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18 Abstract:
19 Many organisms reproduce through non-canonical modes such as parthenogenesis or hybridogenesis
20 (clonal transmission of one parent’s chromosomes), but whether these arise abruptly or stepwise from
21 each other remains unclear. We address this in the stick-insect genus Bacillus, which harbors several
22 hybrid lineages with diverse reproductive modes. From haplotype-resolved phylogenies of >500
23 wild-caught individuals, we infer a single, recent (~8,000 years) origin of all hybrids. The ancestral
24 hybrid reproduced via hybridogenesis, which subsequently diversified into parthenogenesis and, twice
25 independently, into triploid lineages. Laboratory crosses recapitulate this trajectory, where each step
26 facilitated the next. These findings reveal how a single genomic perturbation can act as a catalyst for

27 evolutionary innovation, turning the loss of sex into a driver of diversification rather than a dead end.
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33 Significance Statement

34 Hybrids between sexually reproducing animal species are sometimes characterized by unorthodox

35 reproduction such as parthenogenesis or hybridogenesis (clonal transmission of half of the genome

36 and elimination of the other). Understanding how transitions between these reproductive modes occur
37 is a major challenge. Here, we uncovered a new route to parthenogenesis: in Bacillus stick insects,

38 hybridization ~ 8000 years ago gave rise to a hybridogenetic lineage, which then diversified into an
39 obligate parthenogenetic diploid and, twice independently, into triploid lineages. These findings

40 provide direct evidence that hybridogenesis can facilitate the evolution of parthenogenesis. This

41 illustrates how a single genomic perturbation can turn the loss of canonical sex into a driver of

42 diversification rather than an immediate dead end.
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55 Main Text:

56 Introduction

57 The ability to reproduce is a fundamental property of life. Most animals reproduce through sex, which
58 involves producing gametes via meiosis and fusing them with those from another individual (1).
59 Modifications to these key processes, however, have resulted in the repeated evolution of alternative
60 reproductive modes across many taxa (2). This includes parthenogenesis (reproduction without
61 fertilization, which is often clonal) and hybridogenesis, whereby only one set of chromosomes
62 (haploset), usually the maternal one, is transmitted clonally to the offspring, and the other discarded
63 (a.k.a. hemiclonal reproduction; (3)). While considerable research has focussed on the costs and
64 benefits of these alternative reproductive modes (4, 5), how they originated in the first place remains
65 largely enigmatic (6, 7).

66

67 Alternative reproductive modes require several modifications to canonical meiosis and related
68 processes, imposing strong constraints on their evolution (8). Some taxa are much more prone than
69 others to evolve alternative reproductive modes (e.g. (9-11)), suggesting that they might be
70 characterized by fewer constraints, thus increasing the frequency of transitions. This could explain the
71 repeated evolution of these alternative reproductive modes in some taxa (9, 12—14) as well as their
72 frequent co-occurrence in the same clades (reviewed in (15)). An alternative explanation is that initial
73 transitions from sexual reproduction to alternative reproductive modes can themselves promote
74 further diversification. Such diversification could notably be triggered by exacerbated genetic conflict,
75 as these modes often involve non-Mendelian transmission creating new opportunities for parental
76 chromosomes to increase their own transmission.

7

78 Because reproductive mode transitions can be rapid and intermediate states transient, only the end
79 products are usually visible in nature. Studying transitions between reproductive modes thus relies
80 either on the ability to induce new reproductive modes via laboratory crosses (16—18), or on
81 serendipitous findings of intermediate states (19). The stick insect genus Bacillus, which features a

82 remarkable diversity of reproductive modes (summarized in Figure 1), provides unique opportunities
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83 to study transitions between alternative reproductive modes. One species, B. grandii, is obligately
84 sexual. A second species, B. rossius, is facultatively parthenogenetic and there are all-female and
85 bisexual populations. A third one, B. atticus, reproduces via obligate female-producing
86 parthenogenesis (although rare male production has been documented (20)). Two lineages are F,
87 hybrids between the subspecies B. r. redtenbacheri of B. rossius and B. g. grandii of B. grandii. The
88 first one (B. whitei) reproduces by obligate parthenogenesis. The second one (hybridogen 1)
89 reproduces by hybridogenesis, whereby the B. rossius haploset (haploid set of chromosomes) is
90 transmitted clonally, while the B. g. grandii haploset is eliminated. The F, constitution is then restored
91 by mating with B. g. grandii males from a sexual population. A second hybridogenetic lineage exists,
92 which differs from the first one in having a haploset from B. g. benazzii instead of B. g. grandii
93 (hybridogen 2). The two hybridogenetic lineages occasionally reproduce through androgenesis,
94 whereby both haplosets are eliminated from the egg and the progeny ends up with two copies of the
95 paternal B. grandii genome. Finally, an allotriploid asexual, B. lynceorum, has one chromosome set
96 from each of B. r redtenbacheri, B. g. grandii and B. atticus. All hybrid lineages have B.
97 redtenbacheri as maternal ancestor (21).

98
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100 Figure 1: Overview of the Bacillus system. A: Schematic overview of parthenogenesis and hybridogenesis. B:
101 An adult female Bacillus on one of her host plants, the lentisk Pistacia lentiscus. C: Genomic composition and
102 reproductive modes of the different lineages studied. D: Geographic distribution of Bacillus lineages and
103 location of sampling sites in Italy and the surrounding Mediterranean basin. Estimated coastal distribution
104 ranges are colored according to species following (21, 22). E. Map of Sicily, with species found in each
105 sampling location.

