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Abstract 22 

Restriction fragment length polymorphism analysis of PCR products (PCR-RFLP) and sequencing 23 

of the variable region of the p104 and PIM genes was performed on samples obtained from South 24 

African T. parva parasites originating from cattle on farms with suspected theileriosis and from 25 

buffalo. p104 and PIM PCR-RFLP profiles similar to those of the T. parva Muguga stock, an isolate 26 

that causes ECF in Kenya, were obtained from three of seven cattle samples collected on a farm 27 

near Ladysmith in KwaZulu-Natal Province. Amino acid sequences of the p104 and PIM genes 28 

from two of these samples were almost identical to the T. parva Muguga p104 and PIM sequences. 29 

This result supports findings from a recent p67 study in which p67 alleles similar to those of the T. 30 

parva Muguga stock were identified from the same samples. While these results suggest the 31 

presence of a cattle-derived T. parva parasite, reports of cattle-to-cattle transmission could not be 32 

substantiated and ECF was not diagnosed on this farm. Although extensive diversity of p104 and 33 

PIM gene sequences from South African T. parva isolates was demonstrated, no sequences identical 34 

to known cattle-type p104 and PIM alleles were identified from any of the buffalo T. parva samples 35 

analyzed. ‘Mixed’ PIM alleles containing both cattle- and buffalo-type amino acid motifs were 36 

identified for the first time, and there appeared to be selection of cattle-type and ‘mixed’-type PIM 37 

sequences in the cattle samples examined.   38 

 39 
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1. Introduction 44 

Cattle theileriosis caused by Theileria parva is a disease of major economic importance in eastern, 45 

central and parts of southern Africa (Young et al., 1988). Infections of cattle by T. parva parasites 46 

result in three recognized disease syndromes, East Coast fever (ECF), January disease and Corridor 47 

disease. The natural tick vectors of T. parva in South Africa are Rhipicephalus appendiculatus and 48 

R. zambeziensis (Lawrence et al., 1983), and, in the presence of T. parva-infected buffalo, the 49 

vector ticks can transmit the parasite to naïve cattle, resulting in Corridor disease outbreaks. 50 

Corridor disease remains important in South Africa where it is a controlled disease. No cases of 51 

ECF have been reported in South Africa since its eradication in 1955 (Anonymous, 1981). It is not 52 

known whether ECF-causing T. parva parasites were transmitted to South African buffalo during 53 

the ECF epidemic, or if there exists in buffalo an ancestral subpopulation of T. parva parasites that 54 

could adapt to cattle. 55 

 56 

In a recent study, size differentiation and sequence variation of the central region of the T. parva 57 

antigen gene, p67, were used to characterize South African T. parva field samples (Sibeko et al., 58 

2010). A p67 allele (allele 1) identical to that of Muguga, a T. parva stock from Kenya which 59 

causes ECF, was obtained from cattle samples collected on a farm near the town Ladysmith in 60 

KwaZulu-Natal Province, where cattle-to-cattle transmission of T. parva was suspected (Thompson 61 

et al., 2008). This finding is of concern to the cattle industry in South Africa, as Potgieter et al. 62 

(1988) showed that buffalo-derived T. parva parasites, causing Corridor disease, can be maintained 63 

by passage between cattle and the tick vector. The persistence of T. parva infections in cattle in 64 

South Africa could eventually result in the selection of T. parva parasites adapted to cattle. It 65 

remains a concern that ECF could re-emerge and therefore a serious need exists to establish if there 66 

are cattle-type T. parva parasites in buffalo in South Africa. 67 

 68 

Restriction fragment length polymorphism analyses of PCR products (PCR-RFLP) of T. parva 69 

antigen genes, PIM, p104, p150 and p67, have been used for characterization of T. parva stocks 70 

(Geysen et al., 1999; Bishop et al., 2001). The extensively characterized T. parva PIM (Baylis et 71 

al., 1993; Toye et al., 1996) is encoded by a single copy gene and its structure consists of a central 72 

variable region, flanked by conserved 5’ and 3’ termini (Toye et al., 1995a; 1995b; Geysen et al., 73 

2004). Previous studies have identified a number of characteristics which could be used to 74 

distinguish PIM sequences from cattle-derived T. parva isolates from those from buffalo-derived 75 

isolates (Toye et al., 1995a; Geysen et al., 2004). More recently, mini- and micro-satellite markers 76 
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have been developed which enable detection of higher levels of polymorphism in T. parva stocks 77 

than PCR-RFLP methods (Oura et al., 2003; 2005). However, most field isolates, particularly those 78 

from buffalo, contain complex mixtures comprising multiple T. parva genotypes, making it 79 

impossible to determine the genotypes of individual parasites directly using microsatellite markers.   80 

 81 

The genes coding for the p104 and PIM antigens of South African T. parva field isolates were 82 

examined in this study since they have previously been exploited for discrimination between T. 83 

parva stocks in other countries (Geysen et al., 1999; Bishop et al., 2001). PCR-RFLP and sequence 84 

analyses of the variable regions of these genes were used to identify buffalo-type and cattle-type 85 

alleles.  86 

 87 

2. Materials and methods 88 

2.1. Sample collection and screening of T. parva-positive samples 89 

Blood samples (n=166) were collected from buffalo from different game parks, and from cattle 90 

from farms with suspected theileriosis. The samples were collected in EDTA vaccutainer tubes and 91 

placed at -20ºC, for long term storage, or 4ºC for short term storage, before extraction of DNA 92 

using the High Pure PCR Template Preparation kit (Roche Diagnostics, Mannheim, Germany). 93 

Total DNA was extracted from 200 µl of EDTA blood, according to the method described by the 94 

manufacturer, except that extracted DNA was eluted in 100 µl. The presence of T. parva DNA was 95 

demonstrated in field samples using the T. parva-specific real-time PCR assay as previously 96 

described (Sibeko et al., 2008). Two DNA samples from cattle-derived T. parva stocks, Muguga 97 

(Brocklesby et al., 1961) and Katete (Geysen, 2000), from Kenya and Zambia, respectively, were 98 

used as reference samples. Theileria parva (Schoonspruit), an isolate obtained from a bovine 99 

infected during the ECF epidemic in South Africa (Neitz, 1948), was also used for reference. 100 

 101 

2.2. Amplification of p104 and PIM genes from T. parva samples  102 

The variable regions of the T. parva PIM and p104 genes were amplified using the semi-nested 103 

PCR-RFLPs described by De Deken et al. (2007). SYBR
®

 green (SIGMA-ALDRICH, USA) was 104 

used for DNA detection. 105 

 106 

2.3. PCR-RFLP analysis of p104 and PIM amplicons  107 

RFLP patterns were analysed by visual inspection and using BioNumerics version 5.1 (Applied 108 

Maths, Kortrijk, Belgium). RFLP profiles were normalised using the 100 bp DNA Ladder 109 
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(Fermentas Life Sciences, Germany). DNA fragments of less than 100 bp were excluded from the 110 

analysis as these could not be accurately estimated using the molecular weight marker and in some 111 

instances had run out of the gel. Samples with similar RFLP profiles obtained from different 112 

animals were defined as clusters. 113 

 114 

2.4. Cloning and sequencing of p104 and PIM PCR products 115 

The p104 and PIM PCR products from selected T. parva samples were cloned into pCR
®

2.1-116 

TOPO
®

 cloning vector (Invitrogen, Carlsbad, USA); at least 24 clones were screened for each 117 

sample. The presence of inserts in the recombinants was confirmed by colony PCR following the 118 

secondary PCR protocol described by De Deken et al. (2007). Amplicons produced from the PIM 119 

colony PCR were digested with BclI to produce RFLP profiles for individual clones. Only clones 120 

that produced amplicons which successfully digested were considered for further analysis. The ABI 121 

Big Dye Terminator Cycle Sequencing kit version 3.1 (Applied Biosystems, Foster City, CA) was 122 

used for sequencing reactions including 300 to 450 ng of plasmid DNA. Sequencing of the PIM 123 

gene was performed by INQABA Biotechnologies (South Africa) and p104 gene sequencing was 124 

done at the Genetic Service Facility of the University of Antwerp (Belgium). 125 

 126 

2.5. Sequence analysis 127 

The p104 and PIM gene sequences were assembled and edited using the GAP4 program of the 128 

Staden package (version 1.6.0 for Windows) (Bonfield et al., 1995; Staden, 1996; Staden et al., 129 

2000). p104 sequences were aligned with previously published T. parva p104 sequences (Table 1). 130 

A multiple sequence alignment of p104 amino acid sequences was performed using MAFFT 131 

version 6 (Katoh et al., 2002) (http://align.bmr.kyushu-u.ac.jp/mafft/software), and maximum 132 

parsimony and Bayesian analyses were used to produce phylogenetic trees. The maximum 133 

parsimony analysis was performed in PAUP*4.0b10 (Swofford, 2003) with 1000 random addition 134 

sequence followed by bisection-reconnection (TBR) branch swapping and branch support was 135 

assessed with 100 bootstrap replicates. The Bayesian analysis was performed using MrBayes v3.1.1 136 

(Ronquist and Huelsenbeck, 2003). A Markov chain Monte Carlo run of five million generations 137 

consisting of four parallel MCMC chains was performed. 138 

 139 

PIM sequences were aligned with previously published T. parva PIM sequences (Table 1) using 140 

MacClade v4.0 (Maddison and Maddison, 1992). The alignment was adjusted manually because of 141 

the highly polymorphic structure of the PIM gene. It was impossible to perform phylogenetic 142 

analyses for the PIM sequences because of the polymorphic nature of this gene. 143 
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 144 

3. Results 145 

Theileria parva DNA was detected in 111/166 (67%) samples using real-time PCR (Sibeko et al., 146 

2008). These comprised 103 field samples collected from buffalo and eight collected from cattle 147 

(Table 2). 148 

 149 

3.1. PCR-RFLP profile analysis 150 

p104 gene analysis: A p104 PCR product of approximately 800 bp in size was obtained from 101 151 

samples analyzed in this study (results not shown). From visual analysis, cattle samples, Lad 02, 152 

