bioRxiv preprint doi: https://doi.org/10.1101/2025.11.20.685321; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Genomic evidence for co-evolution and sporadic host shifts in
leishmaniaviruses

Senne Heeren'23* Lilian Motta Cantanhéde*®, Khaled Chourabi*®, Mayara Cristhine de Oliveira
Santana*®, Joon Klaps?, Alexei Y. Kostygov®’, Vyacheslav Yurchenko®, Philippe Lemey?, Jean-
Claude Dujardin'?, Frederik Van den Broeck'-?*, Elisa Cupolillo*®*

' Department of Biomedical Sciences, Institute of Tropical Medicine, Antwerp, Belgium

2 Department of Microbiology, Immunology and Transplantation, Rega Institute for Medical
Research, Katholieke Universiteit Leuven, Leuven, Belgium

3 Department of Biomedical Sciences, University of Antwerp, Antwerp, Belgium

4 Leishmaniasis Research Laboratory, Oswaldo Cruz Institute, Oswaldo Cruz Foundation, Rio de
Janeiro 21040360, Brazil

S Instituto Nacional de Ciéncia e Tecnologia de Epidemiologia da Amazdnia Ocidental, INCT
EpiAmO, Porto Velho 76812100, Brazil

8 Life Science Research Centre, Faculty of Science, University of Ostrava, Ostrava, Czechia

7 Zoological Institute of Russian Academy of Sciences, St. Petersburg, Russia

* Senne Heeren (senne.heeren@kuleuven.be); Frederik Van den Broeck
(fvandenbroeck@amail.com); Elisa Cupolillo (elisa.cupolillo@ioc.fiocruz.br)

Keywords: Co-evolution; Leishmania; Leishmaniavirus; co-phylogenetics


mailto:senne.heeren@kuleuven.be
mailto:fvandenbroeck@gmail.com
mailto:elisa.cupolillo@ioc.fiocruz.br
https://doi.org/10.1101/2025.11.20.685321
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.20.685321; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1  Abstract
2 The evolutionary relationships between hosts and their symbionts offer valuable insights
3 into the origins, maintenance, and consequences of biological interactions. While co-divergence
4  and host-switching have been extensively explored in systems, such as Wolbachia-arthropod
5 symbioses or viruses infecting vertebrates, similar investigations in protistan parasites remain
6  scarce. The Leishmania-Leishmaniavirus (LRV) association offers a rare opportunity to study co-
7  divergence in a medically relevant symbiotic system, in which the virus modulates the parasitic
8 disease severity in humans. Here, we used total RNA sequencing to capture both the Leishmania
9 transcriptome and the LRV genome simultaneously, enabling the first comprehensive investigation
10  ofthe co-evolutionary history of Leishmania and LRV across different hierarchical levels (subgenus,
11 species, and population). We found significant positive correlations between the parasite and viral
12 genetic distances at both the subgenus (R? = 0.89; F = 10,913.49; p < 0.001) and species level
13 (focusing on L. (Viannia) spp.; R? = 0.59; F = 1,254; p < 0.001). This was corroborated by additional
14  co-phylogenetic methods (global-fit and event-based), indicating a strong pattern of phylogenetic
15 congruence between Leishmania and LRV up to the species level. Only at the population level,
16  focusing on the interactions of L. (V.) braziliensis and L. (V.) guyanensis with LRV1, we found
17  weaker co-phylogenetic signals accompanied by more instances of intraspecific host switching.
18 Overall and for the first time, our findings provide analytical evidence for the co-evolution between
19 Leishmania and LRV, with co-speciation as the predominant process, while also shedding light on
20 how such symbioses were maintained over long evolutionary time scales.
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22 Introduction
23 Inter-species interactions are key to ecosystem functioning (e.g. pollination, dispersal,

24 protection, parasitism, predation). In this regard, viruses also play an important role in our
25 biosphere, where they often cause direct harm to their host’s populations, sometimes leading to
26  severe socio-economic crises on regional or global scales. Conversely, viruses may also affect
27  populations indirectly through so-called nesting doll (“matryoshka”) infections (1-6). In such cases,
28  viruses have established persistent, sometimes mutualistic-like, relationships with organisms such
29 as pathogenic parasites, where they may alter (and often exacerbate) the disease manifestation in
30 humans. This may complicate treatment of the infection and ultimately hinder the disease control
31 inendemic areas (6-9). Even though efforts are currently being made to assess the impact of such
32  nesting-doll infections, little is known about the underlying evolutionary history between pathogenic
33 parasites and their viruses.

34 To address this, we investigated the co-evolutionary history of an established virus—
35 parasite symbiotic system comprising Leishmania parasites (Trypanosomatidae) and their
36  persistent double-stranded (ds) RNA viruses of the genus Leishmaniavirus (LRV)
37  (Pseudototiviridae, Duplornaviricota) (10, 11). In this system, LRV has been found to mutualistically
38 aid the parasite by modulating the innate immune response of the mammalian host through an
39 interaction with Toll-like receptor 3 (7), which, in turn, ensures the inhibition of the Nod-like receptor
40 protein 3 inflammasome in the macrophages (12). This immunological cascade ultimately leads to
41 increased parasite survival, disease progression, exacerbation, and an increased likelihood of
42  treatment failure (8, 9, 12, 13). In exchange, the virus’ own metabolism and replication are
43  facilitated by several host-encoded proteins (e.g., kinases and proteases) (14), but the exact
44 mechanisms behind this remain unresolved.

45 In the latest release of the viral taxonomy by the International Committee on the Taxonomy
46  of Viruses (ICTV), the genus Leishmaniavirus comprises six species, which are specifically
47  associated with trypanosomatid parasites, including Leishmania and Blechomonas spp. (2, 10, 11).
48  Within Leishmania, different LRV species have different host ranges: Leishmaniavirus ichi (referred
49  below to as “LRV1”) associated with Leishmania (Viannia) spp., Leishmaniavirus ni (referred below
50 toas “LRVZ2")in part associated with Leishmania (Leishmania) spp. (except L. (L.) aethiopica) and
51  with Leishmania (Sauroleishmania) spp., and Leishmaniavirus sani associated with L. (L.)
52 aethiopica (2, 11). Among the LRV species of Blechomonas, there is Leishmaniavirus shi that is
53 associated with B. maslovi, Leishmaniavirus go with B. wendygibsoni, and Leishmaniavirus roku
54  with B. juanalfonzi (11).

55 The current LRV classification, along with reports on host-specificity (2, 15) and the
56 relatively low sequence identity between different LRV species (below 40% at the nucleotide level
57  between LRV1 and LRV2 (10)), resulted in the general assumption of a long standing co-
58 evolutionary history between the parasites and viruses. This assumption implies that the LRV
59  acquisition pre-dated the Leishmania divergence into different subgenera (at least, involving L.
60  (Viannia), L. (Leishmania), and L. (Sauroleishmania)). Widmer and Dooley (1995) were the first to
61 propose this hypothesis based on an analysis of genetic distances between nucleotide sequences,
62  which highlighted the mirroring patterns of the LRV1-LRV2 sequence divergence and the
63  heterogeneity between Old and New World Leishmania spp. (16). This view of a “strict” co-
64  evolution, established through vertical transmission, has been contested several times by reports
65 of horizontal transfers of LRV2 across Old World Leishmania spp., and between Leishmania and
66  Blechomonas (2, 17-20). Conversely, this appears to be in stark contrast with the situation in
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67 Central and South America, where interspecific host switches between LRV1 and Leishmania
68  (Viannia) spp. seem to occur less frequently (10, 15, 21, 22). At the intraspecific level, however,
69 LRV1 host switching between genetically distinct populations does generally appear to occur at a
70  more frequent pace (3, 23).

