACGTACTTC 
CGACGCATTCCGCAAGCCGCGACCCCCCTCACCGCCATCACGCGACACCGGTCTGTGGCC 
GGGACACCGTCGCCCCGGCAGTAGGCTcccgcgccgctcctggatcacctccgceGCCTC 
AACAGAGTCGTCGTGTCTTCGCTTCCCACTCGGAGATACAAATCCCTACCTGCACCCCGT 
GGAGGGATAGAAGACTAGCGAGTGGACTACACGCCAACGTAGAATCGCACTatgccgtca 
cagttaccgtcgctgcgcgcgtgatctgtttgtctaagtttagtaag 
>contig25408 VIla, 2143 .. 2841 length=698 numreads=5 
cgcagctgactgaggtGGAGTCGCACAATAAACCCTCGGTGTTGCGACTGCAACGTTAAG 
ACATTCTACATCCCGCACTTACGGGAGTGTCCTGGATGATTGTCGCGACGAGACGTCAAC 
CAAACCaCGAGTCAcTGgTAgCTTGAGTGATTCTTTGCCCACTTACgTTGGGGGGTTGTT 
tAtCCCATCaTCGGTGtGAGcTgCCAACGAcGTGGCgACCCAAAGATGAGtCTTCTTeGG 
CATGAGGTTCCTGAGCTTCAAAAATTCAACACGACACTTGCAGAAGTGTTGCTCTGGTGC 
TGGATCACTCACGACGCTCTCAAACGATATGATCTGGGTCGGCCAGGCGAACCAATCAAT 
TTTTGAGTatgactgtttgtaatgtactgaatacattcagtatttegtgatacagcagca 
agcacttccgtacgcaatcacgctattAAAAACATTGacccaatcatcATTTgcttgtgg 
ctggttttgagatgttgccgagtgcggagatccatcttgtacagttggctgtctgccagt 
ctcgacatattgggcctccgtccatagaeacaccgtgtttacgccgtgtacattgttctt 
ggagaagcgcgttttggcgttatgagtcagaaaaacagcaaaatgcagcgctaccttccc 
gtttggtaccaccagaaactgcaccagtccgcctgccg 



Appendix 10. Examples 0/ valid and invalid SNP calls 

Example of a valid SNP call, where 7+7 reads are in agreement and no discordant reads were found (100% concordant reads). 

Reference 
Accno 

>Ia 

Reads with Difference: 
Ia 

E5TZWM301DILQP 
E5GlLZ402IYlOB 
E5TZWM302JFG7B 
E5GlLZ401BIFWI 
E47S0TK01CRYNG 
E5G1LZ401A4CEV (2) 
E5G1LZ402IKT4C 
E47S0TK01C6ZKR 
E5GlLZ402I1A04 
E5GlLZ401BEFOJ 
E5TZWM302FOM05 
E5G1LZ402GWVA3 
E47S0TK02GTOK7 
E5TZWM301DMQBA 

Other Reads: 

Variation 
Start End Seq 

Pos Pos 

34 34 G 

Seq 

A 

Frequency 
#fwd #rev #Var #Tot (%) 

7 7 14 14 100 

7+ GCA-CTGTATTGA-GTACGAGTG-AATCTT-GCA-TGT-GCGTGCGACGATGACGCG-AGTG 61 

** 
120- GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 66 
139- GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 85 
116+ GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 170 
148- GCA-CTGTATT-AAGTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 94 

13+ GCAACTGTATTGA-GTACGAGTGCA-TCTTA-CA-TGTA-CGTGCGACGATGACGCGG-GTG 68 
66+ GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 120 
44+ GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 98 

219- GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 165 
219- GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 165 

21+ GCA-CTGTATTGA-GTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 75 
227- GCA-CTGTATTGA-GTACGAGTGCA-TCTTA-CA-TGTA-CGTGCGACGATGACGCGG-GTG 173 

5+ GCA-CTGTATT-AAGTACGAGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 59 
1+ AGTG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 38 

254- TG-AATCTTA-CAC-GTA-CGTGCGACGATGACGCGG-GTG 219 

** 



Example of an invalid SNP call, where 3+2 reads are in agreement, but 15 discordant reads were found (25% concordance). 

Reference 
Accno 

>Ia 

Reads with Difference: 
Ia 

E5GlLZ401BIFWI 
E5GlLZ402GWVA3 
E47S0TK02F8I7D 
E5TZWM302FFMOQ 
E5TZWM302GJ291 

Other Reads: 

E5TZWM301DILQP 
E5GlLZ402IYlOB 
E5TZWM302JFG7B 
E47S0TK01CRYNG 
E5G1LZ401A4CEV (2) 
E5GlLZ402IKT4C 
E47S0TK01C6ZKR 
E5G1LZ402I1A04 
E5GlLZ401BEFOJ 
E5TZWM302FOM05 
E47S0TK02GTOK7 
E5TZWM301DMQBA 
E47S0TK02G69A6 
E5TZWM301BHM51 
E47S0TK01DOE4H 

Variation 
Start End Seq 

Pas Pas 

85 85 G 

Seq 

C 

Frequency 
'fwd frev 'Var 'Tot (%) 

3 2 5 20 25 

55+ GCG-AGTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATCGA-CTC-GTCTATT 115 
******* 

100- GCGG-GTGCGGGAGAGCAAAGCTCTACCATGCGGG--AC-AAAACAAAGCATC-AACTC-GTCTATT 40 
53+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATGCGGG--AC-AAAACAAAGCATC-AACTC-GTCTATT 113 
23+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATGCGGG--AC-AAAACAAAGCATCGA-CTCC-TCTATT 83 

254- CTCTACCATGCGGG--AC-AAAACAAAGCATC-AACTC-GTCTATT 214 
1+ TACCATGCGGG--AC-AAAACAAAGCATC-AACTC-GTCTATT 38 

******* 

******* 
72- GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 12 
91- GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 31 

164+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 224 
62+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 122 

114+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 174 
92+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 152 

171- GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 111 
171- GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GACGAAAACAAAGCATC-AACTC-GTCTATT 110 

69+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 129 
179- GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 119 

32+ GCGG-GTGCGGGAGAGCAA-GCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 91 
225- GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 165 

4+ GCGG-GTGCGGGAGAGCAAAGCTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 64 
252- CTCTACCATG-GGG-GAC-AAAACAAAGCATC-AACTC-GTCTATT 212 
248- TACCATG-GG-NGACGAAAACAAAGCATC-AACTC-GTCTATT 210 

******* 



Appendix 11. SNP distribution and correlation with SNPs in the three reference strains 

Overlay pictures for all chromosomes showing the match between SNP data forTgCkUg2 and the dominant SNP type from the comparison 

between GTl (I), Me49 (II) and VEG (III) . The underlying figures show SNPs for TgCkUg2 against Me49 (a type II strain) and/o r VEG (a type III 

strain). Green depicts a type II background genotype in TgCkUg2 (TgCkUg2 = Me49, but different from VEG), a type III background is shown in 

blue (TgCkUg2 = VEG, but different from Me49) and novel SNPs are orange (TgCkUg2 is different from both Me49 and VEG) . The overlying grey 

lines were created by looking for SNPs between GT1, Me49 and VEG at each position along the chromosome length . There is no change on the 

Y-axis for type I SNPs (where GT1 has the divergent base), but the line rises (+1) for every type II SNP and falls (-1) for type III SNPs (this scale is 

not shown in these graphs, but is depicted in Figure 5-10). These graph show a clear correlation between type I dominated areas (flat lines) and 

regions scarce in SNPs in TgCkUg2. 
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