Lad 06, Lad 10 (from Ladysmith) and T. parva Schoonspruit (Neitz, 1948) had an identical PCR-153 

RFLP profile to that of T. parva Muguga, a stock from Kenya responsible for ECF (Fig. 1). 154 

 155 

The p104 PCR-RFLP cluster analysis using BioNumerics revealed two major groups, A and B, each 156 

of which could be divided into three subgroups (Fig. A available online). The clustering correlated 157 

broadly with geographic origin of the samples: group A consisted mainly of samples obtained from 158 

Hluhluwe-iMfolozi Game Park (39/50, 78%) and group B consisted largely of samples from Kruger 159 

National Park (KNP) (42/51, 82.4%), although KNP samples were also present in group A. Samples 160 

from Hluhluwe-iMfolozi produced a relatively homogeneous fingerprint, with most (38/42, 90.5%) 161 

appearing in subgroup A1, while those from KNP buffalo samples were heterogeneous and 162 

appeared in all six fingerprint groups. The p104 RFLP profiles from four cattle samples, Lad 02, 163 

Lad 06, Lad 10 and T. parva Schoonspruit, which were identical to that of T. parva Muguga from 164 

visual inspection, grouped with T. parva Muguga in subgroup A2. These cattle samples clustered 165 

amongst p104 profiles mainly from buffalo samples from Hluhluwe-iMfolozi in group A. Other 166 

cattle samples, Lad 11, Lad 15, Lad 17, Bloe B and Lyd N254 grouped with samples in group B 167 

which contained mainly buffalo samples from KNP. The T. parva Muguga-like cattle-type p104 168 

fingerprints were not obtained from any of the buffalo samples analyzed in this study. 169 

 170 

PIM gene analysis: The PIM gene PCR products obtained from 109 T. parva positive samples 171 

analyzed in this study ranged in size from 0.7 to 1.2 kb (results not shown). Since PIM is a single 172 

copy gene (Toye et al., 1995a), multiple PCR products obtained from a single sample indicated the 173 

presence of mixed infections. Mixed infections were evident from 56/109 (51%) samples. 174 

 175 
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PIM PCR-RFLP profiles from all 48 samples from KNP were heterogeneous by visual inspection 176 

(Fig. 2a), while the profiles obtained from 23/39 (59%) of the Hluhluwe-iMfolozi samples from 177 

buffalo were relatively homogeneous (Fig. 2b). Similarly 4/6 (67%) samples from Mabalingwe and 178 

all 10 from Ithala produced relatively homogeneous profiles (Fig. 2c and 2d). Further analysis of 179 

PIM PCR-RFLP profiles by cluster analysis using BioNumerics was not possible, since these 180 

profiles were too complex as a result of multiple infections with different T. parva strains. 181 

Furthermore, PCR products were present at different concentrations resulting in multiple bands of 182 

different intensities, and it was difficult to distinguish between bands from incompletely digested 183 

amplicons and authentic bands. Therefore, 27 samples representative of T. parva samples from 184 

buffalo that produced homogeneous and heterogeneous profiles as well as six cattle samples (Table 185 

2) were selected for cloning in order to produce RFLP profiles from individual clones. 186 

 187 

More than one profile was obtained from the cloned PIM amplicons from 30/33 (91%) of the field 188 

samples. Different PCR-RFLP profiles were also obtained from clones produced from some of the 189 

samples which had a single band when analyzed on the agarose gel. Three samples from Ladysmith 190 

(Lad 02, Lad 06 and Lad 10) were exceptions, as all clones from these samples produced only one 191 

profile and this profile was identical to that of T. parva Muguga and T. parva Schoonspruit (Fig. 3). 192 

When RFLP profiles obtained from clones produced from samples which had homogeneous overall 193 

PIM-RFLP profiles were visually analysed, it was observed that there were dominant profiles that 194 

were responsible for the apparently homogeneous overall profile. For example, among other 195 

profiles, three profiles were found to be dominant in clones produced from the 10 samples from 196 

Ithala; the three profiles were obtained in, respectively, 20/61 (33%), 14/61 (23%) and 11/61 (18%) 197 

clones produced from four different samples. 198 

 199 

Cluster analysis of PIM PCR-RFLP profiles from 259 clones produced from both buffalo and cattle 200 

T. parva samples identified five cluster groups, A, B, C, D and E, (Fig. B available online). Cluster 201 

A was the largest group with 105/259 (40.5%) clones followed by cluster D with 73/259 (28%), 202 

then C (42/259, 16%), B (26/259, 10%) and E (15/259, 6%). No correlation with geographic 203 

distribution could be established from the major cluster groups. Profiles from clones produced from 204 

cattle samples Lad 02, Lad 06 and Lad 10 grouped with T. parva Muguga and T. parva 205 

Schoonspruit profiles in cluster A. Although most PIM profiles in cluster A were obtained from 206 

buffalo samples, 42/48 (88%) of the PIM profiles from clones obtained from cattle samples also 207 

occurred in this group. PIM profiles from clones produced from the other cattle T. parva samples 208 
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from Ladysmith and Bloemfontein grouped closely with profiles obtained from buffalo samples 209 

from Hluhluwe-iMfolozi and Ithala in different subgroups within cluster A. 210 

 211 

Specific ‘signatures’ composed of several small fragments (less than 150 bp) were produced in the 212 

PIM PCR-RFLP profiles obtained from some T. parva field samples from KNP (results not shown) 213 

and Hluhluwe-iMfolozi (Fig. 2b). Two specific ‘signatures’ were associated with some RFLP 214 

profiles from clones from KNP samples and both ‘signatures’ co-occurred with other bands of 215 

larger sizes. The Hluhluwe-iMfolozi ‘signature’ was also apparent in profiles from field samples 216 

obtained from buffalo from Ithala (Fig. 2d), and from three bovines from Ladysmith (Lad 17, Lad 217 

I438 and Lad M119) and a bovine from Bloemfontein (results not shown).  218 

 219 

3.2. Sequence analysis 220 

p104 gene analysis: To confirm results obtained by RFLP profile cluster analysis and to establish 221 

p104 alleles that occur in the different subgroups, PCR products from 18 field samples (Table 2) 222 

representative of each cluster group were cloned and sequenced. Fifty-three good quality p104 223 

sequences were obtained. None of these was identical to the four p104 alleles previously reported 224 

by Skilton et al. (2002) from different T. parva stocks of cattle and buffalo in East Africa (Table 1), 225 

although they were very similar with sequence identities ranging from 92-99% in the region 226 

analyzed.  227 

 228 

Both maximum parsimony and Bayesian analyses produced similar groupings of p104 sequences; 229 

however, the maximum parsimony analysis did not resolve the differences within groups containing 230 

alleles 2 and 3. Therefore only the phylogenetic tree based on Bayesian analysis is presented (Fig. 231 

4). The p104 sequences obtained in this study could be grouped into two main clades, A and B, and 232 

each of the major clades could be divided into two sub-clades, A1 and A2, and B1 and B2. Alleles 2 233 

and 3 grouped in sub-clade A2 and alleles 1 and 4 in sub-clade B1. The p104 amino acid sequence 234 

obtained from Lad10 was identical to the p104 sequence from T. parva Schoonspruit. The Lad10 235 

and T. parva Schoonspruit p104 sequences grouped with the T. parva Muguga p104 sequence 236 

(allele 1) and both had sequence identity of 99% to the T. parva Muguga p104 amino acid 237 

sequence. In addition to these, a p104 sequence obtained from a buffalo T. parva sample, KNP 238 

B10_3.0.2, had 97% sequence identity to that of T. parva Muguga and grouped closely to p104 239 

sequences from Lad10, T. parva Schoonspruit and T. parva Muguga in sub-clade B1. Apart from T. 240 

parva Katete, no sequences grouped closely to p104 allele 2; similarly no sequences grouped 241 



9 

 

closely with allele 3. Sequence identities of 96-97% were obtained from sequences that grouped 242 

closely with p104 allele 4 (KNP102 8 3, KNPW8 8.0.2, KNPAB47 8.0.1). 243 

 244 

The groups obtained from PCR-RFLP cluster analysis did not correlate with the clades identified by 245 

phylogenetic analysis of p104 amino acid sequences. Unfortunately, DNA from samples of 246 

reference sequences was not available for PCR-RFLP analysis and it was therefore not possible to 247 

determine where the p104 profiles from these samples would fit in the cluster analysis. 248 

 249 

PIM gene analysis: Clones from different cluster groups were selected for sequencing. A total of 97 250 

PIM sequences were obtained from cloned amplicons produced from 26 selected T. parva-positive 251 

samples (Table 2). Analysis of the amino acid alignment of the PIM sequences revealed three 252 

groups of PIM sequences, cattle-type, buffalo-type and ‘mixed’-type (Fig. C available online). 253 

 254 

Cattle-type PIM sequences: 255 

A tetrapeptide repeat, QPEP, in the variable region of the PIM gene was previously identified by 256 

Toye et al. (1995b) and found to be characteristic of cattle-derived T. parva PIM sequences 257 

(Geysen et al., 2004). The amino acid sequences between positions 29 and 259 and positions 493 258 

and 497 were also identified as exclusive to cattle-type PIM alleles in the present study. In this way, 259 

six PIM sequences obtained from two field samples investigated in this study (Lad 02 and Lad 10) 260 

were identified as cattle-type T. parva PIM sequences. These sequences were identical to the PIM 261 

sequence obtained from T. parva Schoonspruit. These sequences had 98% identity to the T. parva 262 

Muguga PIM sequence, with one to three amino acid differences; the major difference being a 263 

deletion of eight amino acids at position 420-427 in the South African sequences. Cattle-type PIM 264 

sequences were not identified from samples obtained from buffalo in this study. 265 

 266 

Buffalo-type PIM sequences: 267 

Toye et al. (1995a) identified a 20-amino-acid insert (VDQQQPVQQPSQDQPSGPDS) as 268 

characteristic to buffalo-type PIM amino acid sequences. In addition to this, two other buffalo-type 269 

amino acid motifs and other unique inserts were identified in our study. The 20-amino-acid insert 270 

identified by Toye et al. (1995a) from PIM sequences from buffalo-derived T. parva 7014 and 271 