106

107 Here, we investigate whether Bacillus hybrids with different reproductive modes evolved

108 independently or share a single hybrid origin, followed by reproductive mode diversification. To this
109 end, we generate reference genome assemblies or pseudo-references for all parental lineages and
110 collect genomic data for over 500 wild-caught stick insects, enabling us to separately reconstruct the
111 evolutionary histories of the maternal and paternal genomes of the parthenogenetic and
112 hybridogenetic hybrids. Phylogenetic topology tests combined with estimates of divergence allow us
113 to resolve the origins of these hybrids and infer transitions between hybridogenesis and
114 parthenogenesis and between diploid and triploid lineages. Finally, we test the plausibility of the
115 inferred transitions by recapitulating them through experimental crosses of extant lineages.

116
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117 Results and Discussion

118 We sampled natural stick insect populations from Sicily (13 populations) and mainland Italy (6
119 populations). We compiled RAD sequencing data for 504 individuals (108 new and 396 previously
120 published (23)) representative of all lineages. Because morphology-based identification of Bacillus
121 stick insects is error-prone, we genetically identified all individuals based on genetic similarity to
122 previously characterized reference individuals (PCA; see Suppl. Results 1; Figure S1; Methods; (23)).
123 We phased the reads of 172 hybrid individuals by competitive mapping, i.e. simultaneously mapping
124 the reads of each individual to the assemblies/pseudoreferences of all of its parental species (see
125 Suppl. Results 2 & 3; Figures S2 & S3). Calling SNPs separately with the reads that mapped to each
126 assembly then enabled us to reconstruct haploset-specific genotypes and phylogenies of B. rossius
127 (maternal ancestor; Figure 2A; Suppl. Results 4; Figure S4) and B. grandii (paternal ancestor; Figure
128 2B; Suppl. Results 5; Figure S5).

129

130 All hybrid lineages formed a monophyletic lineage in the maternal B. rossius phylogeny, indicating a
131 single origin followed by diversification via transitions between alternative reproductive modes
132 (Figure 2A). Independent origins via several hybridization events would result in some lineages of B.
133 rossius clustering with a subset of the hybrids. While the existence of such lineages (which may now
134 be extinct) can never be formally excluded, our dense sampling within and beyond Sicily (Figure 1D,
135 E) ensures broad coverage of the extant diversity. All hybrids were most closely related to a single
136 population of B. r redtenbacheri from Scopello, Sicily (Suppl. Results 4; Figure S4). B.
137 redtenbacheri is the subspecies that is currently present in Sicily, and Scopello is the only location
138 where hybridogen 2 is known, confirming the Sicilian origin of the hybrids.

139

140 All hybrid lineages seemed to have originated over a short period, as indicated by very short branch
141 lengths. In order to improve resolution of the evolutionary relationships among hybrid lineages, we
142 built an additional phased phylogeny of 14 haplomes from whole-genome data of nine individuals (8
143 new + 1 published (23)) representing all four parental species plus one representative of each the four

144 expected hybrid lineages (hybridogen 1, hybridogen 2, B. whitei and B. lynceorum; Suppl. Results 6).

6
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145 We included a fifth hybrid lineage as we discovered two distinct triploid B. [ynceorum lineages in the
146 paternal phylogeny (Figure 2B). Note that we also discovered several F; hybrid individuals that did
147 not cluster into lineages and which likely represented novel hybrids stemming from contemporary
148 interspecific matings between parental species (see below). These were not included in the whole
149 genome analyses as their reproductive mode is unknown.

150

151 The whole-haplome phylogeny confirmed the single origin of all hybrids (Figure 2C). The very low
152 divergence between B. rossius haplomes indicated that the original hybridization event with B. grandii
153 occurred relatively recently, likely within the last ~8,000 generations (approximately 8,000 years; see
154 Suppl. Results 6). Importantly, this original event resulted in a hybridogenetic hybrid (Fig 3A). This
155 was indicated by the independent (paraphyletic) and basal position of the two hybridogenetic lineages,
156 and longer branch lengths of hybridogens. Whether hybridization triggered hybridogenesis is not
157 certain, as we cannot exclude that hybriodogenesis-like reproduction already existed in specific B.
158 rossius lineages.

159

160 Hybridogen 2 (B. rossius x B. g. benazzii) appears to be the oldest hybrid lineage, as it formed the
161 outgroup to all other hybrids (Figure 2C) and clustered with B. r. redtenbacheri on the mitochondrial
162 tree, both lacking a substitution that was common to all other hybrids (Suppl. Results 6; Figure S6).
163 Paraphyly of hybridogens (with hybridogen 1 more closely related to parthenogenetic hybrids) was
164 better supported than an alternative topology where hybridogens were constrained to be monophyletic
165 (Shimodaira-Hasegawa test, p < 0.001; Figure 2D). The second hybridogenetic lineage (hybridogen 1)
166 likely emerged following a host switch, i.e. by replacing the B. g. benazzii haploset with one of B. g.
167 grandii upon mating with that species. Note that a scenario where the original hybridization happened
168 between B. g. grandii and B. rossius, followed by a host switch to B. g. benazzii after the split with
169 hybridogen 1, is equally parsimonious. Our experimental crosses provided experimental evidence that
170 host switches can happen easily: We crossed 12 B. rossius - g. grandii hybridogenetic females with B.
171 g. benazzii males and genotyped 228 of their offspring at two species-diagnostic microsatellites. All

172 228 of them incorporated the B. g. benazzii haploset instead of the B. g. grandii one (Suppl. Results 7;



173 Figure 3B), mirroring previous findings (e.g. (24)). Host switches in hybridogens were also described
174 in wild Hexagrammos fish (25).