71 While numerous reports and hypotheses regarding the co-evolutionary history of
72 Leishmania and LRV can be found in the literature (1, 10, 16, 23, 24), a comprehensive evaluation
73 using co-phylogenetic methods is lacking. This is because most studies were focused on
74 phylogenetic analyses of either the virus or the parasite separately. Moreover, they were often
75 based on several genes or short genomic fragments, rather than being genome-wide. Our study
76  addresses this gap by conducting an in-depth assessment of the virus-parasite co-evolutionary
77 history across different hierarchical levels (subgenus, species, and population). The analysis
78 integrates total RNA sequencing of 66 LRV1-positive Leishmania (Viannia) isolates accompanied
79 by the whole genome sequencing of six LRV2-positive L. (Leishmania) and L. (Sauroleishmania)
80 isolates, and 77 publicly available genomes of L. (Viannia) spp. (n = 49), LRV1 (n = 22) and LRV2
81 (n=6).

82 Based on the current knowledge of the LRV-Leishmania association, we hypothesized to
83 find strong patterns of phylogenetic congruence (i.e. mirroring host-symbiont phylogenies) at the
84  subgeneric level (i.e., among L. (Viannia), L. (Leishmania) and L. (Sauroleishmania)) and species
85 level (i.e., within L. (Viannia)). We also expected a more general co-phylogenetic signal (i.e. more
86  closely related hosts tending to associate with more closely related symbionts) at the population
87 level of a single species. The latter would be characterized by a relatively higher number of host
88 transfers. Broadening our understanding of the co-evolutionary history of this epidemiologically
89 important symbiosis will shed new light on how this mutualism has stood the test of time, while also
90 providing insights into the interplay between viruses and (pathogenic) protists in general.
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92  Results

93

94 Expanding the known genomic diversity of LRV1 in South America

95 Starting from 159 Leishmania (Viannia) spp. isolates, PCR-screening revealed 66 LRV1-

96  positive ones (Tab. 1; S. Fig. 1; S. Tab. 1). These were subjected to total RNA sequencing to extract
97 both the viral genomes and the parasite transcriptomes. Viral genomes were reconstructed based
98 on a de novo assembly approach as implemented in a novel genome reconstruction pipeline for
99 viral sequencing data, Viralmetagenome (25). With this pipeline, we were able to reconstruct viral
100 genomes from 49 isolates, of which 42 were of high-quality for subsequent co-phylogenetic
101  analyses (S. Tab. 2). These 42 isolates originated from four Amazonian states of Brazil (Acre: n =
102 4; Amazonas: n = 21; Para: n = 6; Rondo6nia: n = 10) and one Venezuelan state (Trujillo: n = 1),
103 which were sampled between 1985 and 2017. The remaining seven isolates were not retained for
104  subsequent analyses, as these reconstructed genomes were either too short in length (IOCL2398,
105 IOCL3007, I0CL3515, IOCL3654) or harbored a higher number of SNPs when the sequencing
106  reads were remapped to their respective assemblies (IOCL3562, IOCI3563, IOCL3567) (S. Tab.
107  2). For one isolate in particular, IOCL3567, the pipeline yielded three genomes of 4,667 — 5,185 bp
108  with a median read depth of 370% — 372x, but with a high number of SNPs (over 600). This suggests
109 infection by at least two LRV1 viruses, a phenomenon previously documented in other Leishmania-
110 LRV1 systems (3, 26). However, we were unable to further disentangle these chimeric-like
111 assemblies and discarded this isolate from downstream analyses. The same was done for another
112 17 isolates, for which the assembly pipeline did not yield properly reconstructed LRV1 genomes.

113 The 42 high-quality assemblies covered 67.6% to 99.6% of the LRV 1-4 genome (5,284 bp;
114  SRANC_003601) serving as a reference (S. Tab. 2). The percentage of sequencing reads mapping
115  back to the assemblies ranged from 0.0002% to 0.027% (median = 0.004%). The median depths
116  of coverage for the assemblies were between 101x and 1,093x%, with an overall median of 391x (S.
117  Tab. 2). The analysis of variants revealed a median of 2 heterozygous SNPs (average = 8; min =
118  0; max = 84) and no homozygous SNPs in any of the samples, demonstrating the reliability of the
119 reconstructed genomes. All 42 genomes resembled the typical arrangement of LRV1, with two
120  overlapping open reading frames coding for a capsid protein (CP; 2,999 bp) and an RNA-
121 dependent RNA polymerase (RDRP; 2,637 bp), which were near-completely covered in most cases
122 (S.Tab. 2).

123 Phylogenetic reconstruction and calculation of pairwise genetic distances between the 42
124  assembled genomes revealed 14 highly supported viral clades (Fig. 1a) exhibiting relatively low,
125  within-clade, genetic distances (<0.125 substitutions/site; S. Tab. 3). The clades were named
126  according to their host species with Roman numerals (i.e., Lgl-V, Lbl-V, Lsl, Lnl-Il) (Fig. 1). Analysis
127  of geographic distribution revealed that, among the studied isolates, those from the Amazonas
128 belonged to eight clades, three of which being unique to this location (Lglll, Lnl, Lsl) (Fig. 1b). Other
129  clades found in a single state included Lbll and LblV in Acre; Lbl and Lblll in Rondénia; and LgVI
130  and Lnll in Para. The single LRV1 genome of Venezuelan origin belonged to the Lgll-clade, which
131 was mainly identified in Amazonas and Acre. However, the current sample size impeded our ability
132 to infer the connection of Leishmania and LRV1 between Trujillo and the Western Brazilian states.

133 Our new panel of LRV1 genomes provides a major expansion of the known genomic
134  diversity of the virus. This becomes clear from the phylogenetic reconstruction, combining our panel
135  with 64 publicly available genomes. Most clades characterized above had not been identified
136  earlier, whereas a few (Lgll, LgV, LgVl, Lbll, and LbV) clustered with previously described ones (3,
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137  26) (Fig. 1c). The concomitant inference of the ancestral geographic origins (Fig. 1c, internal nodes)
138 along with the clear host specificity of LRV1 towards the different Leishmania species suggests
139 spatial divergence and subsequent spread of each species-specific clade. One exception to this
140  observed host-specificity is LRV1-Ln-IOCL3574, which clusters with viruses associated with L.
141  guyanensis (Fig. 1c). The corresponding Leishmania isolate was originally typed as L. naiffi, but
142 our whole transcriptome data indicated that it is a mixture containing genetic material of both L.
143 naiffiand L. guyanensis (see below).

144 Phylogenetic reconstructions based on the single-gene alignments (i.e., CP and RDRP)
145 were similar to the clade delimitations based on the whole-genome data (Fig. 1b; S. Fig. 2).
146  Moreover, co-phylogenetic global-fit tests (Robinson-Foulds distance, ParaFit and PACo) revealed
147 a consistently strong co-phylogenetic signal between the different LRV 1 phylogenies (i.e., genome-
148  wide, CP and RDRP) (S. Tab. 5; S. Fig. 2). The only striking inconsistency was the internal position
149 of L. guyanensis-associated LRV1 from French Guiana (clades: LgV, LgVI, Lsl, A*, B*, D*, E*
150  (except M92355.1, origin: Suriname)). Based on both the CP and genome-wide phylogenies, this
151 clade (S. Fig. 2, clade shown in red) appears to share a common ancestor with the other L.
152  guyanensis-associated LRV1 genomes, whereas it formed a monophyletic group with the L.
153  braziliensis-associated LRV1 in the RDRP phylogeny. Nevertheless, this inconsistency does not
154 refute the observed LRV1 host-specificity, it merely indicates the uncertainty of the clade
155  divergence (i.e., low bootstrap supports) at these ancestral nodes based on the two single gene
156  alignments (S. Fig. 2). In addition, none of the three alignments showed any indication of
157 recombination, based on the pairwise homoplasy index test (whole genome: p-value = 1.0; CP: p-
158  value = 0.95; RDRP: p-value = 1.0).

159  Transcriptomic diversity of the Leishmania (Viannia) subgenus

160 Total RNA sequencing of the LRV 1-positive Leishmania isolates allowed us not only to
161 assemble LRV1 genomes, but also to genotype the Leishmania isolates themselves based on the
162  transcriptomic data. Similar to our previous whole-genome sequencing studies (27, 28), we
163  compiled a dataset of 115 isolates containing (i) genomic data from 66 isolates, generated for this
164  work and (ii) 49 publicly available sequences from various Leishmania spp. that served as
165 reference strains during genotyping and species delimitation. This reference panel contained
166 isolates from the Leishmania (Viannia) braziliensis clade (LbL1: n=18; LbL2:n=3;LbL3:n=2;
167 LbL4:n=2;L. peruviana: n = 2), the Leishmania (V.) guyanensis species complex (L. guyanensis:
168 n=3; L. panamensis: n = 14; L. shawi: n = 1), Leishmania (V.) naiffi (n = 3), and Leishmania (V.)
169  lainsoni (n = 1) (S. Tab. 6) (27).