Hluhluwe stocks PIM sequences, was missing from 9/53 (17%) of the buffalo-type PIM sequences 272 

obtained in this study. 54.6% (53/97) of the PIM sequences obtained in our study were identified as 273 

buffalo-type PIM sequences and were obtained from T. parva samples collected from both cattle 274 

and buffalo.  275 
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 276 

‘Mixed’-type PIM sequences: 277 

The use of the amino acid motifs identified in our study allowed identification of 37 ‘mixed’ PIM 278 

sequences. Two subtypes of ‘mixed’ PIM sequences were identified, M-I (32/37) and M-II (5/37) 279 

(Fig. D available online). Subtype M-I consisted of sequences characteristic of cattle-type T. parva 280 

PIM sequences at the amino-terminus and buffalo-type sequences at the carboxy-terminus. Subtype 281 

M-II comprised sequences characteristic of buffalo-type T. parva PIM sequences at the amino-282 

terminus and cattle-type sequences at the carboxy-terminus. The 37 ‘mixed’ PIM sequences were 283 

obtained from samples collected from both cattle and buffalo.  284 

 285 

Of the 22 T. parva PIM sequences obtained from cattle samples in this study (T. parva Schoonspruit 286 

and six field samples), 31.8% (7/22) were cattle-type, 59.1% (13/22) were ‘mixed’-type, and only 287 

9.1% (2/22) were buffalo-type. In comparison, no cattle-type PIM sequences were identified from 288 

20 buffalo samples, 32% (24/75) of the PIM sequences obtained from buffalo samples were mixed-289 

type, and 68% (51/75) were buffalo-type. 290 

 291 

4. Discussion 292 

Identification of cattle-type p104 and PIM alleles from cattle T. parva samples 293 

Cattle-to-cattle transmission of T. parva was suspected on a farm near Ladysmith in the KwaZulu-294 

Natal Province following cattle theileriosis outbreaks in several consecutive years in the apparent 295 

absence of infected buffalo (Thompson et al., 2008). Three cattle samples from the Ladysmith farm 296 

and T. parva Schoonspruit had p104 and PIM PCR-RFLP profiles and inferred amino acid 297 

sequences almost identical to those of T. parva Muguga. These results could imply that there was 298 

selection of cattle-type alleles in some of the cattle on the farm, suggesting that cattle-to-cattle 299 

transmission may indeed have occurred. However, the original source of T. parva infection remains 300 

undiscovered and ECF was not diagnosed in animals on this farm. There have not been reports of 301 

any officially recognized ECF outbreaks in South Africa since its eradication in the early 1950s. 302 

While the presence, in South African cattle, of a parasite apparently similar to T. parva Muguga and 303 

the Schoonspruit isolate made during the ECF epidemic is a concern, there is no evidence to suggest 304 

that genotypes at individual loci such as p104, PIM and p67, can be linked to the pathogenicity of 305 

the isolate or to the disease syndrome it causes. 306 

 307 
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p104 and PIM alleles obtained from T. parva samples from several other animals from this farm 308 

were either buffalo-type or ‘novel’ (or mixed-type in the case of PIM) suggesting that the parasite 309 

population infecting cattle on this farm originated from buffalo, although contact between these 310 

cattle and T. parva-infected buffalo could not be confirmed (Thompson et al., 2008). The 311 

Hluhluwe-iMfolozi ‘signature’ obtained in PIM PCR-RFLP profiles from cattle samples from the 312 

Ladysmith farm, similar to that obtained from buffalo samples from Hluhluwe-iMfolozi game park, 313 

provides further support for the hypothesis that there may have been contact between cattle on this 314 

farm and T. parva-infected buffalo. 315 

 316 

p104 and PIM PCR-RFLP fingerprints obtained from a sample collected from a bovine which died 317 

of Corridor disease (Bloe B) on a vector-free game farm near Bloemfontein on which there was an 318 

infected buffalo breeding herd, grouped with profiles from buffalo samples, suggesting that these T. 319 

parva parasites may have originated from the buffalo on the farm. This hypothesis is supported by 320 

the presence of the ‘signature’ in the Bloe B PIM profile characteristic of most Hluhluwe-iMfolozi 321 

profiles and the sequence analyses, all of which suggest that the T. parva parasite characterized 322 

from the Bloemfontein bovine sample was similar to T. parva parasites from Hluhluwe-iMfolozi. In 323 

fact, the infected buffalo breeding herd on the Bloemfontein farm originated from Hluhluwe-324 

iMfolozi. Therefore, it might be possible to use PIM PCR-RFLP profiles to track the origin of T. 325 

parva infections, especially when the profiles have a specific signature that characterizes a 326 

particular parasite population.  327 

 328 

Identification of cattle-type alleles from buffalo T. parva samples 329 

Although no p104 or PIM alleles identical to T. parva cattle-type alleles previously reported (Iams 330 

et al., 1990; Toye et al., 1995a; 1995b; Skilton et al., 2002) were obtained from buffalo samples 331 

analyzed in this study, variants of p67 allele 1 (Sibeko et al., 2010) as well as variants of p104 allele 332 

1 (both cattle-type alleles) were obtained. These findings suggest that parasites possessing cattle-333 

type p67 and p104 alleles may not be exclusively associated with cattle-derived T. parva parasites. 334 

While these results could suggest that there may have been transmission of cattle-derived T. parva 335 

parasites to buffalo, they could also be indicative of an ancestral buffalo-derived T. parva 336 

subpopulation with characteristics that might aid the parasite to adapt to cattle.  337 

 338 

Since we identified cattle-type p104 and PIM alleles in cattle, we might have expected to see cattle-339 

type p104 and/or PIM sequences in T. parva samples from buffalo. Buffalo are believed to carry a 340 

heterogeneous population of parasites and, as original hosts of the parasite, cattle-derived T. parva 341 
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parasites might have originated in buffalo. It is possible that the pool of buffalo samples 342 

investigated was not large enough to allow detection of all T. parva alleles that occur in buffalo. 343 

Therefore, a larger pool of samples will have to be characterized in order to determine if there are 344 

cattle-type alleles in buffalo. 345 

 346 

It is still not clear if the parasite that caused ECF in South Africa in the early part of the 20
th

 century 347 

was transmitted to buffalo during the ECF epidemic, or whether South African strains of T. parva 348 

existing in buffalo could eventually become adapted to cattle to cause ECF. To date, there are no 349 

reports where the source of infection was determined in cases where both cattle- and buffalo-350 

derived T. parva parasites occur, and more reliable markers to distinguish between cattle-derived 351 

and buffalo-derived parasites would be needed in order to perform such experiments. There are 352 

reports indicating that cattle-derived parasites can be transmitted to buffalo (Walker, 1932; Lewis, 353 

1943; Brocklesby, 1964; Barnett and Brocklesby, 1966a; 1966b). In this study, variants of cattle-354 

type alleles were obtained from samples originating from buffalo, however there is no evidence that 355 

these were transmitted from cattle. Such transmission, if it did occur, could play an important role 356 

in the evolution of genetic polymorphism in T. parva parasites and in the selection for genetically 357 

variant T. parva strains.  358 

 359 

Genetic diversity among South African T. parva parasite populations: 360 

The sequence identities of p104 sequences obtained from buffalo in this study, when compared with 361 

published sequences (Skilton et al., 2002), ranged from 94 to 97% suggesting that T. parva p104 362 

alleles in South African buffalo are more diverse and that variations in the p104 gene may not be as 363 

limited as previously thought (Geysen et al., 1999). 364 

 365 

None of the PIM gene sequences obtained from T. parva field samples from buffalo characterized 366 

in this study were identical, providing further evidence that the PIM gene evolves at an extremely 367 

high rate (Toye et al., 1995a). Extensive sequence heterogeneity among PIM sequences was 368 

demonstrated in the South African T. parva samples, confirming the extensive genetic diversity 369 

reported previously in T. parva parasites in buffalo (Collins and Allsopp, 1999; Sibeko et al., 2010). 370 

Furthermore, sequence variants of buffalo-type PIM sequences were identified which have never 371 

been reported before. Novel alleles have been reported to arise from re-shuffling of important 372 

epitopes as a result of gene conversion and reciprocal intergenic exchanges (Dormoy et al., 1997). 373 

While the discriminative characteristics of the PIM gene render it a good candidate for exploitation 374 

in discriminatory assays used for T. parva isolates (Bishop et al., 2001; De Deken et al., 2007), it is 375 
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advisable that assays based on this gene should be continuously evaluated because of the rapid 376 

evolution of the PIM gene. 377 

 378 

In this study, for the first time, ‘mixed’ PIM sequences with characteristics of both cattle-type and 379 

buffalo-type PIM sequences were identified. It is possible that hybrid PCR products could arise 380 

during PCR amplification in samples containing mixed infections, as a result of template switching 381 

(Wang and Wang, 1997; Thompson et al., 2002). These PCR artifacts are identifiable by sequence 382 

identities in hybrid sequences when compared with sequences of other amplicons produced in the 383 

same amplification reaction. To confirm whether the ‘mixed’ sequences obtained in this study were 384 

authentic, the PIM nucleic acid sequences in the more conserved regions, i.e. sequences flanking the 385 

central variable region, were compared to those of other sequences obtained from the same sample. 386 

None of the ‘mixed’ sequences were identical to any of the other PIM sequences obtained from the 387 

same sample in these conserved regions, suggesting that the ‘mixed’ sequences were therefore 388 

genuine and could not have resulted from PCR artifacts. 389 

 390 

The combinations of different “blocks” of sequence observed in the PIM gene, in this study and 391 

elsewhere (Geysen et al., 2004), are reminiscent of the structure that has previously been shown for 392 

the precursor to the major merozoite surface antigens (PMMSA) in Plasmodium falciparum 393 

