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69 Abstract

72 Background

74 Taenia solium is a parasite that hampers human health, causing taeniasis and cysticercosis. The
75 genetic variability in its mitochondrial genome is related to the geographical origin of the specimen. Two
76  main genotypes have been identified: The Asian and the African-American. The geographic genetic
77  variability is expected to cause different clinical manifestations. Thus, characterizing differences
78 between and within genotypes is crucial for completing the epidemiology of T. solium diseases.

80 Methods/Principal Findings

82 Here, two Peruvian (one complete and one partial; 7,811X and 42X of coverage, respectively) and one
83 Mexican (complete, 3,395X) T. solium mitochondrial genomes were assembled using the Chinese
84 reference. Variant calling with respect to the reference was performed. Thirteen SNPs that involved a
85 change in the amino acid physicochemical nature were identified. Those were present in all the
86  assembled genomes and might be linked to differences in aerobic respiration efficiency between Latin
87  American (African-American) and Asian genotypes. Then, phylogeographic studies were conducted
88 using Cytochrome C oxidase subunit | and cytochrome B from these genomes and other isolates. The
89 analysis showed that Indonesian samples are the most ancient and related to the modern T. solium
90 ancestor of the Asian genotype. Finally, a consistent subdivision of the African-American genotype into
91 two subgroups was found. One subgroup relates to East African countries, while the other is West
92  Africa. The East African linage suggests a previously unnoticed influence of the Indian Ocean trade in
93  the genetic structure of Latin America T. solium.

95 Conclusions/Significance

97 Overall, this study reports novel mitochondrial genomes valuable for further studies. New Latin

98  American SNPs were identified and suggest metabolic differences between parasites of the Asian and

99  African-American genotypes. Moreover, the phylogeographic analysis revealed differences within each
100 genotype that shed light on T. solium’s historical spread. Overall, the results represent an important
101  stepin completing T. solium genetic epidemiology.

104  Author Summary

106 Taenia solium is a human parasite that causes taeniasis and cysticercosis. Eradicated from developed
107 countries, they are still a public health problem in developing nations. T. solium differences in the
108 mitochondrial genetic material depend on its geographical origin. This is expected to cause different
109 clinical manifestations. Despite the importance of genetics to the epidemiology of T. solium diseases,
110 few efforts have been made to assemble and compare their genomes. We aimed to help fill this
111 knowledge gap by assembling three mitochondrial genomes from Latin America and comparing them
112 to the Chinese reference. Additionally, two genes from the Latin American genomes and from other
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113  isolates were employed to assess T. solium genetic distribution. We found thirteen mutations with
114 respect to the Chinese genome present in all Latin American samples, which involved a change in the
115 amino acid physicochemical nature. Those might be causing metabolic differences between Asian and
116 Latin American parasites that could change their affinity to specific human tissues. Moreover, we
117 determined that Indonesian samples are the most ancient and related to the modern T. solium ancestor.
118 Finally, we identified a previously unnoticed influence of East African countries in T. solium phylogeny,
119 with which our assembled genomes are closely related.

120

121 KEYWORDS: Phylogenetics, Phylogeography, Haplotypes, Taeniasis, Cysticercosis,
122 Genetics, Genomics, Genetic Epidemiology, Mitochondrial genome.

123

124 INTRODUCTION

125

126  Taenia solium is a parasite responsible for two critical diseases in humans: taeniasis
127  and cysticercosis. The former refers to infection with the adult stage of the parasite.
128 The latter is the infection with its larvae and represents a major risk to human health.
129 Cysticercosis could progress to the central nervous system causing
130 neurocysticercosis, the leading cause of acquired adult epilepsy in developing
131  countries [1]. Humans are the only known definitive host, harboring the adult tapeworm
132 and releasing infectious eggs to the environment [2—4].

133

134 T. solium has spread globally, being endemic and highly prevalent in Asia, Africa, and
135 Latin America [5]. Interestingly, it has been shown that T. solium intraspecies variability
136 in the mitochondrial genome is strongly related to the geographical origin of the
137  specimens [6-9]. Two main genotypes have been identified, the Asian and the African-
138 American [6]. This geographic genetic variability is expected to result in clinical
139  heterogeneity in T. solium diseases between regions [10]. Therefore, an exhaustive
140 study of it is crucial for completing the epidemiology of taeniasis and cysticercosis
141 [6,11]. Despite this, there is a lack of characterization of differences between whole T.
142  solium mitochondrial genomes from different genotypes due to the few assembled
143  genomes available.

144

145  Mitochondrial genes, specially Cytochrome C oxidase subunit 1 (COX1) and
146  cytochrome B (CYTB), have proved to be useful markers to assess intraspecies
147 variability and phylogeography of T. solium [6-9,12-14]. Both genes have low
148 variability [6]; however, CYTB is suggested to be slightly more variable than COX1 in
149 T. solium [6,15]. The extremely low variability of COX1 limits its use in intraspecies
150 studies of this parasite, being CYTB more suitable for this purpose [15].
151 Comprehensive analysis of multiple T. solium mitochondrial genomes from different
152  origins will confirm if CYTB is the absolute best sequence for this kind of analysis.
153

154  The geographic distribution of T. solium's genotypes was shaped by human migrations
155 and trade [6,7,9,12—14,16]. For example, the similarity and gene flow between Latin
156  American, African, and Philippine T. solium populations resulted from the European
157 maritime trade routes of the XV and XIX centuries. Furthermore, the sympatric
158 coexistence of the Asian and African-American genotypes in Madagascar is explained
159 by two independent human groups that migrated to this island and introduced both
160 lineages [9,12]. In that sense, geographic genetic differences (or similarities) between
161 T. solium populations depend on the connection degree of those places' human
162  groups. These differences can be used to assess the impact of human migration and
163 trade on the spread of this parasite [9,12,14], which is essential to prevent its
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164 dissemination. However, there is also a lack of research on differentiation within each
165 genotype, although previous work has suggested, for instance, that two sublineages
166 could exist within the African-American genotype [8]. Including newly assembled
167 sequences and the ones reported worldwide in phylogeographic studies could help fill
168 this knowledge gap.