170 As our data was derived from RNA sequencing, the genotyping analyses focused on the
171 coding DNA sequence (CDS) regions. Mapping the reads against the long-read-based M2904 L.
172 braziliensis reference genome (29) resulted in a median read depth of 17x (min = 1x; max = 151x)
173 across the entire CDS for all 115 isolates. For the isolates from this study alone, the median CDS
174  coverage was 10.5% (min = 1x; max = 43x). Considering a minimum CDS read depth of 10%, we
175  excluded 31 isolates (30 from this study and one from a previous study) from downstream analyses
176  and filtered out 1,184 individual CDS regions below this threshold in the retained samples. The final
177  genotype dataset comprised 6,299 CDS regions across 84 isolates, yielding 157,649 high-quality
178  SNPs.
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179 Based on the differences in the number of SNPs (S. Tab. 8) between the included
180  Leishmania (Viannia) spp. (Chi-squared = 76.92; df = 10; p = 2.01e-12; pairwise Dunn tests: S.
181 Tab. 9), all isolates, with the exception of I0CL3539 and IOCL3574, could be identified (L.
182  braziliensis L1: n = 12; L. guyanensis: n = 18; L. naiffi. n = 4) (Fig. 2a). The latter two isolates
183 harbored distinctively higher numbers of heterozygous SNPs compared to all other isolates (Fig.
184  2a; S. Tab. 8) and showed reticulation in the CDS-wide phylogenetic network, a pattern suggestive
185  of recombination and potential hybrid ancestry (Fig. 2b).

186 However, the alternate allele read depth frequency (ARDF) of these two isolates revealed
187 uncommon profiles. In IOCL3539, the ARDF distribution was unimodal and skewed with a mode
188 around 0.66, compared to the typical symmetric distribution around 0.5 (30) (Fig. 2c). The
189 IOCL3574, on the other hand, showed a distribution that was bimodal with modes near 0.25 and
190 0.77. This contrasted with the typical bimodal ARDF distribution for triploid genomes (modes
191 around 0.33 and 0.66) and was similar to the two outer modes that are typical for tetraploid
192  genomes (0.25 and 0.75) but lacking its typical third mode at 0.5 (30) (Fig. 2d). The CDS-wide shifts
193 in the ARDF indicate that the observed hybrid-like patterns are the result of either the extensive
194 mosaic aneuploidy or mixed infections by two different Leishmania spp., rather than true
195 interspecific hybrids (31). Moreover, the ARDF assessment on the chromosome-level revealed that
196  both isolates were devoid of homozygous regions for the alternate allele, a pattern refuting the idea
197  that these isolates are the result of true hybridization even more (S. Fig. 3).

198 Evidence for phylogenetic congruence across different hierarchical levels of Leishmania
199 and LRV

200 To assess the extent, to which Leishmania and LRV have shared a similar evolutionary
201  trajectory, we performed a matrix regression on the pairwise genetic distances of both symbionts,
202  combined with formal co-phylogenetic tests — global-fit and event-based — to detect overall co-
203 phylogenetic signal and evaluate true phylogenetic congruence, respectively (32). These analyses
204  were based on a dataset including 22 Peruvian Leishmania (V.) braziliensis isolates with their
205 associated LRV1 genomes (3), as well as six Old World Leishmania isolates (L. (L.) major (n = 4),
206 L. (S.) tarentolae (n = 1) and L. (S.) adleri (n = 1)) with their respective LRV2 genomes (S. Tab.
207  4,6).

208 On the subgeneric level, we observed a highly significant, strong, and positive correlation
209 between pairwise genetic distances across the 51 Leishmania-LRV pairs that were analyzed
210 (MMRR: R?2 = 0.89; F = 10,913.49; p < 0.001) (Fig. 3a). In parallel, our array of global-fit analyses
211  detected a consistently significant co-phylogenetic signal between Leishmania and LRV at this level
212 (Fig. 3b; S. Tab. 10). Similarly, the event-based inference revealed strong signatures of
213 phylogenetic congruence, suggesting that the two symbionts share a highly similar phylogenetic
214  history (Fig. 3c). This latter analysis was conducted using nine different event-costs sets (S. Fig.
215  4a; S. Tab. 11), with eight of them yielding significant co-phylogenetic reconciliations, where well-
216  supported co-speciation events predominated the divergence of Old and New World Leishmania
217 subgenera with LRV2 and LRV1, respectively (S. Fig. 5).

218 When focusing on the species level (subgenus L. (Viannia)) and its association with LRV1,
219  we observed a highly significant, yet more moderate, positive correlation between the parasite and
220 viral pairwise genetic distances (MMRR: R? = 0.59; F = 1,254; p < 0.001). Interestingly, the
221 pronounced host specificity did not appear to be shaped by spatial separation, as viral genetic
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222  distances did not correlate with geographic distances between the isolates (MMRR: R2 = 0.005; F
223 = 5.28; p = 0.135). In parallel, both the global-fit and event-based methods consistently detected
224  strong patterns of co-phylogenetic signal and phylogenetic congruence, respectively (S. Tab.
225 10,12; S. Fig. 6). More specifically, the event-based analysis yielded a diverse set of possible co-
226 phylogenetic histories based under six different event-cost scenarios (S. Fig. 4b; S. Tab. 12).
227  Strikingly, in all cases, the inferred phylogenetic reconciliations were significant and, thus,
228 supporting the presence of strong phylogenetic congruence between the members of the Viannia
229  subgenus and LRV1 (S. Fig. 7). Another notable observation was that co-speciation events
230  consistently accounted for species divergence (S. Tab. 12) and were well supported, whereas
231  duplication and transfer events appeared to be more predominant within the separate species
232 partitions (S. Fig. 7).

233 Finally, zooming on the population level of this virus-parasite co-evolutionary history, we
234  focused on L. (V.) braziliensis and L. (V.) guyanensis with their respective LRV1 lineages (too small
235 sample size for L. (V.) naiffi). This also revealed signatures of co-evolution, albeit generally weaker
236 compared to the higher levels and occasionally lacking statistical significance. For instance, we
237  found no significant correlation between the genetic distances of L. braziliensis and LRV1 (MMRR:
238 R?=0.027; F = 10.65; p = 0.215) whilst a weak, though significant, correlation was observed in the
239 case of L. guyanensis (MMRR: R? = 0.349; F = 47.68; p = 0.002). Surprisingly, both global-fit and
240 event-based analyses revealed significant co-phylogenetic signals and evidence of phylogenetic
241 congruence between each Leishmania species and its associated LRV1 lineage (S. Fig. 4c-d, 8-
242 10; S. Tab. 10, 13).
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244  Discussion
245 By harnessing total RNA sequencing of cultivated LRV-positive Leishmania isolates,

246  enabling the capture of both the parasite transcriptome and (near)-complete viral genome, our
247 study provides the first comprehensive evaluation of the virus-parasite cophylogenetic history of
248  this epidemiologically relevant symbiosis across the subgenus, species, and population levels.