175

176 All parthenogens then derived from the ancestor of hybridogen 1, with which they share haplosets
177 from both B. . redtenbacheri and B. g. grandii. This means that the transition from hybridogenesis to
178 parthenogenesis did not require entirely new haplosets to enter into contact. Rather, the transition to
179 parthenogenesis after generations of hybridogenesis suggests a shared proximate basis of these two
180 reproductive modes. Notably, both reproductive modes probably rely on premeiotic duplication of the
181 genome (the maternal haploset in hybridogens and the whole genome in parthenogens (26)).
182 Pre-existing duplication in hybridogens may thus have facilitated the transition to parthenogenesis.
183 The evolution of parthenogenesis from hybridogenesis further requires the transmission (instead of
184 elimination) of the paternal genome, resulting in the production of unreduced F, hybrid eggs. We were
185 able to experimentally induce such production of unreduced F, hybrid eggs by introgression of sexual
186 B. rossius alleles into the hybridogenetic haploset via experimental crosses: For this, we crossed
187 hybridogen 1 females with B. . rossius males, thus generating B. rossius individuals with one sexual
188 and one hybridogenetic haploset. These individuals were crossed with B. g. grandii again, thus
189 recovering the F, hybrid state in their offspring. In the offspring, 33 out of 78 individuals (42%) failed
190 to eliminate the B. grandii haploset and transmitted both haplosets in an unreduced fashion as
191 revealed from genotyping unfertilized eggs (Suppl. Results 7; Figure 3C).

192 Hybridogenesis has been speculated to have served as a stepping stone to parthenogenesis previously,
193 in Bacillus (27) and in Poeciliopsis life-bearing fish (28). However, in these fish parthenogenesis is

194 sperm-dependent and only triploid parthenogenetic lineages have been described (29, 30).
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196 Figure 2. Haplome-specific phylogenies for A: haplomes of B. rossius origin (maternal ancestor) and B:
197 haplomes of B. grandii origin (paternal ancestor) from the RADseq data. Colors at the tips = lineage, colors as
198 in Figure 1. Novel hybrids refer to B. rossius - B. g. benazzii F, hybrids stemming from ongoing hybridization
199 between sexual lineages and whose reproductive mode is unknown. C: Whole-haplome phylogenies. The three
200 smaller trees to the right correspond to zoomed subsets of the main tree. Yellow stars designate nodes at which
201 topology tests were performed. D - F: Topology tests. The topology in bold is significantly better supported.

202

203 Our whole-haplome tree also supported the paraphyly of the triploid B. lynceorum, with one lineage
204 (hereafter B. lynceorum 2) forming a monophyletic group with B. whitei and the other (B. lynceorum
205 1) being their outgroup, both on the maternal B. rossius and paternal B. grandii phylogenies (Figure
206 2C, E, F). The B. atticus haplomes of the two B. lynceorum lineages were also diverged, further
207 supporting separate origins. Their phylogenetic position indicates that B. lynceorum 2 likely
208 originated from mating between a female B. whitei and a rarely-produced male of B. atticus (20). B.

209 lynceorum 1 could have originated from a cross between either B. whitei or a female hybridogen 1 and
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a male B. atticus, in which case it would represent a second transition from hybridogenesis to
parthenogenesis, this time associated with hybridization. Although alternative scenarios (e.g. B. whitei
originating from the loss of the atticus haploset from B. lynceorum) cannot be formally excluded, a
transition from B. whitei appears more likely. Secondary ploidy increases in parthenogenetic species
are reported in other taxa (e.g. (31-33)), and specifically, the topologies of the rossius and grandii
haplomes in B. whitei and both B. lynceorum lineages perfectly mirror each other, which is expected
under clonality but not under hybridogenesis, where a different grandii genotype could have been
incorporated. Additional support for our favored scenario comes from our ability to replicate the
diploidy to triploidy transition experimentally. We crossed female B. whitei with B. grandii males
(since accidental B. atticus males are extremely rare) and found that one out of 227 offspring had
become triploid with two B. grandii haplosets and had thus incorporated the paternal haploset (Figure

3D), corroborating findings by (34).

The relationship between asexuality and polyploidy has long been noted (35) and triploidy is often
assumed to cause transitions to asexuality, but a causal relationship is rarely shown (6). Here, the
transition to triploidy was facilitated by parthenogenesis via endoduplication (which is the proximate
mechanism of parthenogenesis in both B. whitei and B. lynceorum (26, 36)), since segregation
between copies of the same chromosome releases the constraint that chromosomes should be present
in pairs for segregation to occur properly during regular meiosis. Triploidy was thus a consequence,
and not a cause, of parthenogenesis. Interestingly, the third ancestor of B. lynceorum, B. atticus, is
also parthenogenetic. However, the presence of B. rossius mitochondria in B. lynceorum (21, 23)
indicates that the B. atticus haploset was transmitted by a male. Such rare, “accidental” males are
sometimes found in asexual species, especially with XX/X0 sex determination where they can easily