169

170 Hence, the present study assembled and annotated the T. solium mitochondrial
171 genomes of two Peruvian and one Mexican isolate. Those and the Chinese reference
172 mitochondrial genome were compared to provide a detailed characterization of the
173  differences between Asian and African-American genotypes' genomes. Finally, the
174 COX1 and CYTB sequences from these isolates and from others reported worldwide
175 were included in a phylogeographic reconstruction to analyze differentiation within the
176  Asian and African-American genotypes. COX1 and CYTB were used as they are the
177  genes with the most T. solium sequences available from diverse geographical origins.
178

179 MATERIALS AND METHODS

180

181  Assembly and annotation of the mitochondrial genomes

182

183  There are currently three Latin American T. solium mitochondrial reads available in
184 the NCBI Sequence Read Archive. Two from Peru [17], and one from Mexico (NCBI
185 BioProject: PRJNA170813). Additionally, an assembled reference mitochondrial
186 genome from a Chinese isolate has been published [18].

187

188  Whole-genome sequencing reads of the three Latin American samples were collected
189  (Accession codes: SRR644531, SRR650708, and SRR524725). Each sample was
190 independently mapped, using as reference the T. solium reference mitochondrial
191 genome of the Chinese isolate (GenBank ID: NC_004022). The mapped reads were
192  subjected to quality control in FastQC v.0.11.9
193  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed using a
194 quality threshold of 0.001 in CLC Genomics Workbench v. 21.05.5
195  (https://digitalinsights.giagen.com/). These cleaned reads were re-mapped against the
196 reference for each sample. The average coverage of this re-mapping was computed
197 using the pileup script of BBtools v. 38.91 (http://sourceforge.net/projects/bbmap/).
198 The consensus sequences were extracted, inserting the ambiguity symbol "N" to
199 handle conflicts in low coverage regions and inserting the most frequent base (voting)
200 when conflicts occurred in high coverage sections.

201

202 In addition, the cleaned reads were de-novo assembled to detect genetic
203 rearrangements. We also used CLC Genomics Workbench to perform quality control
204 on each contig (identifying chimeric sequences, misassemblies, and artifacts),
205 measure the depth coverage and %GC content per contig, and calculate the N50 of
206 the assembly.

207

208 The consensus sequences of each sample were manually curated to correct
209 misassemblies, which resulted in the final assembled genomes being used in further
210 steps. The annotation of the final assembled genomes was performed using CLC Main
211 Workbench v.21.05.5 using the annotation of the Chinese mitochondrial genome as a
212 reference.

213
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214  Variability and selective pressure

215

216  Variant calling of the assembled Peruvian and Mexican mitochondrial genomes was
217  performed by whole-genome multiple alignment in the software Mauve v. 2.4.0 [19],
218 using the Chinese T. solium mitochondrial genome as reference and default
219 parameters. Single Nucleotide Polymorphisms (SNPs) were manually curated to rule
220 out possible sequencing, alignment, or variant calling errors; and classified into three
221  categories: synonym, non-synonym, and mutations in non-coding regions. This was
222 performed using the software DNAsp v. 6.12.03 [20]. SNPs were graphically
223 represented on a scaled circular map using Circos v. 0.69 [21].

224

225 The variability of the 12 protein-coding genes was evaluated as the level of sequence
226 difference (D) [22] for each pairwise combination of the genomes from China, Puno,
227 Huancayo, and Mexico. Each of these genes was re-aligned using the web
228 implementation of the EMBOSS Needle algorithm [23]. D was computed as D = 1 -
229  (M/L), where M is the number of invariant sites and L is the difference between the
230 alignment length and ambiguous bases.

231

232  The Ka/Ks ratio of each protein-coding gene against the Chinese reference sequence
233  was computed to evaluate the level of selection pressure and evolutionary adaptation
234  of the T. solium mitochondrial genomes. For this purpose, the multiple genome
235 alignment was split into 12 protein-coding gene alignments and submitted to the
236 DNSsp software to calculate the ratio.

237

238 Phylogenetic analysis

239

240 COX1 and CYTB mitochondrial genes from the genomes assembled and from
241  different complete gene sequences reported worldwide were employed to perform a
242  phylogenetic reconstruction. This comprises a total of 45 T. solium COX1 and 31
243  CYTB sequences available in GenBank, including, as the outgroup, sequences from
244 T. saginata (COX1: AB066495.1 and NC_009938.1; CYTB: AB066581.1 and
245 NC_00938. 1), T. asiatica (COX1: AB066494.1 and NC_004826.2; CYTB:
246 AB066580.1 and NC_004826.2) and Echinococcus multilocularis (COX1 and CYTB:
247  NP_000928.2).