249 We first investigated the genomic diversity of each symbiont separately to position the
250 newly sampled genomes within the known phylogenetic context of Leishmania and LRV. For
251  Leishmania, all but two isolates (IOCL3539, I0CL3574) clustered clearly with a single species
252  (either the L. (V.) braziliensis clade, the L. (V.) guyanensis species complex, or L. (V.) naiffi) as
253  judged by homozygous SNP counts and unambiguous phylogenetic placement. Conversely, the
254  reticulate pattern in the phylogenetic network and high heterozygosity in IOCL3539 and IOCL3574
255 suggested either interspecific hybridization (L. guyanensis x L. braziliensis L4 and L. guyanensis x
256 L. naiffi, respectively) or a mixture of these species. Hybridization (both inter- and intraspecific) is
257 an increasingly recognized phenomenon in parasitic protists (33—35) and Leishmania in particular
258 (3, 27-29, 36-39). It has important epidemiological implications, making detection and reporting of
259  new hybrids crucial within the context of genomic surveillance (3, 33, 40). Analysis of the alternate
260 allele read depth frequencies at heterozygous sites revealed shifts from the expected uni-, bi- and
261  trimodal patterns, suggesting that the genomic signatures of these isolates are more likely the result
262  of a mixed infection or extensive mosaic aneuploidy, rather than true hybrid signals (30, 31).
263 Moreover, these isolates appeared to be devoid of distinct homozygous regions for the alternate
264  allele and showed heterozygous stretches across the entire genome, contrasting with other recently
265  reported hybrid signatures (27, 31), which, again, strongly suggests that both isolates are mixtures
266  of two Leishmania spp. rather than true genomic hybrids.

267 The phylogenetic reconstruction of the newly assembled LRV1 genomes substantially
268  expanded the known genomic diversity of the virus. This included an increased intra-clade diversity
269  within groups previously described, based on whole-genome data (3, 26) and the identification of
270  novel clades (e.g., Lgl, Lglll, LglV, Lbl, Lblll, LblV, Lsl, Lnl, Lnll). In concordance with Santana et
271  al. (2023) (15), we observed strict host specificity among LRV1 genomes, independent of sampling
272 location. This was supported by a strong correlation of virus genetic distances with those of their
273  host, but not with geographic distances. Such clear host specificity is already a good indicator of
274  virus-parasite co-divergence at the species level within the Leishmania (Viannia) subgenus, with
275  the only exceptions presumable mixed isolates.

276 Although earlier studies have suggested a long-standing association between Leishmania
277 and LRV, potentially involving co-divergence between and within subgenera (1, 10, 16, 23, 24),
278  these hypotheses have not been formally tested. Most previous work focused on separate
279  phylogenetic analyses of viruses and their hosts, often based on a few genes. Each Leishmania
280 subgenus (except L. (Mundinia), which harbors a phylogenetically divergent Shilevirus
281  (Leishbuviridae, Negarnaviricota) (41, 42)) has its own LRV species. For LRV1, a strong pattern of
282  host specificity and phylogenetic congruence has been observed. In contrast, LRV2 shows a more
283  flexible pattern, with partial specificity, as certain viral clusters are more frequently associated with
284 particular Leishmania species, but not in a strictly co-specific manner.

285 The main goal of the current study was to formally investigate, for the first time, the co-
286  evolutionary history of Leishmania spp. and their persistent viruses across the subgeneric, species,
287 and population level. Overall, it revealed clear genomic evidence of virus-parasite co-divergence
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288 across these levels. At the population level of L. (V.) braziliensis and L. (V.) guyanensis,
289 phylogenetic congruences decreased (e.g. due to lower signals or loss of statistical significance).
290 At this level, we observed more instances of host-switching, as reported previously for L.
291 braziliensis (3), relative to the predominance of co-speciation events at the higher hierarchical
292 levels. These results align well with the seemingly mutualistic nature of the virus-parasite
293  symbiosis, where strong phylogenetic congruence has often been reported (43). Conversely, this
294  view of virus-parasite co-divergence is challenged by cases of horizontal transmission of LRV within
295  Leishmania (both inter- and intraspecific) (3, 18-23) and to other trypanosomatids, such as
296  Blechomonas spp. (17). These horizontal transfers are likely facilitated by the potential of LRV to
297 exploit the parasite’s exosomal pathway (44—47). Nevertheless, our findings indicate that host
298 switching is relatively rare and occurs mainly at the intraspecific level, whereas vertical transmission
299 remains the predominant factor shaping the evolutionary trajectory of this symbiosis (2, 10).

300 While this study expands our current understanding of the co-evolutionary dynamics of
301 Leishmania and LRV, it does not elucidate their full evolutionary history. A major limitation is the
302  discrepancy between the number of paired genomes in the Old- and New World regions. Although
303  our analyses revealed strong signatures of phylogenetic congruence at the subgeneric level, these
304 patterns warrant validation on a larger sample size of the Old World isolates. Another unresolved
305 question concerns the absence of LRV in the divergent subgenus Mundinia, where it is still
306 unknown whether LRV-presence is a plesio- (ancestral) or apomorphic (derived) trait. In other
307 words, LRV could have been either lost in L. (Mundinia) or gained after its divergence from the
308 most recent common ancestor of the other three subgenera (Leishmania, Viannia, and
309  Sauroleishmania) (10). Elucidating the broader virus-parasite interplay is also becoming
310 increasingly complex as more LRV species are described and recognized. One additional viral
311 species, Leishmaniavirus sani, is associated with L. (L.) aethiopica and three divergent species
312 have been described from the flea-infecting trypanosomatids of the genus Blechomonas (11, 17).
313  Moreover, LRV1 is not the sole RNA virus infecting L. (Viannia) spp. (48). Accounting for this
314  growing co-evolutionary and taxonomic complexity, it is likely that additional, more cryptic, viral
315 diversity remains undetected in these protistan parasites. For each of these virus-parasite
316 interactions, it will, therefore, be essential to evaluate and monitor the consequences for the
317 mammalian hosts, including humans, infected with such virus-positive parasites.

318 Another point to consider is that even though our co-phylogenetic analyses focused on
319  LRV1-positive Leishmania (Viannia) isolates, including LRV 1-negative strains could yield additional
320 insightinto the host-virus evolutionary dynamics. The absence of LRV1 in certain parasite-lineages,
321  e.g., those from the Atlantic region of Brazil (49-51), may reflect historical events of viral loss,
322 resistance to infection, or ecological constraints limiting viral maintenance or transmission.
323 Incorporating these isolates into the host phylogeny could help determine, whether LRV1 absence
324 is randomly distributed or associated with specific clades, thereby reinforcing or challenging the
325 current co-phylogenetic patterns. While these isolates cannot directly contribute to host—virus tree
326  congruence analyses independent analyses of their phylogenetic position and geographic
327  distribution may shed light on the broader context of LRV1 evolution and its relationship to the
328 diversification of Leishmania.

329 Our less conventional use of RNA sequencing for, e.g., co-phylogenetic analyses and
330 Leishmania genotyping, proved to be a useful and cost-efficient way to simultaneously sequence
331 the parasite transcriptome and the LRV genome. Even though the resulting phylogenetic patterns
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332  were consistent with those derived from standard genome sequencing datasets for both parasite
333 and virus, our approach had some limitations. In particular, it was not always possible to fully
334 reconstruct viral genomes due to the low fraction of LRV reads. Next to that, the transcriptome read
335  depth from the parasite data was sometimes insufficient for making robust phylogenetic and
336 population genomic inferences. These issues could be mitigated either by deeper sequencing, with
337 a potentially unjustified additional cost, or reducing the ribosomal RNA content in the sequencing
338 libraries. Nevertheless, for epidemiologically relevant systems, such as Leishmania-LRV, a
339 strategy that captures data for both symbionts in parallel represents a meaningful advancement for
340 research fields like molecular surveillance.

341 In conclusion, our total RNA sequencing data allowed us to simultaneously perform
342 phylogenetic analyses on Leishmania isolates via transcriptome-based genotyping, and their
343 respective LRV strains. This effort represents the first explicit reconstruction of the virus-parasite
344  co-evolutionary history, characterized by strong Leishmania-LRV co-divergence between and
345 within three parasite subgenera, with the most frequent host-switches occurring at the intraspecific
346 level. Although the virus-parasite interplay has not yet been fully disentangled, this work provides
347  fundamental biological insight in the evolution of the so-called matryoshka infections where — to
348  quote Hartley et al. (2012) — ultimately the host will pay the toll (52).