arise by X aneuploidy, and with a documented example in B. atticus (20).
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235 Figure 3. A: summary of the most likely transitions between reproductive modes in the different lineages of
236 Bacillus inferred from our phylogenetic analyses. Colors as in Figure 1. B-D: experimental evidence for the main
237 transitions. B: genotypes of the mother and 228 female hatchlings at two microsatellite loci (two boxes) showing
238 the replacement of the B. g. grandii allele (red) with the paternal B. g. benazzii allele (orange). C: Spontaneous
239 transition to parthenogenesis in some individuals with admixed rossius haploset. Right: Average coverage of the
240 B. grandii (red) and B. rossius (blue) haplomes in 100kb windows along the genome obtained by competitive
241 mapping of RADseq reads, for three unfertilized eggs representative of the different observed patterns.
242 Alternating shades represent different chromosomes. D: Transition to triploidy by incorporation of an additional
243 B. g. grandii genome in an egg of B. whitei fertilized by B. g. grandii. Right: Average coverage of each genome
244 in 100kb windows along the genome obtained by competitive mapping of RADseq reads. Coverage of the B.
245 grandii genome is ~2x that of B. rossius.

246

247 Finally, two elements in our results support the idea that only a subset of interspecific genome
248 combinations can lead to asexuality: the fact that parthenogenesis arose only once in ~ 8000 years in
249 two different hybridogenetic lineages, as well as the serendipitous finding of previously undescribed

250 hybrid individuals in our RADseq screen of wild-caught stick insects. 20 F, hybrids (“novel hybrids”
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in Figure 2) clustered with pure B. r redtenbacheri from the same area (Scopello; Sicily) on the
maternal tree (Figure 2A; Figure S4). This suggests that they are newly-formed F, hybrids between B.
r. redtenbacheri and B. g. benazzii. Although their fertility and reproductive mode was not assessed,
available evidence suggests that they are most likely sterile. The presence of a large proportion of
males (12 out of 20) and the fact that they were not monophyletic excludes the possibility that they
are a separate hybridogenetic or parthenogenetic lineage. In addition, the absence of backcrosses or F,
genotypes points to hybrid sterility. These findings are in line with the Balance hypothesis (37),
according to which asexual taxa emerge from crosses between lineages that have diverged enough to
disrupt normal meiosis, but not enough to result in too many incompatibilities, as was observed in

other taxa (16, 18, 38—41).

In summary, reconstructing haplotype-specific phylogenies for Bacillus hybrids with alternative
reproductive modes and their parental species enabled us to infer the number and direction of
transitions between reproductive modes (summarized in Figure 3). A single original hybridization
event between the maternal (B. rossius) and paternal (B. grandii) sexual ancestors gave rise to a
hybridogenetic hybrid lineage. A second hybridogenetic lineage arose by host switch, i.e. by
substitution of the paternal genome with that of another subspecies of B. grandii. Obligate
parthenogenesis then evolved from hybridogenesis, in what is the first documented case of such a
transition that we are aware of. Hybridogenesis probably facilitated this transition by combining a
new set of paternal chromosomes with the maternal chromosomes every generation, thus creating
repeated opportunities for compatible genome combinations to emerge. Finally, two independent
transitions to triploidy happened from the diploid parthenogenetic lineage. This was facilitated by
premeiotic endoduplication, which releases the constraint on homologous chromosome pairing during
meiosis. Overall, our results indicate that the diversity of reproductive modes in Bacillus stick insects
was achieved via stepwise asexual diversification rather than repeated transitions from sexual
ancestors. Each transition released some of the constraints hampering the evolution of unorthodox

reproductive modes, thus facilitating the next one. The diversification of reproductive modes in
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278 Bacillus reveals how a single genomic perturbation can act as a catalyst for evolutionary innovation,
279 turning the loss of canonical sex into a driver of diversification rather than a dead end.

280

281 Materials and Methods

282 Sample collection

283 We searched for Bacillus stick insects in September and October of 2017, 2018, 2020 and 2021 on the
284 island of Sicily and along the coastal ranges of Italy and France by surveying host plants (Rubus sp. &
285 Pistacia lentiscus) at night. For an overview of sex, sampling year and GPS location per sample, see
286 Dataset S1 (Supplementary Materials & https://github.com/AlexPopalex/tree/) and Figure 1D,E.

287

288 Wet lab and sequencing

289 Whole-genome data for all lineages: We used PacBio (Pacific Biosciences) Hifi long reads for one

290 individual of each of B. g. grandii, B. whitei and both B. lynceorum lineages, and Illumina short reads
291 for one individual of each of B. atticus, B. g. benazzii, and for the rossius haploset of both hybridogen
292 1 and 2. In addition, we also used Illumina short reads for a pool of the four B. rossius males that were
293 used in the crosses (see Experimental validation of inferred transitions below).

294 To generate PacBio HiFi long reads, we ground animals (%2 of the body without gut) in liquid nitrogen
295 using a Cryomill (Retsch). We then extracted High Molecular Weight (HMW) DNA with G/20
296 Genomics Tips by Qiagen according to manufacturer’s instructions. Library preparation (SMRTbell
297 Express Template Prep Kit 2.0) and sequencing (2 SMRT cells on PacBio Sequel II, and 1 SMRT cell
298 on PacBio Revio for B. lynceorum 2; sample “Gelad”) was carried out by the Lausanne Genomic
299 Technologies Facility, Lausanne University, Switzerland (LGTF).