248

249  Multiple global alignments were performed independently for COX1 and CYTB in the
250 software MAFFT v. 7 [24,25], using the progressive G-INS-1 method. The informative
251 coding regions of the alignments were extracted using the Gblocks server v. 0.91
252  [26,27] with default options.

253

254  Phylogenetic analysis was conducted for COX1 and CYTB, separately, using the
255  Maximum Likelihood (ML) and Bayesian Inference (BIl) algorithms. For ML, RaxML v.
256 8.2.12 [28] was used with the GTRCAT model, and 1000 bootstrap replicates to
257 estimate the robustness of the branches. Bl was conducted in BEAST2 v. 2.6.1
258 implemented on the CRIPRES online server platform [29].

259

260 The evolutionary model was estimated with jModelTest2 v. 2.1.6 for COX1 (GTR+G
261  with four gamma categories) and CYTB (GTR+l, | = 0.5720) [30], using the Akaike
262  criterion correction. A basic coalescent model for demographic history and a relaxed
263  molecular clock model (uncorrelated lognormal) during the Markov Chain Monte Carlo
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264 (MCMC) process were employed. The substitution rates were set to 0.0225 and
265 0.0195 substitutions per site per million years for COX1 and CYTB, respectively,
266  according to the genetic distance computed for T. saginata and T. asiatica, which
267 diverged 1.245 [0.78, 1.71] million years ago (Myra) [9,16]. The analysis was run for
268 50 million generations, sampling every 5000 states and using a burn-in of 10% to
269 obtain an effective sample size (ESS) greater than 200. Lastly, a Maximum Clade
270  Credibility tree (MCC) in TreeAnotator v. 2.6.0 [31] was generated.

271

272  Haplotype network

273

274  Haplotypes were identified in DnaSP using as input the multiple alignments of COX1
275 and CYTB previously generated and considering the total number of mutations as
276  nucleotide substitutions. To prevent adding ambiguity to the network, ambiguous
277 nucleotides were not considered gaps. The haplotype networks were calculated by
278  Median Joining using the software Networks v.10 (fluxus-engineering.com) [32]. The
279 genetic differentiation (¢st) between the African-American subclades 1 and 2 was
280 calculated using a haplotype distance matrix in Arlequin v. 3.5.2.2 [33].

281

282 RESULTS

283

284 Genome assembly and annotation

285

286  Reads from the Peruvian and Mexican isolates mapped against the Chinese reference
287 were extracted, trimmed, filtered by quality, and re-mapped, resulting in 1,317,941
288 reads from isolates from Puno (7,811X coverage), 5,561 from Huancayo (42X), and
289 674,666 from Mexico (3,395X). Genomes from Puno and Mexico were complete, while
290 the one from Huancayo was partial. The three consensus genome sequences were of
291  similar length (13700-13709 nucleotides). Complete mapping statistics are present in
292  Supplementary Table 1).

293

294  Additionally, the trimmed and filtered reads were de-novo assembled. The same
295 mitochondrial gene arrangement as the Chinese reference assembly was confirmed
296 (Figure 1, Supplementary Table 2). Interestingly, the size of the protein-coding genes
297 in Latin American samples was identical to the Chinese reference (Supplementary
298 Table 2). An exception occurred for CYTB in the isolate from Huancayo, which has a
299 missing codon corresponding to positions 872-874 of the Chinese reference.

300

301 Variability and selective pressure analysis

302

303 Variant calling, computation of the level of sequence difference (D), and selective
304 pressure analysis were employed to provide a detailed comparison of the assembled
305 genomes and the Chinese reference. SNP distribution detected in Latin American
306 mitochondrial genomes was almost identical (Figure 1). Of the 34 non-synonymous
307 SNPs, 31 were present in the three Latin American samples (Supplementary Table 3).
308 They were distributed in all protein-coding genes except for NADH-ubiquinone
309 oxidoreductase chain 1 (ND1) and NADH-ubiquinone oxidoreductase chain (ND3).
310 Notably, 13 of the 31 SNPs changed the amino acid physicochemical nature. Those
311 were located within COX1, cytochrome C oxidase subunit 2 (COX2), NADH-
312  ubiquinone oxidoreductase chain 4 (ND4), and NADH-ubiquinone oxidoreductase
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313 chain 5 (ND5) (Figure 1, Supplementary Table 3). These change-in-nature SNPs
314 represented 83.33% of the total mutations detected within ND5.

315

316  The similarity in the SNPs distribution along Latin American samples is also supported
317 by the small contribution of Huancayo, Puno, and Mexico pairwise comparisons in the
318 accumulative D (Figure 2). This was less than 0.01 for COX1, COX2, CYTB, NADH-
319 ubiquinone oxidoreductase chain 2 (ND2), and ND5; and O for the other protein-coding
320 genes (Figure 2). Five genes showed relatively high D values: ATP synthase subunit
321 6 (ATP6), COX2, CYTB, ND4, and NADH-ubiquinone oxidoreductase chain 6 (ND6).
322 CYTB was the only one with nonzero values for all the pairwise comparisons.