349
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350 Materials and Methods

351 Parasite culturing & RNA sequencing

352 Leishmania isolates were cultured in vitro, screened for LRV1, and prepared for total RNA
353 sequencing at the Fundagao Oswaldo Cruz, Brazil (Fiocruz). Parasites were grown in liquid culture
354 medium to a concentration of 10’—108 cells/ml, collected through centrifugation (on the third day
355  after the final subculturing step), and preserved in DNA/RNA Shield (Zymo Research). Total RNA
356 was extracted using the PureLink RNA Mini Kit (Invitrogen), following the manufacturer’s
357 instructions. All isolates were screened for the presence of LRV1 by PCR using distinct LRV1
358  primers: LRV F-5'- ATGCCTAAGAGTTTGGATTCG-3' and LRV R-5"-
359 ACAACCAGACGATTGCTGTG-3' (53). The screening included a positive (L. guyanensis
360 MHOM/BR/1975/M4147) and a negative control (L. braziliensis MHOM/BR/1975/M2903) (54-56).
361 LRV1-positive isolates (n = 66) were sent for total RNA sequencing without polyA selection or rRNA
362 depletion to make sure the LRV genome would not be lost in the sample. Samples were sequenced
363  on either the NovaSeq (n = 56) or DNBSeq (n = 10) platform at Genewiz (Azenta Life Sciences)
364 and BGI Genomics, respectively. The latter ten samples were part of a pilot study to test sequencing
365 approach for capturing both the LRV genome and the parasite transcriptome. In both cases, paired-
366  end sequences were generated to ~30,000,000 150bp reads.

367 Leishmaniavirus de novo assembly & phylogenetic reconstruction

368 Prior to the de novo assembly of viral genomes, raw reads from each of the 66 LRV-positive
369 L. Viannia sequenced libraries were filtered and trimmed using fastp v.0.23.4 (57), and mapped
370 against the L. braziliensis M2904 reference genome using SMALT v.0.7.6 (available at:
371 https://www.sanger.ac.uk/tool/smalt-0/). Only unmapped reads were retained and processed with
372  Viralmetagenome v.0.1.2 (available at: https://github.com/nf-core/viralmetagenome) for de novo
373  reconstructions of viral genomes (25). In summary, with this workflow, we combined Megahit and
374  Spades assemblies, followed by a BLAST search to extract contigs matching publicly available
375  LRV1 genomes (58-60). Next, all “raw” assemblies were iteratively refined by re-mapping reads to
376  the assembled genomes and subsequent variant and consensus calling, making use of BCFtools
377 and iVar (61, 62). The reconstruction of hybrid consensus genomes was skipped (--
378 skip_hybrid_consensus: true). A detailed overview of the parameter settings is provided in a
379 supplementary table (S. Tab. 14). Viralmetagenome was able to resolve a consensus genome for
380 49 of the 66 LRV1-positive isolates. Additionally, we conducted a post-hoc assessment of the
381 assembly quality which involved re-mapping of the reads against their respective assemblies, and
382 variant calling. In total, 42 assemblies were retained based on the following criteria: length >
383 3,000bp, read depth > 100x, and low SNP counts (i.e., <100 heterozygous and zero homozygous
384  SNPs). Finally, whole-genome sequences, as well as sequences for the Capsid Protein (CP) and
385  the RNA-dependent RNA Polymerase (RDRP), were aligned using the L-INS-I algorithm, as
386  implemented in MAFFT v.7.490 (‘--localpair’ option) (63).

387 Phylogenetic reconstructions of LRV1 were generated using IQtree v.2.3.6 (64) over
388 10,000 bootstrap replicates using the ultrafast bootstrap approximation method (65). Substitution
389 models were automatically selected by IQtree’s ModelFinder algorithm (-m MFP) (66), which
390 selects the best substitution model based on the Bayesian Information Criterion after evaluating all
391 models that are implemented in IQtree. Whole genome maximum likelihood phylogenies of the
392  assembled LRV1 genomes were generated with and without a set of 64 publicly available genomes
393  (S. Tab. 4) using GTR+F+I+R4 and GTR+F+I+G4, as respective substitution models. Similarly,

12


https://www.sanger.ac.uk/tool/smalt-0/
https://www.sanger.ac.uk/tool/smalt-0/
https://github.com/nf-core/viralmetagenome
https://doi.org/10.1101/2025.11.20.685321
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.20.685321; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

394  gene specific phylogenies, including the 64 publicly available sequences, were inferred using the
395 GTR+F+I+R4 substitution model for both CP and RDRP. For the clade delimitation of the 42 newly
396  assembled genomes, we also calculated the pairwise genetic distances using the 'dist.dna’ function
397  of the R-package ape v.5.8-1 (67) (model = raw'). Finally, recombination was tested by means of
398 PHI tests (Pairwise Homoplasy Index), as implemented in SplitsTree v.4.17.0 (68, 69).

399 In addition to regular phylogenetic reconstructions, we also attempted to reconstruct
400 ancestral states across the entire LRV1 phylogeny, focusing on the virus' geographic origin and
401 associated Leishmania species. This was achieved by adopting a Bayesian phylogenetic
402  framework using the BEAST v.1.10.4 software package (70) and the BEAGLE likelihood calculation
403  library (71). Consistent with previous analyses (3), no temporal signal was detected in the data.
404  Therefore, all sampling dates were set to zero, after which LRV 1's discrete phylogeography was
405  inferred without time calibration, using the default strict molecular clock model. The nucleotide
406  substitution model was set to GTR with estimated base frequencies and the site heterogeneity
407 model set to a Gamma distribution with 4 discrete rate categories and accounting for invariable
408 sites (72—74). The tree prior model was set to a speciation model, the Yule process (75), starting
409 the analysis with a random starting tree (default setting). Two discrete traits were added: the
410  country of origin and associated Leishmania species. For both traits, we selected the symmetric
411  discrete trait substitution model along with the BSSVS (Bayesian Stochastic Search Variable
412 Selection procedure) option in order to reconstruct their ancestral states. Prior and operator settings
413  were kept at their default settings. The MCMC chain was run for ten million states, sampled every
414 1,000 states and providing a 10% burn-in. Throughout the inference process, convergence of
415 parameter estimates was evaluated using BEAST'’s auxiliary program Tracer v.1.7.2 (76). Upon
416  completion of the runs, all effective sample sizes (ESS) of all parameters exceeded the
417 recommended threshold of 200, except for the C-T transition rate in the GTR model, which reached
418 an ESS of 110. Finally, the posterior tree distribution was summarized as a maximum clade
419  credibility (MCC) tree using BEAST's TreeAnnotator.

420 Transcriptomic genotyping & phylogenetic reconstruction of Leishmania (Viannia) isolates

421 Total RNA sequencing reads of the 66 LRV1-positive Leishmania (Viannia) isolates were
422 mapped against the L. braziliensis M2904 (MHOM/BR/75/M2904) reference genome (available at:
423 https://tritrypdb.org/common/downloads/release-65/LbraziliensisMHOMBR75M2904 _2019) using
424  SMALT v.0.7.6 (parameters: k = 13, s = 2). Reads with a mapping quality lower than 25 were
425 removed using SAMtools v.1.21 (*-q’ option) and read depths across all positions were extracted
426 (‘samtools depth -a’) (61). This reference genome has been shown to be useful for genotyping not
427  only L. braziliensis isolates, but also other L. (Viannia) species, resulting in highly accessible
428  genomes for downstream analyses (28-30). Because transcriptomic, rather than genomic, data
429  were used, we discarded isolates with low median coverages (<10%) across the coding DNA
430  sequences (CDS) from downstream analyses. Additionally, all CDS regions in every sample, with
431 a coverage below 10x were omitted, ensuring that only transcriptomic regions with sufficient depth
432  were included in the subsequent analyses. Variant calling (i.e., SNPs and INDELs) was caried out
433  using GATK v.4.1.4.1 (77). Here, the initial calling was performed on a per-sample basis using
434  HaplotypeCaller, after which all individual genotype vcf files were combined using CombineGVCFs,
435 and variants were jointly genotyped with GenotypeGVCFs. Next, SNPs and INDELs were
436  separated using SelectVariants, after which both panels were subjected to hard filtering with
437  VariantFiltration. For SNPs, the following filters were applied: (i) QD < 2.0, FS > 60.0, MQ < 40.0,
438 MQRankSum < -12.5 and ReadPosRankSum < -8.0, following GATK’s recommendations (78); (ii)
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439  GQ < 10; and (iii) QUAL < 100. For INDELs, GATK’s recommendations were adopted: QD < 2.0,
440 FS>200.0, or ReadPosRankSum < -20.0 (78).