300 To generate Illumina short reads, we extracted gDNA with the Qiagen Biosprint 96 workstation
301 following manufacturer protocol from one leg from a single adult (B. g. benazzii and B. atticus). In
302 order to only sequence the rossius haplotype of hybridogen 1 and 2, we extracted DNA from a pool of
303 eggs (see Dataset S1). For the four B. rossius males, DNA was extracted from one leg of each male
304 and then pooled equimolarly and sent to the LGTF for library preparation (Nextera DNA flex) and

305 Illumina sequencing on one lane of an SP flowcell of the NovaSeq (paired-end, 150bp).



306

307 Scaffolding B. grandii grandii assembly: The same individual used for PacBio HiFi long read

308 sequencing was used to generate Hi-C conformation capture reads for scaffolding. After grinding %2 of
309 the body without the gut in liquid nitrogen with a Cryomill, we cross-linked tissues with the Proximo
310 Hi-C kit and sent it to Phase Genomics (Seattle, USA) for sequencing.

311

312 RADseq of field-caught adults and eggs: We generated ddRAD sequencing reads for 158 individuals
313 and combined them with 396 individuals from (23). In addition, we also generated ddRAD
314 sequencing reads for 93 unfertilized eggs used in the crosses for experimental validation of the
315 inferred transitions (see below). We extracted DNA with the Qiagen Biosprint 96 workstation
316 following manufacturer protocol and built double-digest RAD sequencing libraries following the
317 protocol of (23). Libraries were sequenced single-end on a HiSeq, MiSeq and NovaSeq, respectively,
318 with 150bp length reads.

319

320 Species determination

321 For (sub)species determination/corroboration, we compared the genotypes of all new samples
322 (obtained from RADseq or whole genome sequencing [WGS]) to the genotypes of the 397 individuals
323 with known species identity (23). We removed adapter sequences and quality-trimmed 3’ ends of
324 RAD and WGS short reads using cutadapt v2.10 and trimgalore v0.6.6 with default parameters
325 (--paired option for WGS short reads; https://github.com/FelixKrueger/TrimGalore; (42)). We mapped
326 single-end RAD and paired-end WGS short reads to the reference genome of B. . redtenbacheri using
327 bwa mem v0.7.17 with default options (43). We mapped PacBio long reads to the reference genome
328 of B. r. redtenbacheri using minimap2 v2.14 with the option -x map-hifi and allowing for up to 50
329 secondary alignments (-N 50 (44)). We sorted alignments using samtools and removed unmapped
330 reads and secondary and supplementary alignments as well as alignments with mapping quality below
331 20 (45). For paired-end WGS short reads we only retained properly paired reads. Next, we called
332 variants using bcftools mpileup and bcftools call (46) with the option --multiallelic-caller and

333 retaining only variant sites (--variants-only). We filtered variants using bcftools (46). We removed
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334 duplicate records, indels, mono- and polyallelic sites (keeping only biallelic sites), sites with variant
335 quality < 20 and genotypes with depth < 4. We removed individuals with > 75% missing genotypes
336 (leaving 527 samples). We did pca calculation using plink v1.9 (47).

337 All commands, see “tree_species.sh” (https://github.com/AlexPopalex/tree/).

338

339 Genome assembly

340 We constructed a Bacillus grandii grandii reference genome using a combination of HiFi (~ 28X) and
341 Hi-C sequencing (~ 64X). We assembled HiFi reads using hifiasm v0.18.5 (48). We then purged
342 putative haplotigs from the assembly as follows: We estimated local coverage by mapping HiFi reads
343 to the assembly using Minimap2 (v2.24, -x map-hifi --secondary=no (44)). We investigated homology
344 between contigs of low coverage, i.e. < 18X, using Purge Haplotigs v 1.1.2 (49). We filtered out
345 duplicated contigs, as well as contigs of extreme coverage (equal to 0 or superior to 90X). After
346 purging, we performed a decontamination step using blobtools v1.1.1 (50) with contigs blasted to the
347 ncbi nt database (v2.12.0, -max_target seqs 10 -max_hsps 1 -evalue 1e-25 (51), (52)). We filtered out
348 non-metazoan contigs using the script contamination_filtration.py (53).

349 We scaffolded contigs using Hi-C reads. We cleaned the reads with TrimGalore (v0.6.7, -q 30
350 --nextera --length 100; https://github.com/FelixKrueger/TrimGalore, (42)), and aligned them to the
351 decontaminated assembly following the Arima-HiC pipeline
352 (https://github.com/ArimaGenomics/mapping_pipeline). We mapped forward and reverse reads
353 separately using bwa v2.12.0 (54). We filtered out chimeric reads and combined alignments using
354 Arima scripts and specifying a minimum mapping quality of 57. We removed PCR duplicates using
355 picard tools MarkDuplicates (http://broadinstitute.github.io/picard/). We performed scaffolding using
356 yahs v1.2a.2, -q 57 (55). Finally, since yahs is able to break mis-joined contigs, we performed a last
357 round of purging as described above.

358 We assessed final assembly quality based on heatmaps of Hi-C contact links and BUSCO scores. To
359 get Hi-C contact heatmaps, we generated hic files using juicer tools v1.1.9 (56). We generated
360 heatmaps using HiCExplorer (v3.7.2, hicConvertFormat -outputFormat cool, hicPlotMatrix --loglp

361 (57)). We calculated BUSCO scores using insecta_odb10 v5.4.5 database (58). We used positions and
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362 IDs of single copy and complete BUSCO genes in B. g. grandii and B. r. redtenbacheri genomes to
363 evaluate synteny between the two genomes.