323

324  All the protein-coding genes presented a Ka/Ks ratio of less than 1, indicating a
325 purifying selection. In particular, NADH-ubiquinone oxidoreductase chain 1 (ND1) and
326 NADH-ubiquinone oxidoreductase chain (ND3) seem to be subject to absolute
327 purification (Ka/Ks = 0) in all the samples evaluated. The three Latin American
328 samples had the same Ka/Ks values for ATP6, cytochrome C oxidase subunit 3
329 (COX3), ND4, NADH-ubiquinone oxidoreductase chain 4L (ND4L), and NDG6. In
330 contrast, COX2 and ND2 had higher Ka/Ks in the samples from Puno and Huancayo,
331 respectively, while ND5 had a higher Ka/Ks in the Mexican sample (Figure 3).

332

333 Phylogenetic analysis

334

335 To identify further differentiation within the Asian and African-American genotypes, a
336 phylogenetic reconstruction using COX1 and CYTB was performed, including the
337 isolates of this study and others reported worldwide. The phylogenetic analysis
338 distinguished two major clades for both markers: Asian and African-American. While
339  both genes supported the Asian clade (COX1: PP=0.95; CYTB: BS=96%, PP=1.0),
340 the African-American clade was only supported by the COX1 marker (BS=98%,
341 PP=0.99). See Figure 4.

342

343 For COX1, the Asian group was further subdivided into four subclades with high
344  support (Figure 4a). The first comprised countries from the East (China and Japan),
345 South (India and Nepal), and Southeast Asia (Thailand), along with the island of
346 Madagascar (Asian subclade 1; PP: 0.96). The second included identical sequences
347 from Nepal and China (Asian subclade 2; BS: 78). The third comprised sequences
348 exclusively from China (Asian subclade 3; PP: 1.0). A fourth group contained two
349 sequences from Indonesia (Asian subclade 4; BS: 78, PP: 1.0). In the CYTB-based
350 tree (Figure 4b), groups similar to the Asian subclades 2 (BS: 94, PP: 1.0) and 4 (BS:
351 99, PP: 1.0) were also present with high support. In addition, a group formed by just
352 Indian samples was present in the CYTB phylogeny (BS: 89), which might be
353 analogous to Asian subclade 1, as Indian sequences are only present in this subclade.
354

355 In the African-American genotype, two subclades appeared within the COX1
356 phylogeny. The first (African-American subclade 1; BS: 71) consisted of samples from
357 Tanzania and Mexico (Yucatan, Mexico State 1 and 2). The second (African-American
358 subclade 2; BS: 84 and PP: 1.0) comprised samples from Mexico (Mexico State 3 and
359 the Mexican sequence assembled in this study), Cameroon (West and North), Peru
360 (Puno and Huancayo), and Brazil. CYTB presented a similar topology for the African-
361 American genotype to that obtained with COX1. The group between all the countries
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362  of the African-American subclade 1 is supported but not including Tanzania (BS = 96,
363 PP =0.99).

364

365 Divergence time

366

367 Divergence times and their 95% highest posterior density intervals were calculated to
368 situate the differentiation events within the time scale. Divergence of Asian and
369  African-American genotypes occurred 0.458 [0.0405, 1.0625] Myra for COX1 or 0.634
370 [0.0667, 1.4574] Myra for CYTB.

371

372 Asian subclade 4 (Indonesia) diverged from the rest of Asia around 0.2450 [0.025,
373  0.5683] Myra for COX1 (Figure 4a) or 0.2496 [0.0284, 0.5804] Myra for CYTB (Figure
374  4b). Asian subclade 1 differentiated from Asian subclade 2 and 3 0.1565 [0.0161,
375 0.3526] Myra or 0.1613 [0.0200, 0.3826] Myra, for COX1 and CYTB, respectively.
376

377 The earliest divergence within Asian subclade 1 occurred at 0.0991 [0.0087, 0.2259]
378 Myra according to COX1 or 0.0909 [0.0051, 0.229] Myra according to CYTB. For
379 COX1, this divergence formed the common ancestor of a Chinese and Thailandese
380 sample. Within Asian subclade 2, differentiation of Chinese samples from Nepalese
381 (COX1) or Nepalese and Vietnamese (CYTB) occurred 0.0759 [0.0058, 0.1796] Myra
382 for COX1 or 0.0664 [0.0035, 0.1738] Myra for CYTB. Asian subclade 3 was only
383 presentin the COX1 phylogeny. Within it, one Chinese sample diverged 0.0786 Myra.
384

385 According to COX1, the African-American subclade 1 diverged from subclade 2 about
386 0.1425 [0.0105, 0.3504] Myra. The clade that included both African-American
387 subclades was not supported in the CYTB phylogeny, so their divergence time is not
388 specified. A list of the divergence times with their 95% highest posterior density
389 intervals are present in Supplementary Table 4.

390

391 Haplotype network

392

393 To confirm if the samples of the subclades identified formed differentiated
394  subpopulations, haplotype networks using COX1 and CYTB were constructed. From
395 the COX1 multiple alignment, 43 positions of high variability were identified, supporting
396 25 haplotypes. These were diagrammed according to their genetic distances in a
397 haplotype network (Figure 5). Sequences comprising each haplotype are listed in
398 Supplementary Table 5. In contrast, the alignment of 31 CYTB sequences collapsed
399 just into 11 haplotypes, which were generated from 23 polymorphic sites. The
400 haplotype diversity (Hd) was 0.93 for COX1 and 0.88 for CYTB, respectively.