(Peterson et al., 1988). Recombination within the conserved blocks in the PMMSA is thought to 394 

result in reassembling of the variable blocks and accounts for much of the antigenic variation in this 395 

molecule. Studies of the population structure of T. parva parasites in Uganda showed that genetic 396 

exchange occurs frequently between isolates of T. parva, confirming the existence of a sexual cycle 397 

(Oura et al., 2005). Evidence for recombination between T. parva parasites, in a form of mosaic 398 

segments, has previously been observed in the internal transcribed spacer (ITS) region (Collins and 399 

Allsopp, 1999) and sexual recombination between different T. parva stocks has been demonstrated 400 

in the laboratory (Morzaria et al., 1993; Bishop et al., 2002). It seems likely that the ‘mixed’ PIM 401 

sequences have arisen through recombination between cattle-type and buffalo-type PIM sequences.  402 

 403 

While the ‘mixed’ PIM sequences identified in this study may well represent recombination events, 404 

we do not know the full extent of the recombination in the rest of the genome in these parasites. 405 

Recombination between buffalo-type T. parva parasites and cattle-type parasites can only occur 406 

where there has been contact between buffalo and cattle, and it has been reported that it is unlikely 407 

for recombinant parasites to become established in the cattle population (Geysen, 2000; Geysen et 408 

al., 2004). Nonetheless, ‘mixed’ PIM sequences were obtained from samples originating from both 409 
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buffalo and cattle in this study, and the results indicate that ‘mixed’ PIM sequences are more 410 

prevalent in T. parva samples from cattle than in T. parva samples from buffalo (51% of sequences 411 

obtained from cattle samples were ‘mixed’ type PIM alleles compare to 32% from buffalo samples). 412 

This could suggest that T. parva parasites with the ‘mixed’ PIM allele might be more likely to 413 

establish in cattle. In fact, very few buffalo-type PIM sequences were identified in cattle, suggesting 414 

that there may have been selection for both ‘mixed’-type and cattle-type PIM sequences in cattle. 415 

 416 

Our results demonstrate that p104 and PIM amino acid sequences very similar to those of T. parva 417 

Muguga were present in T. parva parasites on a farm in South Africa, where pathogenic cattle 418 

theileriosis was reported. The possibility of cattle-to-cattle transmission of T. parva in South Africa 419 

and the selection of cattle-type parasites in such animals should be further investigated. Although 420 

no cattle-type p104 or PIM alleles were identified from samples obtained from buffalo in this study, 421 

more samples need to be examined to confirm this finding. The challenge to identify more reliable 422 

and specific markers that can be directly associated with different disease syndromes caused by T. 423 

parva still remains. This is crucial for the design and implementation of control measures in South 424 

Africa to protect cattle against disease caused by T. parva infections. 425 
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Table legends  550 

 551 

Table 1: Previously published p104 and PIM sequences  552 

Table 2: Geographical origin and source of blood samples (n=111) used for characterization of T. 553 

parva parasites 554 

 555 

Figure legends  556 

Fig. 1: p104 gene AluI RFLP profiles showing the T. parva Muguga RFLP profile and identical 557 

profiles obtained from cattle samples from a farm near Ladysmith. 558 

Fig. 2: Representative PIM gene BclI PCR-RFLP profiles showing (a) heterogeneous profiles 559 

obtained from buffalo T. parva samples from KNP, (b), (c) and (d) homogeneous profiles 560 

obtained from buffalo samples from Hluhluwe-iMfolozi, Mabalingwe and Ithala, 561 

respectively. 562 

Fig. 3: PIM gene BclI PCR-RFLP profiles obtained from (a) cattle T. parva samples from 563 

Ladysmith and (b) clones produced from cattle sample, Lad 10. 564 

Fig. 4: Phylogenetic relationship of T. parva strains as revealed by p104 amino acid sequence 565 

analysis. The phylogenetic tree was inferred by Bayesian analysis; the first 10,000 trees 566 

were discarded as burnin and the majority-rule consensus tree was generated. 567 

 568 

Legends for online supplementary figures 569 

Fig. A: A similarity dendrogram generated by BioNumerics v5.1 cluster analysis of PCR-RFLP 570 

profiles from p104 amplicons using the Dice Coefficient analysis.  571 

Fig. B: A similarity dendrogram generated by BioNumerics v5.1 cluster analysis of PCR-RFLP 572 

profiles from cloned PIM amplicons using the Dice Coefficient analysis. 573 

Fig. C: Multiple sequence alignment of selected PIM amino acid sequences, representative of cattle-574 

, buffalo- and ‘mixed’-type sequences. The inferred PIM sequences obtained from buffalo 575 

and cattle T. parva samples collected from different geographical areas in South Africa were 576 

aligned with previously published T. parva PIM amino acid sequences (Table 1). The 577 

sequence alignment was constructed manually because of the extreme polymorphism in the 578 

central region of the PIM gene. Amino acid motifs characteristic of cattle-type PIM 579 

sequence are shown in solid-line blocks including the tetrapeptide repeat characteristic of the 580 
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central variable region of cattle-derived PIM sequences at positions 428-447. All amino acid 581 

motifs characteristic of buffalo-type PIM sequence are shown in broken-line blocks. 582 

Fig. D: Multiple sequence alignment of representative amino acid sequences of ‘mixed’-type 583 

T. parva PIM sequences, showing subtypes M-I and M-II. Regions typical of buffalo-type 584 

and cattle-type PIM sequences are indicated in broken-line and solid-line blocks, 585 

respectively. This alignment excludes the region between positions 101 and 300, which has 586 

buffalo-type PIM sequences in all subtypes. 587 



 

 

 

Table 1 

Isolate name Accession number and reference 

p104 PIM 

T. parva Muguga Allele 1: M29954 (Iams et al., 1990) L06323 (Baylis et al., 1993) 

T. parva Marikebuni Allele 2: AY034069 (Skilton et al., 2002) L41148 (Toye et al., 1995a) 

T. parva Boleni  Allele 3: AY034070 (Skilton et al., 2002) - 

T. parva 7014 Allele 4: AY034071 (Skilton et al., 2002) L41833 (Toye et al., 1995b) 

 

 

 

 

 

 



Table 2  

Geographical location Province Sample Name Host of blood 

sample 

Date of collection/ 

References 

Hluhluwe-iMfolozi Park (n=39) KwaZulu-Natal HIP 01, HIP 03, HIP 04, HIP 05, HIP 06, HIP 07, HIP 08, HIP 09, 

HIP 10, HIP 11, HIP 12, HIP 13, HIP 14, HIP 15, HIP 16, HIP 18, 

HIP 19, HIP 20, HIP 21, HIP 22, HIP 23, HIP 24, HIP 25, HIP 26, 

HIP 27, HIP 28, HIP 30, HIP 31, HIP 32, HIP 33, HIP 34, HIP 35, 

HIP 36, HIP 37, HIP 38, HIP 39, HIP 41, HIP 42, HIP 49 

Buffalo 2004 

 

Kruger National Park (KNP) (n=48) Mpumalanga KNP 39, KNP 42, KNP 43, KNP 47, KNP 48, KNP 49, KNP 50, 

KNP 61, KNP 62, KNP 63, KNP 66, KNP 67, KNP 68, KNP 102, 

KNP AA5, KNP AB47, KNP AC10, KNP AD3, KNP B10, KNP 

B22, KNP D11, KNP D24, KNP E7, KNP E18, KNP F9, KNP G2, 

KNP G11, KNP H8, KNP J5, KNP L6, KNP L27, KNP M2, KNP 

M12, KNP M2706, KNP N1, KNP N8, KNP O1, KNP O11, KNP 

P7, KNP S17, KNP U3, KNP U20, KNP V5, KNP W8, KNP X4, 

KNP Y4, KNP Y19, KNP Z4 

Buffalo 2003 

 

Ladysmith (n=7) KwaZulu-Natal Lad 02, Lad 06, Lad 10, Lad 15, Lad 17 Bovines 2003, 

Lad M119, Lad I438 Thompson et al. (2008) 

 

Mabalingwe Game Reserve (n=6) Limpopo Mab A13, Mab A22, Mab B21, Mab BB37, Mab BB38, Mab 

BB43 

Buffalo 2004 

 
#
Ithala Game Reserve (n=10) KwaZulu-Natal Itha 1, Itha 2, Itha 3, Itha 4, Itha 5, Itha 6, Itha 7, Itha 8, Itha 9, 

Itha 10 

Buffalo 2005/6 

 

Bloemfontein (n=1) Free-State Bloe B Bovine 2004 

Samples in bold were selected for cloning of the PIM gene to produce RFLP profiles from individual clones and only 26 of the 33 were used for sequencing.  
# 
Samples from this Game Reserve (Ithala) were only analyzed for the p104 gene. 

Samples in italic were used for sequencing of the p104 gene variable region. 