364

365 Pseudoreference construction

366 To aid the haplotype phasing of reads from B. [ynceorum and hybridogen 2 (see Results) we
367 constructed pseudoreferences of B. atticus and B. g. benazzii. For this we mapped the WGS short
368 reads of B. atticus and B. g. benazzii to the reference genome of B. g. grandii using bwa mem v0.7.17
369 with default options (43). We sorted the alignments using samtools v1.15.1 (45) and called variants
370 using bcftools mpileup and bceftools call with the option --multiallelic-caller. We applied the variants
371 to the reference genome of B. g. grandii using bcftools consensus (46). We applied heterozygous
372 variants as [UPAC characters. For sites with missing data we kept the sequence of B. g. grandii
373 unchanged.

374 All commands, see “tree_genomes.sh” (https://github.com/AlexPopalex/tree/).

375

376 Maternal & paternal haplome trees

377 Phasing RADseq data: We phased RAD reads of all hybrid individuals (see “Species determination”;

378 Supplementary Figure 2) by competitive mapping to the concatenated genomes of the corresponding
379 parental species using bbsplit (bbmap v38.6.3; https://sourceforge.net/projects/bbmap). Specifically,
380 we competitively mapped reads of B. whitei and hybridogen 1 to the B. . redtenbacheri and the B. g.
381 grandii reference genomes. We mapped reads of hybridogen 2 to the B. . redtenbacheri reference
382 genome and the B. g benazzii pseudoreference. We mapped reads of B. [ynceorum to the B. r.
383 redtenbacheri and the B. g. grandii reference genomes as well as the B. atticus pseudoreference. We
384 mapped reads of three individuals described as novel hybrids (23) to their parental references, i.e. to
385 the B. g. grandii reference genome and the B. atticus pseudoreference for novel hybrid 1, the B. g.
386 grandii reference genome and the B. g. benazzii pseudoreference for novel hybrid 2 and the B. r
387 redtenbacheri, the B. g. grandii reference genome and the B. g. benazzii pseudoreference for novel
388 hybrid 3. We discarded ambiguously mapping reads with the option ambiguous2=toss. We calculated

389 alternative allele depth ratios from the filtered vcf used in species determination (see above) with a
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390 custom script. We tested unmapped reads for contamination using kraken v2.1.3 and the standard
391 database (59).

392 To assess the quality of our phasing pipeline, we artificially generated hybrids in silico by combining
393 reads from non-hybrid individuals (five randomly chosen individuals of B. rossius, B. g. grandii, B. g.
394 benazzii and B. atticus) so as to mimic five hybrid individuals for each relevant combination of
395 genomes representing hybridogenl/B. whitei, hybridogen 2 and B. lynceorum. These in silico hybrids
396 were processed alongside the natural hybrids throughout all downstream analysis (see Suppl. Results).
397

398 Variant calling: To reconstruct the maternal haplome tree we re-mapped all phased reads from hybrids
399 that competitively mapped to B. r redtenbacheri as well as reads of B. . redtenbacheri and B. r.
400 rossius individuals to the B. . redtenbacheri reference genome. (Note, we utilize the term “haplome”
401 instead of “haploset” when referring to our data, e.g. to sequences/alignments/trees.) To reconstruct
402 the paternal haplome tree we re-mapped all phased reads of hybrids competitively mapping to B. g.
403 grandii, B. g. benazzii or B. atticus as well as reads of B. grandii and B. atticus, individuals. We sorted
404 alignments using samtools and removed unmapped reads and secondary and supplementary
405 alignments as well as alignments with mapping quality below 20 (45). In addition, we filtered the
406 alignments for non-uniquely mapping reads. We called variants using bcftools mpileup and bceftools
407 call (46) with the option --multiallelic-caller and including gvcf blocks of homozygous reference calls
408 and missing sites (--gvcf 0). These datasets combine reads from diploid genomes (from non-hybrid
409 individuals) with reads from haploid genomes (phased reads from hybrids). Nevertheless we called all
410 variants in diploid mode to enable identification and removal of false positive heterozygous genotypes
411 of the haplotypes obtained from hybrids. We filtered variants using bcftools (46). We removed
412 duplicate records, indels, polyallelic sites (keeping mono- and biallelic sites), sites with variant quality
413 < 20 and sites with a depth > median of per genotype depth + 2* standard deviation of per genotype
414 depth * No. of samples. We replaced genotypes with depth < 4 and any heterozygous genotypes with
415 missing information in order to remove false positive heterozygous sites for the hybrids haplotypes.

416
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417 Tree reconstruction: We applied the maternal and the paternal variants to the reference genomes of B.

418 r. redtenbacheri and B. g. grandii per sample using bcftools consensus (46). We restricted the
419 application to the 18 longest scaffolds for B. r redtenbacheri and the 17 longest scaffolds for B. g.
420 grandii representing their karyotypes of 1n=18 and 17, respectively (see “Results: Genome assembly”
421 and (23). For sites and genotypes with missing data we changed the reference genome sequences to N.
422 We aligned the 369 maternal and the 372 paternal haplomes per scaffold and removed sites where
423 more than 25% of individuals had missing genotypes from each alignment using trimal (60). We
424 concatenated the alignments of all scaffolds using geneious prime 2022.0.1. The resulting maternal
425 and paternal alignments were 2,388,088 bp and 1,925,680 bp long, covering 0.154 and 0.116 % of
426 their assemblies (18 and 17 longest scaffolds), respectively. We reconstructed phylogenetic trees per
427 scaffold and for the concatenated maternal and paternal alignments (to obtain whole-haplome branch
428 length estimates) using iqtree2 with the implemented Model Finder Plus and 1000 bootstrap replicates
429 (61). We generated majority rule consensus trees from the per-scaffold trees and visualized them using
430 geneious prime 2022.0.1.