401

402 Both haplotype networks suggested that Asian subclades 1, 2, and 3 were closely
403 related. They formed a unique subpopulation with a dispersion center with a high
404 Indian component. In the COX1 network (Figure 5a), haplotype 6 (H6) was the
405 dispersion center. It was composed of sequences from Japan, India, Nepal, and
406 Madagascar, all separated by the ocean (except Nepal and India). Around it, unique
407  haplotypes were found distributed in India (H11, H16, H8) and Madagascar (H5, H7,
408 H9, H10). One branch connected to an unknown haplotype, which diverged into a
409 haplotype from Thailand (H1) and China (H17). The unknown haplotype was also
410 connected to Chinese haplotype H2, from which other Chinese and Nepali haplotypes
411 diverged. For CYTB (Figure 5b), the dispersion center (H6) was exclusively composed
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412  of Indian samples. H6 was connected to Chinese, Nepali, and Viethnamese samples
413  from Asian subclade 3 through an unknown haplotype. Notably, the samples of Asian
414  subclade 3 showed a strong interconnection between them.

415

416 Indonesian samples remained somewhat isolated from the rest of Asian countries in
417  both networks, forming another subpopulation. For COX1, the isolate from Papua
418 (former Irian Jaya, H18) seemed to be more basal than the one of Bali (H19). For the
419 CYTB network, all Indonesian samples were clustered together (H11).

420

421 The COX1 network distinguished two separated groups related to the African-
422  American subclades 1 and 2, which differentiated in 3 punctual mutations. The CYTB
423 network also distinguished between African-American subclades. However, it
424  separated a haplotype conformed by a unique Tanzanian sample from the rest of the
425 countries of African-Subclade 1. To determine if the countries that formed African-
426  American subclade 1 were genetically different from those of the African-American
427 subclade 2, a computation of the ¢st value between these two groups was made.
428 Values were 0.83 for COX1 and 0.62 (p < 0.05) for CYTB.

429

430 DISCUSSION

431

432 The mitochondrial genomes from Puno and Mexico had 7,811X and 3,395X of
433  coverage, respectively. They had no ambiguous nucleotides and were the same size
434  as the reference. The sample from Huancayo had a lower coverage (42X). Although
435 this resulted in a partial genome, it was still adequate for the rest of the analysis. As
436  expected, the genome size and the %GC are similar between these three isolates,
437  supporting the assembly method. No gene rearrangements were detected (Figure 1,
438 Supplementary Table 2), and the size of each protein-coding gene is the same, except
439 for the gene CYTB in Huancayo, which has one codon less (Supplementary Table 2).
440 Nakao et al. [18] previously reported the presence of an abbreviated stop codon U (or
441 T in DNA) at the ND1 gene. Noteworthy, all the mitochondrial genomes assembled in
442  the present study present this stop coding, confirming this observation.

443

444  Variant calling showed that differences with respect to the Chinese reference are
445  almost identical in all the Latin American genomes and concentrated in protein-coding
446  genes, as revealed by the SNPs distribution (Figure 1). For instance, of the 34 non-
447  synonymous SNPs, 31 are present in all the assembled genomes (Supplementary
448  Tables 3).

449

450  Surprisingly, almost half of the Latin American SNPs involve a change in the amino
451  acid physicochemical nature (Figure 1, Supplementary Table 3). Those are located in
452  four mitochondrial protein-coding genes and especially in ND5. It is well-established
453 that change-in-nature mutations affect the structure and function of proteins [33].
454  Hence, the change-in-nature SNPs in the Latin American samples could have altered
455  the folding of their mitochondrial proteins compared to the proteins of Asian T. solium.
456  This may be linked to a reduced aerobic respiration efficiency that may affect their
457  fitness in oxygen-rich environments. The situation above-described could lead to a
458 negative tropism towards the oxygen-rich subcutaneous tissue, which has an O,
459  partial pressure of 40-80 mmHg [34] higher than the ~23 mmHg [35] and <11 mmHg
460 [36,37] of the brain and intestinal lumen, respectively. Accordingly, it has been
461 suggested that subcutaneous cysticercosis is uncommon in Latin America but not in
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462  Asia [38—40]. The evidence reported here calls for studies to confirm this clinical
463  difference between regions and relate it to the change-in-nature SNPs found.

464

465 The present results suggest that the CYTB sequence is the most variable of the whole
466  mitochondrial genome. It has the highest density of SNPs, the highest accumulative
467 D, and different D values for all pairwise comparisons (Figure 2). Besides, it has a
468 medium length of 1068 bp (Supplementary Table 2). Taking these features together
469 show that CYTB is a more suitable molecular marker for intraspecific variability
470 analysis that will differentiate isolates of the same or different genotypes. In
471 agreement, it has been stated that, within taeniidae, CYTB is a better marker for
472  reconstructing phylogenies among closely related groups (such as intraspecific
473  variations) because of its higher evolutionary rate [15]. Indeed, other studies have
474  reported results that support that CYTB has higher variability than, for example, COX1.
475  Forinstance, 28 SNPs (1.7% variability rate) in the COX1 gene were found in contrast
476  tothe 31 SNPs (2.9% variability rate) presentin CYTB [6]. Despite this, more complete
477  sequences for COX1 are available compared to CYTB. Additionally, COX1 sequences
478 have a greater variety of geographical origins. Extra CYTB sequences would allow
479  better and more informative phylogeographic reconstructions of T. solium lineages.
480

481 ATP6, COX2, and ND6 also have a relatively high D value; however, the three of them
482  have a short length. D values could overestimate the variability for small genes as the
483  percentage of identity is inversely correlated to the alignment length. Thus, high D
484  values for small sequences as these three should be taken cautiously and do not
485  necessarily imply high variability.