441 A phylogenetic network was generated using SplitsTree (68) based on the pairwise
442 uncorrected p-distances calculated across 157,649 bi-allelic SNPs. This network was built using
443  the NeighborNet (79) and EqualAngle (80) algorithms, as implemented in SplitsTree. Forty-nine
444  publicly available isolates were included as reference sequences: members of the L. (V.)
445  braziliensis clade, the L. (V.) guyanensis species complex, as well as L. (V.) naiffi and L. (V.)
446  Jainsoni (S. Tab. 6). In addition, the alternate allele read depth frequency (ARDF) distributions at
447  heterozygous sites were calculated and visualized to identify, whether potential hybrid isolates were
448 the result from a mixed infection. This was done using a custom python script (vcf2freq.py; available
449 at:_https://github.com/FreBio/mytools). Differences in SNP counts between the different species
450  were compared using a non-parametric Kruskal-Wallis (stats R-package (81)) test, followed by
451 pairwise Dunn’s tests with additional Benjamini-Hochberg p-value correction for multiple testing
452  (FSA R-package (82)).

453  Preparing alignments and phylogenies for co-phylogenetic reconciliation

454 Phylogenetic reconciliations of the LRV-Leishmania symbiosis were performed at the
455  subgenus (combining Old World and New World species), species (focusing on the South American
456  Leishmania (Viannia) species), population (focusing on L. (V.) braziliensis and L. (V.) guyanensis
457  with their respective LRV1 lineages), and gene (reconciling the CP and RDRP gene phylogenies
458  within LRV1) levels.

459 For the subgenus level analysis, we included 22 publicly available Peruvian L. (V.)
460  braziliensis isolates and six Old World Leishmania isolates positive for LRV2 (S. Tab. 4,6). Instead
461  of using the entire genome sequence, we concatenated the annotated CP and RDRP genes (i.e.,
462 ORFs 2 and 3 in the LRV genome) and aligned their sequences from LRV1 and LRV2 using the
463 MAFFT v.7.490 (63) as described above. The LRV phylogeny was reconstructed using 1Qtree2
464  with 10,000 ultra-fast bootstrap replicates and the GTR+F+I+R3 substitution model based on the
465 ModelFinder algorithm (64—66). For the maximum likelihood phylogenetic reconstruction of the
466  Leishmania phylogeny, which included highly divergent species from different subgenera, a
467  concatenated alignment of six orthologous protein coding genes was used (S. Tab. 15), as in
468 previous publication (83). The sequences of the six target genes were obtained as follows. Reads
469 were trimmed with fastp v.0.23.4 using similar settings used in Heeren et al. (2023): a minimum
470  base quality (-q) of 30; maximum percentage of unqualified bases per read (-u) to 10; quality-based
471  sliding window trimming front-to-tail (-5) and tail-to-front (-3) with a window size (-W) of 1 and mean
472  quality score (-M) of 30; right-end cutting (--cut-right) using 10 bp windows (--
473 cut_right_window_size) with mean quality score (--cut_right_mean_quality) below 30; and retention
474  of reads between 100 (-1) and 150 bp (-b) (3). Trimmed reads were then assembled de novo using
475  Megahit v.1.2.9 (58). Contigs with six target genes were identified using a blastn (60) search and
476  subsequently extracted. These sequences were combined with 222 publicly available ones
477 (accession numbers listed in S. Tab. 15) and aligned using MAFFT, as described above. Finally, a
478  phylogenetic tree was inferred using IQtree with 10,000 ultra-fast bootstrap replicates and
479  TIM2+F+G4 set as optimal substitution model (64—66).

480 For the reconstruction of the parasite phylogenies at the species- and population-level co-
481  phylogenetic analyses, we used concatenated SNP-alignments. Variants were called against the
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482 MHOM/BR/75/M2904 reference genome, as described above, resulting in genome-wide alignment
483 containing 97,530 bi-allelic SNPs. From this panel, a phylogenetic tree was inferred using IQtree
484  with 10,000 ultra-fast bootstrap replicates and the TVM+F+R2 as the most optimal substitution
485  model, correcting for ascertainment bias (+ASC) (64—66). For the population-level analyses of L.
486  braziliensis—LRV1 and L. guyanensis—LRV1, species specific partitions of the inferred L. (Viannia)
487  phylogeny were used. Finally, for the reconciliation of the LRV1 CP and RDRP genes, we made
488 use of the reconstructed phylogenies as described above.

489 Genetic distance regression

490 In order to obtain an initial assessment of similarity between the viral and parasite
491 phylogenies, we calculated pairwise genetic distances from the corresponding concatenated
492  sequences using the ‘dist.dna’ function of the ape R-package v.5.0 (67) (model = ‘K80’). These
493  distances were converted into distance matrices and analyzed using Multiple Matrix Regression
494  with Randomization (MMRR) (84) where p-values were estimated over 1,000 permutations.

495 Global-fit co-phylogenetic analyses

496 The presence of co-phylogenetic signals (i.e., testing whether closely related hosts tend to
497 associate with closely related symbionts) between the parasite and virus phylogenies by making
498 use of three global-fit methods was tested via (i) the Robinson-Foulds distance as implemented in
499 the phytools R-package v.2.4-4 (85), (ii) ParaFit as implemented in ape (67), and (iii)) PACo as
500 implemented in the paco R-package v.0.4.2 (86). For each method, both virus and parasite
501 phylogenies were downsampled using the ‘drop.tip’ function of ape. This way, only the isolates, for
502  which both high quality LRV1 genomes and L. (Viannia) transcriptome-based genotypes were
503 available. Each approach was performed by running 1,000 permutations for p-value estimation and
504  the Cailliez correction method was used in ParaFit and PACo to correct for negative eigenvalues.

505 Event-based co-phylogenetic analysis

506 To test whether Leishmania and LRV exhibit signs of phylogenetic congruence, at one or
507 multiple hierarchical levels, we made use of eMPRess, an event-based phylogenetic reconciliation
508 tool used for reconciling phylogenies based on a set of events such as co-speciation, loss,
509  duplication, and host-switch (32, 87—89). A key advantage of eMPRess over other event-based
510 reconciliation tools is its ability to specify different sets of event-costs prior to calculating the
511 reconciliation, allowing for the evaluation of alternative evolutionary scenarios for obtaining more
512  robust inferences (87). This is important as different event-costs schemes can lead to distinct
513  solutions and interpretations. For each level, we visualized the cost-space (S. Fig. 4) and selected
514 multiple sets of event-costs covering most of the cost-space (S. Tab. 11-13). Phylogenetic
515 reconciliations were then calculated for each set, and a median MPR (i.e., a median value of the
516 MPR solution space; MPR = Maximum Parsimony reconciliation) was visualized. Significance was
517 assessed using 1,000 random permutations. Visualizations of the cost-spaces and reconciled
518  phylogenies were generated using the eMPRess GUI, while significance testing was conducted
519  with the CLI version (‘p-value’ function with ‘--n-samples 1000’ option).