Samples in italic and bold were used for sequencing of both the p104 and PIM genes. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  
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Figure 3  
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Figure 4  
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Lad 10-11                DSTGSSDLTHVDTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

Lad 02-7                 DSTGSSDVTQVDTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

Lad 10-4/6               DSTGSSDVTQVDTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  
Lad 10-4/2               DSTGSSDVTQVDTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

Lad 02-3/9               DSTGSSDVTQVGTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQRQQPTQ----GDTSGQQG-P-DTPQP  

Lad 10-4/8               DSTGSSDVTQVGTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQRQQPTQ----GDTSGQQG-P-DTPQP  
T. parva Schoonspruit    DSTGSSDVTQVDTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

T. parva Muguga          DSTGSSDVTQVDTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

T. parva Marikebuni      DSTGSSDVTQVDTESNDTSSSSETSQQGKPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-Q------  
Ita 2_cl2-11             DSTGSSDVTQVDSESNDTSSSSETSQQGQPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-HTPQP  

HIP 22_8-17              DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------------IDQPDQHQQPTQ----GDTSGQQG-P-HTPQP  
Bloe B_4.0.2             DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

Ita 6_cl6-16             DSTGSSDLTHVDTEYNDDSSSSETSQQGQPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-HTPQP  

HIP 32_1-18-0-2          DSTGSSDVTQVDSESNDTSSSSETSQQGQPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-HTPQP  
Lad M119-9               DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

Lad I438-10-10           DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-DTPQP  

Lad 17_10                DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------------QDQPDQRQQPTQ----GDTSGQQG-P-DTPQP  
HIP 22_8-13              DSTGSSDVTQADSESNDSSSSSETSQQGQPQRDQP---------------------------------QDQPDQHQQPTQ----GDTSGQQG-P-HTPQP  

T. parva 7014            DSTGSSDLTQVDTESNDDSSSSETSQQPQQPPDQPVDQQQP-VQQ------------PSQDQPSGPDSQDQPVDHQQPTQPDQPEDQQGQQQQPLDQPT-  

KNP O11_4/1              DSTGSSDVTQVDTESNDDSSSSETSQQPP---DQPVDQQQP-VQQ------------PSQDQPSGPDSQDQPVDHQQPTQADSSG-QQGQQQQPLDQPT-  
HIP 32_1-8               DSTGSSDVTQVDSESNDTSSSSETSQQPQQPPDQPVDQQQP-VQQ------------PSQDQPSGPDSQDQPVDHQQPTQADSSG-QQGQQQQPLDQPT-  

Ita 3_cl3-17             DSTGSSDLTHVDTEYNDDSSSSETSQQPQQPPDQPVDQQQP-VQQ------------PSQDQPSGPDSQDQPVDHQQPTQADSSG-QQGQQQQPLDQPT-  
HIP 32_1-1-2             DSTGSSDVTHVDTEYNDDSSSSETSQQPQQPPDQPVDQQQP-VQQ------------PSQDQPSGPDSQDQPVDHQQPTQADSSG-QQGQQQQPLDQPT-  

KNP 102-05_5 14          DSTGSSDLTHVDTEYNDDSSSSETSQQPQQPPDQPVDQQQP-VQQ------------PSQDQPSGPDSQDQPVDHQQPTQADSSG-QQGQQQQPLDQPT-  

Lad I438-10-19           DSTGSSDLTHVDTEYNDDSSSSETSQQPQQPPDQPVDQQQP-VQQ------------PSQDQPSGPDSQDQPVDHQQPTQADSSG-QQGQQQQPLDQPT-  
Mab A13-1/2              DSTGSSDVTQVDTEPNDNSTSSETSQQ---PPVEPVDQQQQPDQGDTSGQQQGPLDQPTGQHPTGQPQPDQPQDQQ--------GQQQG----PLDQPT-  

Ita 4_cl4-18             DSTGSSDVTQADSESNDDSSSSETGQQAQQQPDQPVDHQQP-VQDDSSGQQGQQPETPSQDQPSGQGPVE-PADQQQPTQGDSSG-QQGQQ--PPVQPV-  

Ita 3_cl3-14             DSTGSSDVTQADSESNDDSSSSETGQQAQQQPDQPVDHQQP-VQDDSSGQQGQQPETPSQDQPSGQGPVE-PADQQQPTQADSSG-QQGQ----------  
Ita 9_cl9-5              DSTGSSDVTQADSESNDDSSSSETGQQAQQQPDQPVDHQQP-VQDDSSGQQGQQPETPSQDQPSGQGPVE-PADQQQPTQGDSSG-QQGQQ--PPVQPV-  

Ita 2_cl2-14             DSTGSSDLTHVDTEYNDDSSSSETSQQPQQPPDQPVDQQQP-----------------------------------------------------------  

HIP 19-2/8               DSTGSSDVTQADSESNDSSSSSETLQQGQQPPVQPVDQQQT-----------------------------------------------------------  
Mab BB38-114             DSTGSSDVTQVDTESNDNSTSSETSQQPP---VEPVDQQQT-----------------------------------------------------------  

Bloe B_5-2               DSTGSSDVTQADSESNDSSSSSETSQQGQ-----------------------------------------------------------------------  

KNP 102-5 57             DSTGSSDVTQVDSESNDTSSSSETSQQPTQD-DQPVDQQQPT-----------------QDQPSGQGPVE-PVDQPQPEQPPVQPVDH----QPPVQPV-  
Mab A13-4/2              DSTGSSDVTQVDSESNDTSSSSETSQQPTQD-DQPVDQQQPT-----------------QDQPSGQGPVE-PVDQPQPEQPPVQPVDH----QPPVQPV-  

KNP V5-16                DSTGSSDLTHVDTEYNDDSSSSETSQQPQQPPDQPVDQQQP-----------------------------------------------------------  
HIP 32-1-20              DSTGSSDVTQVDSESNDTSSSSETSQQPT------------------------------QDQPSGQPPVE-PVDQPQPEQPPVQPVDQPQPEQPPVQPV-  

HIP 19-2/1               DSTGSSDVTQVDSESNDTSSSSETSQQPT------------------------------QDQPSGQGPVE-PVDQ-------------------------  
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Lad 10-11                IQEPSGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDAPDQPVYQ  

Lad 02-7                 IQEPSGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDTPDQPVYQ  
Lad 10-4/6               IQEPSGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDTPDQPVYQ  

Lad 10-4/2               IQEPFGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDTPDQPVYQ  
Lad 02-3/9               IQEPSGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDTPDQPVYQ  

Lad 10-4/8               IQEPSGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDTPDQPVYQ  

T. parva Schoonspruit    IQEPSGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDAPDQPVYQ  
T. parva Muguga          IQEPSGPVQPDQTGQG---PVEPVDQQQQ------------------PTQGDTSGQQGQQPQDQPVQEQDGQDSQGTPEQTPDQSGQQPGPDTPDQPVYQ  

T. parva Marikebuni      -----------------------------------------------------------QPQDQPVQEQDGQDSQGTPE---------------------  

Ita 2_cl2-11             IQEPSGPVQPDQPGQG---PVEPVDQQ-------------------------------------------------------------------------  
HIP 22_8-17              IQEPSGPVQPDQTGQQ---PPTPDDQQQQ------------------PTQGDQTGQGPVEPIDQPSGQPSGQPI-------------DQPTG---QQGQQ  

Bloe B_4.0.2             IQEPSGPVQPDQTGQQ---QPTQGDQQQQ------------------PTQGDQQQQPTQGDRTGQGPDQPQDQPTGQPQP-------DQPTG---QQGQQ  

Ita 6_cl6-16             IQEPSGPVQPDQPGQG---PVEPVDQQQQ------------------PTQGDQTGQGPVEPVDQQ-GQPQPDQPQDQQGQPQQPL--DQPTG---QQGQQ  
HIP 32_1-18-0-2          IQEPSGPVQPDQPGQG---PVEPVDQQQQ------------------PTQGDQTGQGPVEPVDQQ-GQPQPDQPQDQQGQPQQPL--DQPTG---QQGQQ  

Lad M119-9               IQEPSGPVQPDQTGQQ---PPTLDDQQQQ------------------PTQDDQTGQGPVEPVDQPTGHPQPDQPQDQQGQPQQPL--DQPTG---QQGQQ  
Lad I438-10-10           IQEPSGPVQPDQTGQQ---PPTLDDQQQQ------------------PTQDDQTGQGPVEPVDQPTGHPQPDQPQDQQGQPQQPL--DQPTG---QQGQQ  

Lad 17_10                IQEPSGPVQPDRTGQQ---PPTLDDQQQQ------------------PTQDDRTGQGPVEPVDQPTGHPQPDQPQDQQGQPQQPL--DQPTG---QQGQQ  

HIP 22_8-13              IQEPSGPVQPDQPGQG---PVEPVDHQQ-------------------PTQDDTSGQQPQDAPVQQQ----------------------------------  
T. parva 7014            GQ-P-GP-------------LEPVDQQQQPQPQPQPQPEPQPDQPEDQQGQQQQPL-------------------------------DQPTG---QQGQQ  

KNP O11_4/1              GQ-P-GP-------------LEPVDQQQQPQPQPQPQPEPDQPQDQQGQQQQPL---------------------------------DQPTG---QQGQQ  

HIP 32_1-8               GQ-P-GP-------------LEPVDQQQQPEPQPQPEPQP-----------------------------------------------DQPTG---QQGQQ  
Ita 3_cl3-17             GQ-P-GP-------------LEPVDQQQQPEPQPQPEPQP-----------------------------------------------DQPTG---QQGQQ  

HIP 32_1-1-2             GQ-P-GP-------------LEPVDQQQQPEPQPQPEPQP-----------------------------------------------DQPTG---QQGQQ  

KNP 102-05_5 14          GQ-P-GP-------------LEPVDQQQQPEPQPQPEPQP-----------------------------------------------DQPTG---QQGQQ  
Lad I438-10-19           GQ-P-GP-------------LEPVDQQQQPEPQPQPQPQPQPQPEPQP---------------------------------------DQPTGQQGQQGQQ  

Mab A13-1/2              ----------------------------------------------------------------------------------------------------  

Ita 4_cl4-18             DQKQPVQEQTQDDTAGQGPDQ-PVDQQQQPL--------------------------------------------------------DQPTG---QQAQQ  
Ita 3_cl3-14             -------------------QQQPLDQPTGQPGPLEPVDQQQQPEPQPEPQPQPQPQPQPEPQP------------------------DQPTGQQGQQGQQ  

Ita 9_cl9-5              DQKQPVQEQTQDDTAGQGPDQ-PVDQQQQPL--------------------------------------------------------DQPTG---QQAQQ  
Ita 2_cl2-14             ----------------------------------------------------------------------------------------------------  

HIP 19-2/8               ----------------------------------------------------------------------------------------------------  

Mab BB38-114             ----------------------------------------------------------------------------------------------------  
Bloe B_5-2               ----------------------------------------------------------------------------------------------------  

KNP 102-5 57             DHQPPVQPVDQQQPTQDQPSGQGPVEPVDQKQEPVQDDASGKQETPVQPEQTPEAPVKEPSGQQPQDAPIHQQ---------------------------  