486

487 The region corresponding to the small and large ribosomal RNA (rRNA) and the
488  cysteine transfer RNA (tRNA-Cys) showed the lowest quantity of SNPs. This and the
489 fact that these SNPs are present in all the Latin American genomes suggest the low
490 variability of the region. Moreover, this region contains an internal sequence that
491 remains identical among the Chinese and Latin American genomes. The internal
492  sequence could be the target of conserved primers to specifically amplify the T. solium
493 mitochondrial DNA, as some portions differ from T. saginata and T. asiatica
494  (Supplementary Figure 1).

495

496 ND1 and ND3 are subjected to absolute purification (Figure 3), which is corroborated
497 by the fact that only synonymous SNPs were detected. In that sense, mutations in
498 these genes seem deleterious and therefore negatively selected. ND1 is a crucial
499  subunit of the mitochondrial respiratory complex | because it allocates the entrance of
500 the quinone reaction chamber and the first half part of the first proton translocation
501 channel, which receives input from the cytoplasm [41,42]. Moreover, ND3 provides the
502 flexibility needed for a concerted rearrangement that generates the driving force for
503 proton pumping [43]. Hence, mutations in these genes could affect the quinone
504 reductase activity and collapse the proton translocation system on the inner
505 mitochondrial membrane. The importance of both subunits is in agreement with the
506 fact that these genes are "cold spots" for amino acid mutations.

507

508 The phylogenetic analysis of both genes showed two main lineages: the Asian and the
509 African-American (Figure 4), which has been reported by other studies [6,8,13].
510 Divergence between those lineages occurred 0.458 [0.0405, 1.0625] (COX1, Figure
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511 4a) to 0.634 [0.0667, 1.4574] (CYTB, Figure 4b) Myra during the Pleistocene, in
512 agreement with previous works [6,9,13].

513

514 One study has reported archaeological evidence that places modern humans in
515 Daoxian, China, 0.12 to 0.08 Myra [44]. However, it has not been confirmed if this was
516 a successful (persistent) settlement in south Asia. Interestingly, the present results
517 suggest that Chinese T. solium started to diverge around a similar period, 0.0786 to
518 0.0664 Myra according to Asian subclades 2 (both phylogenies, Figure 4a,b) and 3
519 (COX1 phylogeny, Figure 4a). The divergence within a geographical region requires
520 this region to be persistently settled by humans infected with 7. solium. Hence, the
521 present data suggest that humans successfully populated south China around this
522 period and that the archaeological evidence might have arisen from these early
523  settlements.

524

525 The phylogenetic analyses suggested that the Asian genotype is further subdivided
526 into four (COX1) or three (CYTB) subclades. However, both haplotype networks
527  (Figure 5) indicated that Asian subclades 1, 2, and 3 are closely related, forming a
528 unique subpopulation with India as the center of dispersal [7]. That subpopulation is
529 differentiated from another formed by Indonesian samples. The different degrees of
530 relationship between Asian T. solium samples suggest heterogeneous gene flow.

531

532 In the COX1 haplotype network (Figure 5a), samples from Japan, India, Nepal, and
533 Madagascar are grouped in the same haplotype (H6). Considering that T. solium is
534 not endemic in Japan, its relation with H6 samples is likely the result of a recent
535 reintroduction, a not-so-rare event in the last years [45]. The Madagascan isolates'
536 close association with Nepali and Indian samples suggests that the parasite was
537 introduced into Madagascar from the Indian subcontinent [12]. A particular case
538 occurred with Nepali samples. One group of samples was included in H6 in close
539 association with Indian isolates; however, the other was included in H4 in close
540 association with Chinese sequences. These two genetic subpopulations suggest the
541 existence of two gene flows towards Nepal, one from the north (from China) and
542  another from the south (from India). They remain separated, possibly due to the
543  geographical barrier that the Himalayas constitute.

544

545  Asian subclade 4, which is formed by Indonesian samples, was the first to diverge
546  ~0.25 Myra according to COX1 and CYTB phylogenies. A similar divergence time was
547  found in previous research [9]. This correlated with a basal position concerning the
548 other Asian subclades in both phylogenies, which has also been reported [6,9].
549 Interestingly, both haplotypes networks grouped Indonesian samples in haplotypes
550 that remain distant from other Asian sequences. Furthermore, both haplotype
551 networks directly linked them to an unknown haplotype, which bridged the African to
552 the Asian lineages. Given that the unknown haplotype is the only bridge between the
553  two genotypes, itis proposed that it corresponds (or is related) to the T. solium modern
554  ancestor that independently dispersed in Asia and Africa. These results suggest that
555 Indonesian samples are more ancient and related to the modern T. solium ancestor
556 than other Asian samples. This could be explained by the introduction of the parasite
557 by early human migrations followed by isolation of the population (lack of gene flow).
558  Studying more T. solium samples from Indonesia could help identify plesiomorphies
559 and, by comparing them with more recent isolates, obtain an insight into how T. solium
560 evolves.
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561

562 Indeed, T. solium subpopulations in Indonesia are isolated, as shown by the fact that
563 this parasite is restricted to Bali and Papua (former Irian Jaya). The COX1 haplotype
564 network suggested that the sample from Papua is more ancient than the one of Bali
565 because it is closer to other Asian isolates. Nonetheless, this proposal seems
566 inconsistent with the epidemiological evidence that suggests that the introduction of
567 T. solium to Papua was made 50 years ago from Bali [14,46]. Interestingly, even
568 though CYTB is more variable than COX1, the CYTB network shows no resolution to
569 distinguish between Indonesian haplotypes, while the COX1 network does. This
570 inconsistency might suggest that the haplotype differentiation seen in the COX1
571 haplotype network was an artifact attributed to a random selection when T. solium was
572 introduced into Papua, as it has been hypothesized in other work [14].