520
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752  Fig. 1: Lineage diversity and distribution of the LRV1 genomic diversity. a Unrooted maximum
753  likelihood phylogenetic tree based on 42 near-whole genome LRV1 sequences. Branch values

754 represent bootstrap support values based on 10,000 ultra-fast approximated bootstrap replicates.
755  The scale bar depicts the number of substitutions per site. Clades were delineated based on high
756  bootstrap support and low (within-clade) pairwise genetic distances (S. Tab. 3). Colors are set for
757  visual purposes and do not serve any information on the ancestral states (i.e. internal nodes). The
758  abbreviations Lb, Lg, Ln and Ls refer to the Leishmania hosts of the LRVs: L. braziliensis, L.
759  guyanensis, L. naiffi and L. shawi, respectively. b Administrative map of South America showing
760 the geographic origin of the 42 LRV1 genomes (dark gray area) along with geolocalized LRV1
761  genomes reported previously (3, 27). Administrative country- and state-level data originate from:
762 http://www.diva-gis.org/Data. ¢ Midpoint rooted maximum clade credibility tree based on the 42
763 newly obtained near-whole LRV1 genomes along with 64 publicly available ones. Branch support
764  values (bold faced) represent the posterior probabilities. Nodes are colored according to their
765 inferred geographic origin, with posterior probabilities shown adjacently in regular font. Tip labels
766  are colored according to the viral lineages (from this study or previous ones). Bars beside the tree
767 represent the newly or previously described viral lineages (matching the tip labels) and the
768  associated Leishmania species. Single and double asterisks mark the lineages identified by Tirera
769  etal. (2017) (27) and Heeren et al. (2023) (3), respectively.
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771  Fig. 2: Species/lineage delimitation of 36 Leishmania isolates based on whole transcriptome
772  data (157,649 bi-allelic SNPs). a Quantification of homozygous (x-axis) and heterozygous (y-axis)
773  SNPs for 36 isolates in this study and 48 reference isolates (incl. the L. braziliensis clade, the L.
774  guyanensis species complex, L. naiffi and L. lainsoni). b Phylogenetic network of all 84 isolates
775  revealing the reticulate pattern caused by IOCL3539 and IOCL3574, indicative of hybrid ancestry.
776  c-d Shifted CDS-wide alternate allele read depth frequency distribution plots of IOCL3539 (c) and
777 IOCL3574 (d). Dashed vertical lines show the typical modalities for diploid (i.e., @ unimodal
778  distribution with a mode around 0.5; blue) and triploid (i.e., a bimodal distribution with modes around
779 0.33 and 0.66 in red) and tetraploid (i.e., the outer two modes around 0.25 and 0.75 in yellow, and
780  the mode in-between at 0.5 in blue) genomes (31).
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Fig. 3: Co-phylogenetic reconciliation of Leishmania-LRV symbiosis at the subgeneric level. a Regression scatterplot of the pairwise
genetic distances of Leishmania and LRV (51 pairs). Yellow points represent summarized values in 200 bins along the x-axis. b Tanglegram of
Leishmania and LRV phylogenies. The Leishmania phylogeny was inferred from six concatenated gene sequences (S. Tab. 15; see methods).
The LRV phylogeny was inferred from concatenated sequences of CP and RDRP (ORF2 and ORF3, respectively). Colors on the tree are set for
visual purposes and do not serve any information on the ancestral states. Branch values represent bootstrap support values based on 10,000
ultra-fast approximated bootstrap replicates. The scale bar indicates the number of substitutions per site. ¢ Event-based Leishmania-LRV co-
phylogeny at the subgeneric level (51 tip-pairs). The reconciliation was inferred with the following event-costs: duplication = 1.50; transfer = 1.50;
loss = 1.00 (S. Tab. 11; set 03). Support values for the inferred co-evolution events (e.g. co-speciation, host transfer) were estimated from 100
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1  Tab. 1: LRV1 prevalence across all 159 screened Leishmania (Viannia) spp.

Species LRV1 prevalence
L. braziliensis 27.85% (22/79)
L. guyanensis 75.61% (31/41)
L. lainsoni 16.67% (1/6)
L. lindenbergi 0% (0/6)
L. naiffi 61.11% (11/18)
L. panamensis 0% (0/4)
L. shawi 33.33% (1/3)
L. utingensis 0% (0/1)
L. (Viannia) spp. 0% (0/1)
Total 41.51% (66/159)
2
3

26


https://doi.org/10.1101/2025.11.20.685321
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.20.685321,; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

4  Supplemental Information (SI)
b L braziliensis

a
10°N 4
0° 4
eoe

10°S 4 c
(0]
S 20°s4
= 8
© g
- 3

30°S 1

Longtude
L. naiffi
40°S - d
LRV1+
¢ Heeren etal. (2023)
4 Tireraetal. (2017)
50°S - .
I ®  Thisstudy §
80°W 70°W 60°W 50°W 40°W
Longitude

S. Fig. 1. Spatial distribution of LRV1-positive and negative Leishmania isolates. a Spatial distribution of all
isolates used in this study along with geolocalized Leishmania isolates from Heeren et al. (2023) (3) and Tirera
et al. (2017) (24). b-d Spatial distribution of specific Leishmania species: L. braziliensis (b), L. guyanensis (c)
and L. naiffi (d). Administrative country- and state-level data originate from: http://www.diva-gis.org/Data.

OCoONO U

27


https://paperpile.com/c/aJWogz/EXJR
https://paperpile.com/c/aJWogz/SPhn
http://www.diva-gis.org/Data
https://doi.org/10.1101/2025.11.20.685321
http://creativecommons.org/licenses/by-nc-nd/4.0/

AP WN

100

18

98

100

100

Pt 1
10CL3461-Lg-2013
Jtsnriars

100

| 98 I

100 !

= 10CL3517-Ln-2013

L

KY750610.1 = = =
100.1 -

100

97

100

100

— L
0.1 L shawi

L. naiffi

0.1

S. Fig. 2: Tanglegram of the LRV1 capsid protein (CP) and RNA-dependent RNA polymerase (RDRP) gene phylogenies. The clade colored in red occupies different
positions in the CP and RDRP phylogenies. Branch values represent bootstrap support values based on 10,000 ultra-fast approximated bootstrap replicates. The
scale bar depicts the number of substitutions per site. Links between the trees are colored according to the identified clades of the 42 newly assembled LRV1
genomes (Figure 1; Suppl Figure 1).

28


https://doi.org/10.1101/2025.11.20.685321
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.20.685321,; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