Mab A13-4/2              DHQPPVQPVDHQPPTQDQPSGQGPVEPVDQKQEPVQDDASGKQETPVQPEQTPEAPVKEPSGQQPQDAPIHQH---------------------------  
KNP V5-16                --------------VQDQPSGQGPVEPVDQKQEPVQDDASGKQETPVQPEQTPEAPVKEPSGQQPQDAPIHQQ---------------------------  

HIP 32-1-20              DHQPPVQPVDQQQPTQDQPSGQGPVEPVDQKQEPVQDDASGKQETPVQLEQTPEAPVKEPSGQQPQDAPIHQQ---------------------------  

HIP 19-2/1               ------------------------------KQEPVQDDASGKQETPVQPEQTPEAPVKEPSGQQPQDAPIHQQ---------------------------  
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Lad 10-11                QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEDQPSGPDSPDQPDQHHQPTPAAQ-----------------------------------------  

Lad 02-7                 QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEGQPSGPDSPDQPDQHHQPTPAAQ-----------------------------------------  

Lad 10-4/6               QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEDQPSGPDSPDQPDQHHQPTPAAQ-----------------------------------------  
Lad 10-4/2               QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEDQPSGPDSPDQPDQHHQPTPAAQ-----------------------------------------  

Lad 02-3/9               QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEDQPPGPDSPDQPDQHHQPTPAAQ-----------------------------------------  

Lad 10-4/8               QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEDQPPGPDSPDQPDQHHQPTPAAQ-----------------------------------------  
T. parva Schoonspruit    QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEDQPSGPDSPDQPDQHHQPTPAAQ-----------------------------------------  

T. parva Muguga          QQPVQQPSGQQQQPQPRPQPQPDQPVDQQQEPPTPEDQPSGPDSPDQPDQHHQPTPAAQ-----------------------------------------  

T. parva Marikebuni      ----------------------------------------------------------------------------------------------------  
Ita 2_cl2-11             ----------PVQEPAKDDPTGQQQQ--------PQPEPEPEQTPETPPQQKQPTPDDHPSGQQ-PQDEPVQQEQGAQDSPTPDDQPVDQQQ--------  

HIP 22_8-17              PPVQPVDQQQPVQEPAKDDPTGQQQQ----------PEPEPEQTPETPPQQEQPTPDDHPSGQQ-GQQPPV-QGQGAQDSPTPDDQPVDHQQ--------  
Bloe B_4.0.2             PPIQPVDHQQPVQEPAKDDPTGQQQQ------PQPEPEPEPEQTPETPPQQEQPTPDDHPSGQQ-PQGEPV-QGQGAQDSPTPDDQPVDQQQ--------  

Ita 6_cl6-16             PPAQPVDQQQTPKEPAKDDPTGQQQQ------PQPQPQPEPEQTPETPPQQEQPTPDDHPSGQQ-PQDEPV-QEQRAQDSPTPDDQPVDQQQ--------  

HIP 32_1-18-0-2          PPVQPVDQQQTPKEPAKDDPTGQQQQ------PQPQPQPEPEQTPETPPQQEQPTPDGHPSGQQ-PQDEPV-QEQRAQDSPTPDDQPVDQQQ--------  
Lad M119-9               PPVQPVDQQQ------------------------------------------------------------------------------------------  

Lad I438-10-10           PPVQPVDQQQTPKEPSKDDPTGQQQQ------PQPEPEPEPEQTPETPPQQEQPTPDDHPSGQ-QPQDEPV-QGQGAQDSPTPDDQPVDQQQ--------  

Lad 17_10                PPVQPVDQQQTPKEPSKDDPTGQQQQ------PQPEPEPEPEQTPETPPQQEQPTPDDHPSGQQ-PQDEPV-QGQGAQDSPTPDDQPVDQQQ--------  
HIP 22_8-13              -----------------------------------------P-V-QEPGAQDSPTPDDQPVDQQQ-----------------------------------  

T. parva 7014            PPIQPVDQQQPVQEPAKDDPTGQQQQ------PQPEPEPEPEQTPETPPQQEQPTPDDHPSGQQ-PQDEPV-QGQGAQDSPTPDDQPVDQQQ--------  

KNP O11_4/1              PPVQPVDQQQTPKQPAKDDPTGQQQQ----PQPKPEPEPEPEQTPETPPQQEQPTPDDQPVDQQQPQDEPVQQEQGPQDSPTPDDQPVDQQQ--------  
HIP 32_1-8               PPIQPVDQQQPVQEPAKHDPTGQQQQ--------PQPQPEPEQTPETPPQQEQPTPDDHPSGQQ-GQQPPA-QGQGAQDSPTPDDQPVDHQQ--------  

Ita 3_cl3-17             PPIQPVDHQQPVQEPAKHDPTGQQQQ--------PQPQPEPEQTPETPPQQEQPTPDDHPSGQQ-PQDEPV-QGQGAQDSPTPDDQPYPQQE--------  
HIP 32_1-1-2             PPIQPVDQQQPVQEPAKHDPTGQQQQ--------PQPQPEPEQTPETPPQQEQPTPDDHPSGQQ-GQQPPV-QGQGAQDSPTPDDQPVDHQQ--------  

KNP 102-05_5 14          PPIQPVDQQQPVQEPAKHDPTGQQQQ--------PQPQPEPEQTPETPPQQEQPTPDDHPSGQQ-GQQPPV-QGQGAQDSPTPDDQPVDHQQ--------  

Lad I438-10-19           PPIQPIDHQQPVQEPAKHDPTGQQQQ--------PQPQPEPEQTPETPPQQEQPTPDDHPSGQQ-PQDEPV-QGQGAQDSPTPDDQPYPQQE--------  
Mab A13-1/2              -------------------------------------------------------PDD-PTGQQ-PQPEPRPEPVQEQTPEAPTQEPCQAPQ--------  

Ita 4_cl4-18             PPVQPVDQQQTPQEQTKDDPTGLQQQPEPPAA-QPQPQPEPEQIPETPAQQQIPTPDDHQSGQQ-PQDEPVQQEQGAQDSPTPDDQPVDQQQ--------  

Ita 3_cl3-14             PPIQPVDQQQPVQEPAKDDPTGQQQQ--------PQPEPEPEQTPETPPQQKQPTPDDHPSGQQ-PQDEPV-QEQRAQDSPTPDDQPVDQQQ--------  
Ita 9_cl9-5              PPVQPVDQQQTPQEQTKDDPTGLQQQPEPPAA-QPQPQPEPEQIPETPAQQQIPTPDDHQSGQQ-PQDEPVQQEQGAQDSPTPDDQPVDQQQ--------  

Ita 2_cl2-14             -----------VQEPAKDDPAGQQQQ--------PQPEPEPEQTPETPPQQKQPTPDDH-SGQQ-PQDEPVQQEQGAQDSPTPDDQPVDQQQ--------  

HIP 19-2/8               -----------PKEPAKDDPTGQQQQ------PQPQPQPEPEQTPETPPQQEQPTPDDHPSGQQ-PQDEPV-QEQRAQDSPTPDDQPVDQRQ--------  
Mab BB38-114             -----------PKQPAKDDPTGQQQQ----PQPKPEPEPEPEQTPETPPQQEQPTPDDQPVDQQQPQDEPVQQEQGPQDSPTPDDQPVDQQQ--------  

Bloe B_5-2               ----------------------------------------------------------------------------------------------------  

KNP 102-5 57             ---------------------------------------------------------------------PVQ-EPVGQDSPTPDDQPDQHQQPVQDDASG  
Mab A13-4/2              ---------------------------------------------------------------------PVQ-EPVGQDSPTPDDQPDQHQQPVQDDASG  

KNP V5-16                ---------------------------------------------------------------------PVQ-EPVGQDSPTPDDQPDQHQQPVQDDASG  
HIP 32-1-20              ---------------------------------------------------------------------PVQ-EPVGQDSPTPDDQPDQHQQPVQDDASG  

HIP 19-2/1               ---------------------------------------------------------------------PVQ-EPVGQDSPTPDDQPDQHQQPVQDDASG  
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Lad 10-11                ----------------------------------------------------------------------------------------------------  
Lad 02-7                 ----------------------------------------------------------------------------------------------------  

Lad 10-4/6               ----------------------------------------------------------------------------------------------------  
Lad 10-4/2               ----------------------------------------------------------------------------------------------------  

Lad 02-3/9               ----------------------------------------------------------------------------------------------------  

Lad 10-4/8               ----------------------------------------------------------------------------------------------------  
T. parva Schoonspruit    ----------------------------------------------------------------------------------------------------  

T. parva Muguga          ----------------------------------------------------------------------------------------------------  

T. parva Marikebuni      -------------------------------------------------------------------------------------------PQPEPQPEP  
Ita 2_cl2-11             ----------------------------------------------------PVQEPEPSEEQ------PQPQPQPEPEPEQPPVEPVDQQQQP------  

HIP 22_8-17              ----------------------------------------------------PVQEPVQQEE------PQPEPQPQPEPEPEQPQDQPVDQQQP------  

Bloe B_4.0.2             ----------------------------------------------------PVQEQ-----PQPQPQPQPQPEPQPQPEPEQPQDQPVDQQQP------  
Ita 6_cl6-16             ----------------------------------------------------PVQEPVQQEQ----PEPQPQPEPQPQPEPEQPQDQPVDQQQP------  

HIP 32_1-18-0-2          ----------------------------------------------------PVQEPVQQ----GQPEPQPQPEPQPQPEPEQPQDQPVDQQQP------  
Lad M119-9               ----------------------------------------------------PVQE--------------PQPEPQPEPEPEQPPVQPVDQQQP------  

Lad I438-10-10           ----------------------------------------------------PVQE--------------PQPEPQPEPEPEQPPVQPVDQQQP------  

Lad 17_10                ----------------------------------------------------PVQE--------------PQPEPQPEPEPEQPPVQPVDQQQP------  
HIP 22_8-13              ----------------------------------------------------PVQEPEPSEEQ----------PQPQPEQTPEPPVEPVDQQQP------  

T. parva 7014            ----------------------------------------------------PVHEPVQDQTQPQQ-PQPQPEPQPEPEPGQQPPVQPVDQQQP------  