431 All commands, see “tree_rad.sh” (https://github.com/AlexPopalex/tree/).

432

433 WGS data

434 Phasing, variant calling & tree reconstructions: To phase the PacBio reads of B. whitei we combined
435 the reference genomes of B. r. redtenbacheri and B. g. grandii into one fasta file. We then mapped the
436 reads onto the combined fasta file using minimap?2 v2.14 with the option -x map-hifi and allowing for
437 up to 50 secondary alignments (-N 50) (44). We filtered the alignment for reads that mapped
438 unambiguously, i.e. either to B. r. redtenbacheri or to B. g. grandii using samtools v1.15.1 and seqtk
439 v1.4-r122 (45) (https://github.com/lh3/seqtk). For phasing of the two lineages of B. lynceorum we
440 added the pseudoreference of B. atticus to the concatenated reference genomes of B. . redtenbacheri
441 and B. g. grandii. We mapped the PacBio reads of B. lynceorum as described for B. whitei and filtered
442 for reads that mapped unambiguously either to B. » redtenbacheri or to B. g. grandii or to the B.
443 atticus pseudoreference. To remove potentially contaminating reads of B. grandii origin (e.g. reads

444 derived from maternal somatic/follicle cells in the unfertilized eggs; see Results) we also phased the
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445 WGS short reads of the hybridogens. Using bbsplit (https://sourceforge.net/projects/bbmap), we
446 competitively mapped reads of hybridogen 1 to the B. r. redtenbacheri and B. g. grandii reference
447 genomes and of hybridogen 2 to the B. r redtenbacheri reference genome and the B. g. benazzii
448 pseudoreference. We discarded ambiguously mapping reads with the option ambiguous2=toss. Variant
449 calling and tree reconstructions were done as described above.

450

451 Topology testing and divergence estimates: We tested different evolutionary scenarios by comparing
452 the goodness of fit of the best fitting ML tree to the alignment with different constrained topologies.
453 First, we calculated a tree constrained to a topology separating hybridogenesis and parthenogenesis,
454 i.e. where the rossius haplome of hybridogen 1 and 2 form a monophyletic clade and the rossius
455 haplome of B. whitei and both lineages of B. [ynceorum form a monophyletic clade using iqtree2 with
456 TVM+F+I as the best-fit model. We then tested if the best fitting ML tree was a significantly better fit
457 to the alignment than the constrained tree using RELL approximation with 10,000 RELL replicates
458 and the Shimodaira-Hasegawa test implemented in iqtree2 (62). Other tests probing different
459 evolutionary scenarios (see Fig 2 D, E, F) were conducted using the same approach (see
460 Supplementary Results 6).

461 We calculated an approximate minimum age estimate of the origin of hybridogenesis by dividing the
462 branch length of hybridogen 2 by a germline mutation rate of 2.82 * 10 (estimate for the most recent
463 common ancestor of arthropods (63); Bacillus has one generation per year).

464 To estimate uncorrected pairwise differences we removed all positions containing Ns from the whole
465 haplome alignment and calculated the numbers of pairwise differences using Geneious prime v
466 2022.0.1.

467 All commands, see “tree_genomes.sh” (https://github.com/AlexPopalex/tree/)

468

469 Mitochondrial tree

470 To reconstruct pseudoreferences of the mitochondrial genomes we mapped the genomic reads of B. r.
471 redtenbacheri and the hybrid lineages (including two lineages of B. lynceorum) to the partial

472 mitochondrial genome of B. rossius retrieved from NCBI (GenBank: GU001956.1) (64) using bwa
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473 and minimap, respectively, and sorted the alignments using samtools (as described above under
474 “Species determination”). We called and filtered variants as described above under “Maternal and
475 paternal haplome trees” (except we did not remove sites exceeding a maximum depth value). Variants
476 were applied to the partial mitochondrial genome for each species, sequences were aligned and sites
477 with any ambiguous bases removed. Finally, a phylogenetic tree was constructed (all as described
478 above under “Maternal and paternal haplome trees”).

479

480 Experimental validation of inferred transitions

481 We validated the inferred transitions by replicating them experimentally in crosses between different
482 strains. The crosses were originally conducted for purposes unrelated to the present study, but led to
483 serendipitous findings that illustrate the three key transitions following the loss of sex revealed by our
484 phylogenetic approach (see Figure 3A): Transition 2 (“host switch”), replacement of the paternal
485 haploset in hybridogens by that of a new lineage; Transition 3 from hybridogenesis to
486 parthenogenesis, i.e. production of unreduced F1 hybrids; and Transition 4 from diploid to triploid
487 parthenogenesis by incorporation of a third genome by a diploid parthenogen upon fertilization of a
488 small proportion of eggs.