IOCL3539 IOCL3574

Chromosome 7 Chromosome 7
51.0 . :.. oo - -e ... o . o 1.0 :3 e @ oo .- X ’!. .: ©
H S . )
% 08| . « T e . . T o8] o % Ty e 2. TR !:‘
3 Q . % . Y o o g . X4 . i
I : L 3w R A PR 2k L. TR AL M
Eos] . e °de 3 N 1 06 . s ¢ . A ¥ o * e
o Ry & . H . o 9kt N : .o o o . .,
o] o o LI ° o o= ] LY % . ° « e . . - .
T 04 R 1 o .. . et Iy . 04 ° . ° 4 . « °
% ‘te ° ° :. ° o.. o . ° e . c . %
5 02 . e 2 02 AL . 5
o) . . ’ "3 . . -
= "
< 00] cemoem - P e 00 - [ T ——
0 100,000 200,000 300,000 400,000 500,000 0 100,000 200,000 300,000 400,000 500,000
Chromosome 12 Chromosome 12
. 1.0 ae eces o0 . . LY . 1.0 :. ‘. :‘:0. .o: . . . 05 ° o .
e . . . 13 . 2 . M s
. .
g 06 .l ‘ 4, ; ° LI I ' 'l V3 & ¢ ° C .t BT
& 0. & e° L e oo s, 0.6 3 ° s ose ° .
© . o8, o . . . °
2 . . Y Lot e . . . . ¢ Lo
3
2040 - ., . I 04 e, . .o
% .. . . .°~ q o o o ° . . .o q
€ o2 L. . . 02 {* . HESE. s . c e .
o . . o .
< 0.0 | emsem cuspmem conmms @@O® 00 ¢ ©0ce eED ®0 ©® Goced enem @ 0.0 |meen cusomen mmn @moee 00 ¢ ccco amm = -; @eseen enam e
0 100,000 200,000 300,000 400,000 0 100,000 200,000 300,000 400,000
Chromosome 20 Chromosome 20
- 10 4 “.:‘o. oo .-3. .o.'?m :ooooo oo, o;.- - 9 :o.. oo 1.0 P 0:3 :.. %' ;—‘. '!o-o goq' .o' - omman ® o o000z : -.o‘
o 0 . D o o 'Y cey . . °
B 08 lgs »° . :’ S o 0 teeetu 0. e 08 ."“ . xc e ¥ a';.'."s%;,to'.-
= e 3 J <o - % - ® . ,.‘t . iy Oaed 2
o . R D o O g0 o - § o . s ¢ D K3 C 2 #
S bonvay & @ Uy ol ey Bl SEUL AR v LA TR
&= .
= 06 :.:’... °'°l s ‘?’f % Y \.;5.. 0.6 e, ,‘..t A S i.:..tg..' ;.tg
< PR R, .g'OE.n. pathl & te. ) A e e
T 04 [Tg o o 2, LR el l‘;{' 0.4 L A JUUPUR L R P P S It
o ot e Mo g% L8 2 S0l . ’ ot oo, 39° ° o .4 PR
2 % . & oS S, T T poe] Iy 2 . o2 - ¢ 82, .. - .
© XS ey o o o o ° « h? x ' % ° . of o
g o2 Sees h 3 e . . . . o . 02 oy’ ogr B°% :} ..i o 8o . SR
% . % .. [ . °°° ° PR % .°.;° ;)’“ o * LIRS .o 3 .
0.0 ocomn o=t — 0.0 camn == —
0 5.0e5 1.0e6 1.566 2.0e6 2.5e6 0 5.0e5 1.0e6 1.5¢6 2.0e6 2.5¢6
Chromosome 29 Chromosome 29
- 1.0 o @00 oo 0.‘.0. :.- ...0-0 oo o oo ..0 : 0.0.: . .0 . 0‘0 . 1.0 |* @ ’"'*“ ' -.'ﬂq . 0; "'0 L) “‘.I ; ”‘0 . ‘;'
. . . * 2 ° o$ ° 0
% 08 LRI B H ',s ‘:“ o, '. ° . . 33.'0 08 " . é‘ .2 ,‘i 3' . ."3‘ I;t’ f‘ f.’ 2°:° °
. * % o oy . (3 (
DT T - AP cliis < BN -2 ey v Ledp wiige bbe,
£ 08 £ g v s, .',2:} " ORI R-ER TR LR SR T 0.6 - R Y N I L D
° . o . 4. & e 3“0 '0,:' :’ s ° o IR . . .
= 04 s o ° oo oo A . o o % . 0.4 e, . P . .
g IR . T e e s ‘s e % s Tt e, . % :
.
T 021" o ..o ¢ o ..00 ° .« ® 38 . N . 02 loo ‘: HR s e IR ..0; . . -
£ LR % . .! . RIA 21 . ) of © .
= .
< o0 - [pp—_ 0.0 .o-——o._.‘——-.—
0 2.0e5 4.0e5 6.0e5 8.0e5 1.0e6 0 2.0e5 4.0e5 6.0e5 8.0e5 1.0e6
Position Position

S. Fig. 3: Chromosome-level read depth frequency distribution plots for the alternate allele for IOCL3539
(left) and IOCL3574 (right). X-axis indicates the position of each along the chromosome, while the y-axis
denotes the read depth frequency of the alternate allele that is present in that SNP. Only chromosomes 7,
12, 20 and 29 are shown to exemplify the heterozygous nature of both isolates which are both devoid of
homozygous stretches across their genomes.

)] UbhWNE

29


https://doi.org/10.1101/2025.11.20.685321
http://creativecommons.org/licenses/by-nc-nd/4.0/

upbrwWNBE

a Subgenus level co-phylogenetic analysis

transfer J\

loss

duplication

cospeciation

b Species level co-phylogenetic analysis
transfer .
loss /

cospeciation

Transfer cost relatve to loss

Transfer cost relative 1o loss.

1.0

c Pop level

ic analysis (L.
c=25
d=3
t=22
1=27

transfer

loss

duplication

15 20 25 30
Duplication cost relative to loss.

d Population level analysis (L.

transfer

1.0

duplication

15 20 25 30 35 4.0

Duplication cost relative to loss.

30 1=12

Transfer cost relative to koss

20

1.0 15 20 25 30 35 40
Duplication cost relative 1o loss.

05 1.0 15 20 25 3.0 s 40
Duplication cost relative to loss.

S. Fig. 4: Event-cost distributions and cost spaces from event-based co-phylogenetic analyses of the Leishmania—LRV symbiosis across the different hierarchical
levels. Per panel, the left-side plot depicts the density of the number of events that have been calculated over all the tested cost-sets; (ii) the right-side plot indicates
the costspace as calculated by eMPRess. Each colored zone corresponds to the same number of events and reconciliation solutions. a Subgenus level. b Species
level (within L. (Viannia)). Note the high number of inferred loss events in this analysis, resulting from an adjustmen of the default loss cost from 1 to 0 to enable co-
phylogenetic reconciliations in eMPRess. ¢ Population level for L. (V.) braziliensis. d Population level for L. (V.) guyanensis.

30


https://doi.org/10.1101/2025.11.20.685321
http://creativecommons.org/licenses/by-nc-nd/4.0/

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.20.685321,; this version posted December 16, 2025. The copyright holder for this preprint

Events

- Loss

# Duplication

® Cospeciation Ml Transfer / host switch

A)

B i

IR w

sl

wwm

7R F
mmmm

T

1h4

mwmmmmmmmmmmwwmmmw

SRR AR

2eerecaasases

ke cic

HEHH

2333,

ALt b

i

g

g
—y——

=i
=%

FY

— mt}u xxxxxxxxxxxxxxxxxxx «uuuuuu«uwuu»«uwwu

SRERARKNKS.

iR FRERARRARRREERERR
Sararasasaose

#maﬁm _mmwmm__mz _.mm_wm

e

e

: 3 RERRAIAGARRERERRER

oxx.‘«{xxxuuuuuawqum«»qumm«

o

....u.i..u.i....xuuuuuuuuuu u«uuuuu

m Hmﬁmw m_umm aanan

S. Fig. 5: Event-based co-phylogenies of the Leishmania divergence, across different subgenera (L. (Viannia),

L. (Leishmania), L. (Sauroleishmania)), and LRV species (LRV1, LRV2). Each reconciliation was calculated
with different sets of event-costs (S. Fig. 3a; S. Tab. 11): A) set 1, B) set 2, C) set 3, D) set 4, E) set 5, F) set

3
4
5
6
7
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9 S. Fig. 6: Tanglegram of the Leishmania Viannia subgenus and LRV1 phylogenies based on 45 LRV 1-positive
10 L. Viannia isolates. The Leishmania phylogeny was inferred from an alignment of 97,530 concatenated SNPs,
11 corrected for ascertainment bias. The LRV1 phylogeny was inferred from a concatenation of the two protein-
12 coding gene sequences, CP and RDRP (ORF2 and 3, respectively). Colors on the tree are set for visual
13 purposes and do not serve any information on the ancestral states (i.e. internal nodes). Branch values
14 represent bootstrap support values from 10,000 ultra-fast approximated bootstrap replicates. The scale bar
15 depicts the number of substitutions per site.
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S. Fig. 8: Species-specific tanglegrams of Leishmania (V.) braziliensis (a) and L. (V.) guyanensis (b) and their
associated LRV1 lineages. The Leishmania phylogenies represent species-specific partitions of the L.
(Viannia) SNP-based phylogeny (Suppl. Figure 5). Similarly, the LRV1 phylogenies represent specific
partitions of the LRV1 phylogeny (Suppl. Figure 5). Branch values represent bootstrap support values from
10,000 ultra-fast approximated bootstrap replicates. The scale bar depicts the number of substitutions per
site.
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30 S. Fig. 9: Event-based co-phylogenies of Leishmania (V.) braziliensis and LRV1. Each reconciliation was
31 calculated from different sets of event-costs (S. Fig. 3c; S. Tab. 13): A) set 1, B) set 2, C) set 3, D) set 4, E)

32 set 5. Support values for the inferred events were estimated from 100 bootstrap replicates.
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35 S. Fig. 10: Event-based co-phylogenies of Leishmania (V.) guyanensis and LRV1. Each reconciliation was
36 calculated using different sets of event-costs (S. Fig. 3d; S. Tab. 13): A) set 1, B) set 2, C) set 3, D) set 4, E)

37 set 5. Support values for the inferred events were estimated from 100 bootstrap replicates.
38

39  Supplemental Tables: See excel file.
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