KNP O11_4/1              ----------------------------------------------------PVQEPVQQEQ----PQPEPEPEPQPQPEPEQPQDQPVDHQQP------  
HIP 32_1-8               ----------------------------------------------------PVQEPVQQEEP------QPEPQPQPEPEPEQPQDQPVDQQQP------  

Ita 3_cl3-17             --------------------------------------------------------------PEPQPQQQPQPEPQPEPEPQQPQDQPVDQQQP------  

HIP 32_1-1-2             ----------------------------------------------------PVQEPVQQEEP------QPEPQPQPEPEPEQPQDQPVDQQQP------  
KNP 102-05_5 14          ----------------------------------------------------PVQEPVQQEEP------QPEPQPQPEPEPEQPQDQPVDQQQP------  

Lad I438-10-19           --------------------------------------------------------------PEPQPQQQPQPEPQPEPEPQQPQDQPVDQQQP------  

Mab A13-1/2              ----------------------------------------------------------------------PQPEPQPEPQPEQPPVQPVDQQQP------  
Ita 4_cl4-18             ----------------------------------------------------PVQEPEPSEEQ--------PQPQPEPEPEQPPVEPVDQQQQP------  

Ita 3_cl3-14             ----------------------------------------------------PVQEPVQQEQ----PEPQPQPEPQPQPEPEQPQDQPVDQQQP------  
Ita 9_cl9-5              ----------------------------------------------------PVQEPVRQEQ----------PQPEPEPQPEQPQDQPVDHQQP------  

Ita 2_cl2-14             ----------------------------------------------------PVQEPEPSEEQ------PQPQPQPEPEPEQPPVEPVDQQQQP------  

HIP 19-2/8               ----------------------------------------------------PVQEPVQQEQ----PEPQPQPEPQPQPEPELPQDQPVDQQQP------  
Mab BB38-114             ----------------------------------------------------PVQEPVQQEQ----PQPEPEPEPQPQPEPEQPQDQPVDHQQP------  

Bloe B_5-2               ------------------------------------------------------------------------------PEPEQPQDQPVDQRQP------  

KNP 102-5 57             KQETPVQPVDQQQPTQDDQPVDHQQ---------------------------PVQEPVQQEE------PQPEPQPQPEPEPEQPQDQPVDQQQP------  
Mab A13-4/2              KQETPVQPVDQQQPTQDQ------------PSGQEDQPTPDDQPQPEQTPEPPV-EPVDQKQ--------------------------------------  

KNP V5-16                KQETPVQPVDQQQPTQDDQPVDQQQPTQDQPSGQEDQPTPDDQPQPEQTPEPPV-EPVDQKQ--------------------------------------  

HIP 32-1-20              KQETPVQPVDQQQPTQDQ------------PSGQEDQPTPDDQPQPEQTPEPPV-EPVDQKQ--------------------------------------  
HIP 19-2/1               KQETPVQPVDQQQPTQDQ------------PSGQEDQPTPDDQPQPEQTPEPPV-EPVDQKQ--------------------------------------  
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Lad 10-11                ---------------------------PQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTPSKDDASGEVPVK  

Lad 02-7                 ---------------------------PQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTPSKDDASGEVPVK  
Lad 10-4/6               ---------------------------PQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTSSKDDASGEVPVK  

Lad 10-4/2               ---------------------------PQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTPSKDDASGEVPVK  

Lad 02-3/9               ---------------------------PQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTPSKDDASGEVPVK  
Lad 10-4/8               ---------------------------PQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTPSKDDASGEVPVK  

T. parva Schoonspruit    ---------------------------PQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTPSKDDASGEVPVK  

T. parva Muguga          -------------------PQTQPQPEPQPEPQPEPQPEPQPEPVQE-------------------------------PPEQTPEHTPSKDDASGEVPVK  
T. parva Marikebuni      QPEPQPEPQPEPQPEPQPEPQPEPQPEPQPEPQPEPQPEPQPEPVQEQTPETPAPQEQPQTPDDQTPEQKPDQPVQE-PPEQTPEHTPSPDDASGKVPVK  

Ita 2_cl2-11             ----------------------------------------------VQDQPSGKETPQPTQGDQPVQDPSGQEQ---PEPEQTPEHTPSKDDPTGEEPVK  

HIP 22_8-17              ----------------------------------------------VQDQPSGQETPQPIPDGQPVQEPPEQKPE--PEPEQTPEHTPSKDDLSGEELVK  
Bloe B_4.0.2             ----------------------------------------------VQDQPSGQETPQPIPEDQPVQEPTEQK----PEPEQTPEHTPSKGDTSGEEPVQ  

Ita 6_cl6-16             ----------------------------------------------TQDQPSGQETPQPIPEDQPVQEPTEQK----PEPEQTPEHTPSKDDLSGEEPVK  
HIP 32_1-18-0-2          ----------------------------------------------TQDQPSGQETPQPIPEDQPVQEPTEQK----PEPEQTPEHTPSKDDLSGEEPVK  

Lad M119-9               ----------------------------------------------VQDQPSGQETPQPIPEDQPVQEPPEQKPE--PEPEQTPEHTPSKDDPTGEEPVK  

Lad I438-10-10           ----------------------------------------------VQDQPSGQETPQPIPEDQPVQEPPEQKPE--PEPEQTPEHTPSKDDPTGEEPVK  
Lad 17_10                ----------------------------------------------VQDQPSGQETPQPIPEDQPVQEPPEQKPE--PEPEQTPEHTPSKDDPTGEEPVK  

HIP 22_8-13              ----------------------------------------------VHE-PSGQETPQPIPDDQPVREPTE-K-E--PEPEQKPDHTPSKDDTSGEEPVQ  

T. parva 7014            ----------------------------------------------VQDQPSGKETPQPTQDDQQVQEPTEQK----PEPEQTPEHSPSKDDLSGEELVK  
KNP O11_4/1              ----------------------------------------------SQDQPSGQETPQPIPEDQPVQEPTEQK----PEPEQTPEHAPSKDDPTGEEPVK  

HIP 32_1-8               ----------------------------------------------VQDQPSGQETPQPIPDGQPVQEPPEQKPE--PEPEQTPEHTPSKDDLSGEELVK  

Ita 3_cl3-17             ----------------------------------------------VQDQPSGKETPQPIPEDQQVQEPTEQK----PEPEQTPEHSPSKDDLSGEEPVK  
HIP 32_1-1-2             ----------------------------------------------VQDQPSGQETPQPIPDGQPVQEPPEQKPE--PEPEQTPKHTPSKDDLSGEELVK  

KNP 102-05_5 14          ----------------------------------------------VQDQPSGQETPQPIPDGQPVQEPPEQKPE--PEPEQTPEHTPSKDDLSGEELVK  
Lad I438-10-19           ----------------------------------------------VQDQPSGKETPQPIPEDQQVQEPTEQK----PEPEQTPEHSPSKDDLSGEELVK  

Mab A13-1/2              ----------------------------------------------LQDQPSGQETPQPIPEDQPGKDEPTGQQDQ-PEPEQTPEHTPSKDDTSGEEPVK  

Ita 4_cl4-18             ----------------------------------------------VQDQPSGKETPQPTQGDQPVQDPSGQEQ---PEPEQTPEHTPSKDDPTGEEPVK  
Ita 3_cl3-14             ----------------------------------------------TQDQPSGQETPQPTQGDQPVQDPSGQEQ---PEPEQTPEHTPSKDDPTGEEPVK  

Ita 9_cl9-5              ----------------------------------------------SQDQPSGQETPQPIPEDQPAREPTEQK----PEPEQTPEHTPSKDDPTGEEPVK  

Ita 2_cl2-14             ----------------------------------------------VQDQPSGKETPQPTQGDQPVQDPSGQEQ---PEPEQTPEHTPSKDDPTGEEPVK  
HIP 19-2/8               ----------------------------------------------TQDQPSGQETPQPTPEDQPVQEPTEQK----PEPEQTPEHTPSKDDLSGEGPVK  

Mab BB38-114             ----------------------------------------------SQDQPSGQETPQPIPEDQPVQEPTEQK----PEPEQTPEHAPSKDDPTGEEPVK  

Bloe B_5-2               ----------------------------------------------VQDQPSGQETPQPIPEDQPVQEPTEQK----PEPEQTPEHTPSKDDTSGEEPVQ  
KNP 102-5 57             ----------------------------------------------VQDQPSGQETPQPIPDGQPVQEPPEQKPE--PEPEQTPEHTPSKDDLSGEELVK  

Mab A13-4/2              -----------------------------------------PVQEPSQDQPSGQETPQPIPDGQPVQEPPEQK----PEPEQTPEHTPSKDDPSGEEPFK  

KNP V5-16                -----------------------------------------PVQEPSQDQPSGQETPQPIPDGQPVQEPPEQK----PEPEQTPEHTPSKDDPTGEEPVK  
HIP 32-1-20              -----------------------------------------PVQEPSQDQPSGQETPQPIPDGQPVQEPPEQK----PEPEQTPEHTPSKDDPSGEEPFK  

HIP 19-2/1               -----------------------------------------PVQEPSQDQPSGQETPQPIPDGQPVQEPPEQK----PEPEQTPEHTPSKDDPSGEEPFK  
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Lad 10-11                PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  

Lad 02-7                 PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  

Lad 10-4/6               PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPGK  
Lad 10-4/2               PSDGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  

Lad 02-3/9               PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  
Lad 10-4/8               PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  

T. parva Schoonspruit    PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  

T. parva Muguga          PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  
T. parva Marikebuni      PSEGHMTGAAADGSGQPPDKKTDDDSKGKDGSKSGSGTPSK  

Ita 2_cl2-11             PSEGHMTGAAADGSGQPPDKKPGDDSKGKDGSKSDSGTPSK  

HIP 22_8-17              PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPSK  
Bloe B_4.0.2             PSEGHMTGAAADGSGQPPDKKPDDDSKGKDDSKSGSGTPSK  