573

574 Remarkably, phylogenies and haplotype networks constructed in this work suggest
575 that the African-American lineage is further subdivided into two groups (African-
576  American subclades 1 and 2). The genetic differentiation between the two is confirmed
577 Dby the fact that ¢st values were high and significant (p < 0.05). Interestingly, the
578 subdivision was observed in a previous study [8]. Nonetheless, they did not include
579  African samples, making it impossible to perform inferences about the origin of both
580 subclades. The haplotype networks further confirmed the subdivision, allowing one to
581 visualize two different clusters.

582

583 Regarding African-American subclade 2, both haplotype networks showed a close
584 relation between samples from Brazil, Peru, Mexico, and Cameroon, considering the
585  majority were included in the same haplotype. Of note, this group only had sequences
586 from West Africa (Cameroon). The geographic composition and degree of association
587 of the samples of this subclade are coherent with the conversion between the Trans-
588 Atlantic slave and trade routes [7]. These trade routes mainly connected West Africa,
589 Europe, and the Americas.

590

591 As for the African-American subclade 1, the COX1 network revealed a close
592  association between samples from Mexico, Tanzania, Madagascar, and Ecuador. The
593 low differentiation and high genetic flow between one Mexican and one Tanzanian
594 isolate were reported previously [7]. Of note, this group exclusively included
595 sequences from East Africa (Tanzania and Madagascar). East African countries were
596 not direct participants in the Trans-Atlantic trade routes. Hence, their link with Latin
597 American samples might have been caused by another source of gene flow, such as
598 the one generated by the Indian Ocean slave trade. This trade connected East Africa,
599 Indian Ocean countries, the Middle East, and later the Americas.

600

601 All in all, the subdivision of the African-American genotype reveals that two different
602 sublineages exist in Latin America: one that derives from West Africa and the other
603  originated in East Africa. Two separate gene flows created from the Trans-Atlantic and
604 Indian Ocean trade routes may have caused the observed distribution. Notably,
605 Mexican samples were present in both lineages, which agrees with the proposal that
606 at least two genetic subpopulations coexist in Mexico [13]. Although the Peruvian
607 isolates were only included in the East African linage, subpopulations from the West
608 African linage are not discarded to exist, given that Mexico and Peru were trade
609 centers during European colonization.

610
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611 In conclusion, thirteen SNPs with respect to the Chinese reference that involved a
612 change in the amino acid physicochemical nature were identified. They might be
613 related to differences in aerobic respiration efficiency between Asian and Latin
614  American T. solium. Further differences within the Asian genotype were also reported.
615 For instance, its differentiation and basal position combined with its divergence time
616 suggest that the subclade formed by Indonesian samples is the most ancient and
617 closely related to the modern T. solium ancestor than other Asian sequences.
618  Strikingly, all phylogeographic analyses showed that the African-American genotype
619 is subdivided into two subgroups. One has a strong relation with East African countries
620  while the other with West Africa, which might reflect the influence of the Trans-Atlantic
621 and the Indian Ocean trade routes. Of note, the isolates whose genomes were
622 assembled were part of the West African sublineage. In summary, the present study
623 shows that a detailed comparison of the mitochondrial variability of T. solium within
624 and between Asian and African-American genotypes still reveals interesting features
625 that could be used to combat T. solium diseases.

626

627

628 DATA AVAILABILITY

629

630 The assembled and annotated mitochondrial genomes from Puno and Huancayo were
631 uploaded to the GeneBank with accession numbers

632 IN_PROCESS_OF_SUBMISSION and KT591612, respectively. Regarding the
633 assembled genome from Mexico, nucleotide sequence data reported are available in
634 the Third Party Annotation Section of the DDBJ/ENA/GenBank databases under the
635 accession number TPA: BK061219. Other raw data will be available upon request.
636
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781 FIGURE LEGENDS

782

783 Figure 1. Nucleotide and amino acid differences in the 5 T. solium genomes. The thick outer circle
784  is the Chinese T. solium reference mitochondrial genome (NCBI Reference Sequence: NC_004022.1),
785  where inner boxes represent the coding sequences (CDS). The color code represents the CDS type:
786 purple for protein-coding genes, green for tRNA's, orange for ribosomal RNAs, and gray for non-coding
787  regions. The inner circles represent the 3 T. solium mitogenomes assembled in this study (black: Puno,
788  light blue: Huancayo, and pink: Mexico). The blue bars indicate synonymous nucleotide substitutions
789  on each inner circle, while red bars highlight those causing amino acid substitutions. Flanking arrows
790 in specific red bars indicate substitutions that involve a change in the amino acid nature. The circular
791 segments shaded in transparent blue, and red indicate low and high variability regions, respectively.
792 Darker blue within the blue-shaded circular segment indicates an identical region conserved in the four
793 mitochondrial genomes. SNPs in the low variability region suggest that the region could differentiate
794  Asian isolates from African-American isolates (as SNPs are differences with respect to the Chinese
795 genome). However, the identical SNP distribution in all Latin American genomes suggests that it could
796 not differentiate isolates of the same genotype, such as the African-American.