Ita 6_cl6-16             PSEGLMTGAAADGSGQPPDKKPGDDSKGKDGSKSDSGTPSK  

HIP 32_1-18-0-2          PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGSPIK  
Lad M119-9               PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGSPIK  

Lad I438-10-10           PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGSPIK  
Lad 17_10                PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGSPIK  

HIP 22_8-13              PSEGHMTGAAPDGSGQPPEKKPGDDSKGKDGSKSDSGTPSK  

T. parva 7014            PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPIK  
KNP O11_4/1              PSEGHMTGAAADGSGQPPDKKPGDESKGKDGSKSDSGTPSK  

HIP 32_1-8               PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPSK  

Ita 3_cl3-17             PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPSK  
HIP 32_1-1-2             PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPSK  

KNP 102-05_5 14          PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPSK  

Lad I438-10-19           PSEGHMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPIK  
Mab A13-1/2              PSEGLMTGAAADGSGQPPNKKPDDDSKGKDDSKSGSGTPSK  

Ita 4_cl4-18             PSEGLMTGAAADGSGQPPDKKPDDDSKGKDDSKSGSGTPSK  

Ita 3_cl3-14             PSEGLMTGAAADGSGQPPDKKPDDDSKGKDDSKSGSGTPSK  
Ita 9_cl9-5              PSEGLMTGAAADGSGQPPDKKPDDDSKGKDGSKSDSGTPIK  

Ita 2_cl2-14             PSEGLMTGAAADGSGQPPDKKPGDDSKGKDGSKSDSGTPSK  
HIP 19-2/8               PSEGLMTGAAADGSGQPPDKKPGDDSKGKDGSKSDSGTPSK  

Mab BB38-114             PSEGHMTGAAADGSGQPPDKKPDDDSKGKDDSKSGSGTPSK  

Bloe B_5-2               PSEGHMTGAAADGSGQPPDKKPDDDSKGKDDSKPGSGTPSK  
KNP 102-5 57             PSEGHMTGAAADGSGQPPDKKPDDESKGKDGSKSDSGTPSK  

Mab A13-4/2              PSEGLMTGAAADGSGQPPDKKPDDDSKGKDDSKSGSGTPSK  

KNP V5-16                PSEGHMTGAAADGPGQPPDKKPGDESKGKDGSKSDSDTPSK  
HIP 32-1-20              PSEGLMTGAAADGSGQPPDKKPDDDSKGKDDSKSGSGTPSK  

HIP 19-2/1               PSEGLMTGAAADGSGQPPDKKPDDDSKGKDDSKSGSGTPSK  
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Itha2_cl2-11     DSTGSSDVTQVDSESNDTSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPHTPQPIQEPSGPVQPDQ  
HIP22_8-9        DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------IDQPDQHQQPTQGDTSGQQGPHTPQPIQEPSGPVQPDQ  

HIP19_2/4        DSTGSSDVAQADSESNDSSSSSETSQQGQPQPDQP---------------------------IDQPDQHQQ-----------------------------  
BloeB_4.0.2      DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPDTPQPIQEPSGPVQPDQ  

BloeB_12-2       DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPDTPQPIQEPSGPVQPDQ  
HIP32_24-0-1     DSSGSSDVTQVDSESNDTSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPHTPQPIQEPSGPVQPDQ  
Itha2_cl2-24     DSTGSSDVTQVDSEPNDTSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPHAPQPIQEPSGPVQPDQ  

Itha6_cl6-22     DSTGSSDVTQVDSESNDTSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPHTPQPIQEPSGPVQPDQ  
Lad M119_9       DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPDTPQPIQEPSGPVQPDQ  

Lad I438_10-15   DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------QDQPDQHQQPTQGDTSGQQGPDTPQPIQEPSGPVQPDQ  

Lad 17_10        DSTGSSDVTQADSESNDSSSSSETSQQGQPQPDQP---------------------------QDQPDQRQQPTQGDTSGQQGPDTPQPIQEPSGPVQPDR  
HIP 22_8-13      DSTGSSDVTQADSESNDSSSSSETSQQGQPQRDQP---------------------------QDQPDQHQQPTQGDTSGQQGPHTPQPIQEPSGPVQPDQ  

KNP W8_17        DSTGSSDLTQVDTESNDGSSSSETSQQPP---DQPVDQQQP-VQQ------PSQDQPSGPDSQDQPVDHQQPTQADSSGQQGQQQQPLDQPTGQPGP---  

KNP W8_8-2       DSTGSSDVTQVDTESNDTSSSSETSQQGKPQPDQP----DQHQEPTQADQS-------GQGPVEPVDQQQQPVQE---------------------PTQD  
KNP W8_7         DSTGSSDLTHVDTESNDTSSSSETSQQGKPQPDQP----DQHQEPTQADQS-------GQGPVEPVDQQQQPVQE---------------------PTQD  
KNP W8_1         DSTGSSDVTHVDTESNDTSSSSETSQQ-------------------------------GKPQPDQPDQHQEPTQADQSG----------------QGP--  

Mab BB43_1210    DSTGSSDVTQVDTESNDNSTSSETSQQPP---VEPVDQQQ------------------------------QPDQSDTSGQQGPYTPDQSGQHPP---VQP  
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Itha2_cl2-11     PEQPPVEPVDQQQQPVQDQPSGKETPQPTQGDQPVQDPSGQEQ--PEPEQTPEHTPSKDDPTGEEPVKPSEGHMTGAAADGSGQPPDKKPGDDSKGKDGS  
HIP22_8-9        EPEQPPVQPVDQQQPVQDQPSGQETPQPIPEDQPVQEPPEQKPE-PEPEQTPEHTPSKDDPTGEEPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  

HIP19_2/4        -------------QPVQDQPSGQETPQPIPDGQPVQEPPEQKPE-PEPEQTPEHTPSKDDLSGEELVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  

BloeB_4.0.2      EPEQPQDQPVDQQQPVQDQPSGQETPQPIPEDQPVQEPTEQK---PEPEQTPEHTPSKGDTSGEEPVQPSEGHMTGAAADGSGQPPDKKPDDDSKGKDDS  
BloeB_12-2       EPEQPQDQPVDQQQPVQDQPSGQETPQPIPEDQPVQEPTEQK---PEPEQTPEHTPSKDDTSGEEPVQPSEGHMTGAAADGSGQPPDKKPDDDSKGKDDS  

HIP32_24-0-1     EPEQPQDQPVDQQQPTQDQPSGQETPQPIPEDQPVQEPTEQK---PEPEQTPEHTPSKDDLSGEEPVKPPEGLMTGAAADGSGQPPDKKPGDDSKGKDGS  

Itha2_cl2-24     PEQTPVEPVDQQQQPVQDQPSGKETPQPTQGDQPVQDPSGQEQ--PEPEQTPEHTPSKDDPTGEEPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  
Itha6_cl6-22     EPEQPQDQPVDQQQPTQDQPSGQETPQPIPEDQPVQEPTEQK---PEPEQTPEHTPSKDDLSGEEPVKPSEGLMTGAAADGSGQPPDKKPGDDSKGKDGS  

Lad M119_9       EPEQPPVQPVDQQQPVQDQPSGQETPQPIPEDQPVQEPPEQKPE-PEPEQTPEHTPSKDDPTGEEPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  

Lad I438_10-15   EPDQPPVQPVDQQQPVQDQPSGQETPQPIPEDQPVQEPPEQKPE-PEPEQTPEHTPSKDDPTGEEPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  
Lad 17_10        EPEQPPVQPVDQQQPVQDQPSGQETPQPIPEDQPVQEPPEQKPE-PEPEQTPEHTPSKDDPTGEEPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  

HIP 22_8-13      QTPEPPVEPVDQQQPVHE-PSGQETPQPIPDDQPVREPTE-K-E-PEPEQKPDHTPSKDDTSGEEPVQPSEGHMTGAAPDGSGQPPEKKPGDDSKGKDGS  
KNP W8_17        EPEQPQDQPVDQQQPVQDQPSGQETPQPIPDDQPVQEPPEQKPE-PEPEQTPEHTPSKDDASGEVPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  

KNP W8_8-2       --DQPQDQPVDQQQPTQDQPSGQETPQPIPDDQPVQEPPEQKPE-PEPEQTPEHTPSKDDASGEVPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  
KNP W8_7         --DQPQDQPVDQQQPTQDQPSGQETPQPIPDDQPVQEPPEQKPE-PEPEQTPEHTPSKDDASGEVPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  
KNP W8_1         EPDQPQDQPVDQQQPTQDQPSGQETPQPIPDDQPVQEPPEQKPE-PEPEQTPEHTPSKDDASGEVPVKPSEGHMTGAAADGSGQPPDKKPDDDSKGKDGS  

Mab BB43_1210    QPEQPPVQPVDQQQPVQDQPSGQETPQPIPEDQPAKDEPTGQQDQPEPEQTPEHTPSKDDASGEVPVKPSEGLMTGAAADGSGQPPDQPSDDDSKGKDGS  
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Itha2_cl2-11     KSDSGTPSKDKKDSK  
HIP22_8-9        KSDSGSPIKDKKDSK  

HIP19_2/4        KSDSGTPSKDKKHSK  
BloeB_4.0.2      KSGSGTPSKDKKDSK  

BloeB_12-2       KSGSGTPSKDKKDSK  

HIP32_24-0-1     KSDSGTPSKDKKHSK  
Itha2_cl2-24     KSDSGTPIKDKKHYK  
Itha6_cl6-22     KSDSGTPSKDKKDSK  
Lad M119_9       KSDSGSPIKDKKHSK  
Lad I438_10-15   KSDSGTPIKDKKDSK  

Lad 17_10        KSDSGSPIKDKKHSK  

HIP 22_8-13      KSDSGTPSKDKKHSK  
KNP W8_17        KSDSGSPIKDKKHSK  

KNP W8_8-2       KSDSGSPIKDKNIPN  
KNP W8_7         KSDSGSPIKDKKHSK  
KNP W8_1         KSDSGSPIKDKKHSK  

Mab BB43_1210    KSDSGSPIKDRKHPK  
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