797

798 Figure 2. D values per protein-coding gene of each possible pairwise combination of 4
799 mitochondrial genomes (Chinese reference, Huancayo, Puno, and Mexico). D was used to indicate
800 the level of sequence difference between the four mitochondrial genomes used in this study. D values
801  were computed by performing all possible pairwise alignments and applying the D = 1 - (M/L) formula.
802 L is the difference between the alignment length and the number of ambiguous codons. M is the number
803 of invariant sites in the alignment. Different D values for each combination were stacked and presented
804 per protein-coding gene in a bar plot. Thus, the height of a particular bar of a gene corresponds to the
805 sum of D values for the different pairwise combinations; in other words, the bar height is an accumulative
806 D value.

807

808 Figure 3. Ka/Ks ratios per protein-coding gene. Ka/Ks ratios against the Chinese reference
809  mitochondrial genomes were calculated using the whole-genome multiple alignment in the DNAsp
810  software for each protein-coding gene of the mitochondrial genomes. Ka/Ks values of the same protein-
811 coding gene were stacked together (bars indicate accumulative Ka/Ks).

812

813 Figure 4. Phylogenetic trees constructed from COX1 and CYTB complete sequences. (a)
814  Bayesian Inference (Bl) tree constructed with 45 T. solium COX1 complete sequences. (b) Bl tree
815 constructed with 31 CYTB complete sequences. Posterior probabilities (PP) above 0.7 are shown until
816 the level of Asian and African-American subclades. Maximum Likelihood (ML) trees were also
817 constructed using the same sequences. If a clade has specified a Bootstrap (BS) value, it means it was
818  present in the Bl and ML tree, with a BS greater than 70% for the latter. BS values above 70% are
819  shown only until the level of Asian and African-American subclades. For both trees, the distances of the
820  branches are based on the timeline at a scale of one million years (Myr). Only the nodes supported in
821  the ML and BI with BS > 70% or PP > 0.7 have their divergence times (DT) shown in Myr. Again, DT is
822 only shown until subclades. 95% highest posterior densities are specified in Supplementary Table 4. (*)
g%z BS: 78, DT: 0.0759. (+) BS: 86, PP: 1.00, DT: 0.0495.

825 Figure 5. Haplotype network of COX1 and CYTB. (a) COX1 network. (b) CYTB network. The
826  geographic origins of the samples included in each haplotype are color-coded. Colored squares indicate
827  the most important clades and subclades.

828

829 SUPPLEMENTARY MATERIAL LEGENDS

830

831 Supplementary Figure 1. Selected portions of the multiple alignment of the identical internal
832 region. The sequences corresponding to the identical internal region conserved in the T. solium
833 mitochondrial genome from China (NC_004022.1), Puno, Huancayo, and Mexico (see Figure 1) were
834  aligned with the mitochondrial genomes of T. asiatica (NC_004826.2), T. saginata (NC_009938.1) and
835 E. multilocularis (NC_000928.2) in the online version of Clustal Omega [23]. The alignment was then
836 cropped to include only matching sections using CLC Genomics Workbench v. 21.05.5
837  (https://digitalinsights.giagen.com/). Selected portions of the alignment that showed significant
838  differences between T. solium and the other organisms are presented.

839
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840  Supplementary Table 1. Mapping statistics of the genome assembly. The number of reads mapped
841 to the Chinese mitochondrial genome (reference) and their mean quality scores before trimming (pre)
842 are given. The number of reads mapped after trimming (post), the coverage, the genome length in base
843 pairs (bp), the %GC, and the N50 of the assembly in nucleotides (nt) are also shown.

844

845 Supplementary Table 2. Gene arrangement of T. solium mitochondrial genomes from Peru,
846  Mexico, and China (reference). The size of each genome in base pairs (bp) is given in parenthesis
847 next to the mitochondrial genome name. Position intervals per gene are shown. The size of each gene
848 (in bp) is specified in parentheses next to each position interval. Start and stop codons of each protein-
849  coding gene per mitochondrial genome are also specified.

850

851 Supplementary Table 3. Non-synonymous mutations in the Latin American mitochondrial
852 genomes with respect to the Chinese reference. Amino acid mutations in all the assembled genomes
853 of this work are given per protein-coding genes. In the present work, standard amino acids were
854  classified into five groups, considering their major species at pH of 7: polar and uncharged (S, T, N, and
855  Q), polar and positively charged (R, H, and K), Polar and negatively charged (D, E), nonpolar (A, V, |,
856 L, M, F, Y, and W) and special cases (C, G, and P). A mutation that changes the amino acid nature
857 involves that the mutant amino acid belongs to a different group than the original. Mutations highlighted
858 in red and blue represent changes that do and do not involve a change in the amino acid nature,
859  respectively.

860

861  Supplementary Table 4. Divergence events and their dating. Divergence events in COX1 and CYTB
862 phylogenies are described. The gene in whose phylogeny the event occurred is specified in bold at the
863 start of the divergence event description. If nothing is specified, the same event occurred in both
864 phylogenies. The divergence times with 95% highest posterior density intervals (brackets) in millions of
865 years ago (Myra) are also reported for each event.

866

867 Supplementary Table 5. Sequence composition of the haplotypes formed in the COX1 and CYTB
868  networks. Sequences (with their accession numbers) included in each haplotype are specified.
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