489

490 Host switch (Transition 2): To validate transition 2, we crossed 12 hybridogen 1 females (B. rossius x

491 B. g. grandii) from our stock populations with five B. g. benazzii males. We then genotyped the
492 progeny (n = 282) of these crosses using two microsatellites with fixed differences between the B.
493 rossius and B. grandii genomes (for both grandii and benazzii subspecies; see Table 1). We used the
494 QIAGEN Multiplex PCR kit (following manufacturer’s instructions) with the following thermocycler
495 conditions: 15m 95°C (initial denaturation); 35 cycles of 30s 94°C (denaturation), 90s 60°C
496 (annealing), 90s 72°C (extension); 10m 72°C (final extension). The PCR products were sent to
497 Microsynth AG for fragment length analysis (using the Mic-G5-RCT dye set). Alleles were called
498 with the open source software OSIRIS developed by NCBI (Available from:
499 https://www.ncbi.nlm.nih.gov/osiris/).

500
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501 Hybridogenesis to parthenogenesis (Transition 3): For transition 3, we crossed five virgin females of

502 hybridogen 1 with males of B. rossius thereby generating F, hybrid females with a “hybridogenetic”
503 and a “sexual” haploset of B. rossius. We then backcrossed these females with males of B. g. grandii
504 (10 males that were collected in Cassibile in 2020 and 2021, respectively) to restore, in their offspring
505 (F2 hybrids), the original hybrid state between B. rossius and B. grandii found in the wild
506 hybridogenetic and parthenogenetic lineages. To assess the ability of F, females to reproduce via
507 hybridogenesis, we collected and sequenced a single unfertilized egg for 93 of them. Thus,
508 hybridogenetic reproduction would be indicated by the lack of B. grandii genome in the unfertilized
509 embryo. We extracted DNA from the eggs, prepared RADseq libraries as described above and
510 sequenced 150bp paired end reads on one lane of the NovaSeq S4 (yielding 400 M reads in total).

511 To identify traces of B. grandii stemming from the chorion or nurse cells of maternal origin, which
512 would result in erroneous reproductive mode inference, we first compared the depth of reads of B.
513 rossius versus B. g. grandii origin in sliding windows along both genomes (Figure 3). We
514 concatenated and sorted the 18 longest scaffolds of the B. r. redtenbacheri reference genome (note that
515 scaffolds 4 and 9 are split in the reference genome) to be able to represent them in synteny to the B. g.
516 grandii reference genome in the coverage comparisons. We then competitively mapped RAD reads of
517 the 93 unfertilised eggs to the synteny-adapted reference genomes using bwa. We only retained
518 primary alignments and properly paired reads using samtools. We calculated sliding window coverage
519 using tinycov v0.4.0 (https://github.com/cmdoret/tinycov) and adjusted window size per scaffold of
520 the B. r. redtenbacheri genome to match the corresponding window size in the B. g. grandii genome.
521 Following mapping, we excluded 15 eggs based on their low coverage.

522 Next we inferred the extent of introgression of the “sexual” haploset of B. rossius into
523 “hybridogenetic” haploset for the 78 of the 93 F, females with sufficient egg coverage depth. For this,
524 we extracted all reads with primary alignments to the B. r redtenbacheri genome from the
525 above-generated alignments using samtools. We then generated pseudoreferences for the sexual
526 haploset and the haploset of hybridogen 1 using bwa, samtools and bcftools. We competitively
527 mapped the phased B. rossius reads to the pseudoreferences and only retained uniquely mapping,

528 properly paired reads using bwa and samtools. We calculated the proportion of reads from the sexual
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529 haploset over all B. rossius reads using samtools and bash. We found a bimodal distribution of the
530 proportion of reads mapping to the sexual haplome, indicating admixture in some individuals but
531 elimination of the sexual haploset by the F, in others (Figure S7).

532 All commands, see “tree_crosses.sh” (https://github.com/AlexPopalex/tree/)

533

534 Transition to triploidy (Transition 4): To validate transition 4, we mated 14 B. whitei females with B.
535 grandii males. We used a diplex of two microsatellites with fixed differences between the B. rossius
536 and B. grandii genomes to assess the genotype of 227 hatchlings from the mated B. whitei females
537 (see Table 1 and previous section for genotyping protocol). Our approach was not stringent as the
538 identification of triploid progeny would only be possible whenever maternal and paternal B. g. grandii
539 alleles were different. Yet, we identified one triploid B. whitei hatchling that incorporated a second B.
540 g. grandii haploset. We confirmed this genetic composition with ddRADseq (as previously described)
541 by comparing the ratio between reads mapping on the B. . redtenbacheri genome and those mapping
542 on the B. g. grandii genome (i.e., twice as many). Such transition from parthenogenetic B. whitei to
543 triploidy by incorporation of an additional B. g. grandii haploset has already been described (using
544 allozyme polymorphism) and shown to be stable for several generations (34). Since B. whitei and B.
545 g. grandii males are naturally co-occurring in the wild, such interspecific crosses might also happen in
546 natural populations. Thus, we screened all B. whitei individuals collected from the field for signatures
547 of triploidy (n = 55, ddRAD-seq), but we did not identify any triploids. It is currently unclear whether
548 this stems from transitions being too rare to be detected in our set of hybrids, interspecific matings not
549 occurring in natural populations, or from a high mortality of triploids.

550

551 Table 1: Sequences of primers used to discriminate B. rossius and B. grandii alleles.

Marker | Dye | Fw sequence Rev sequence | Fragment size in B. | Fragment size in
rossius B. grandii
5390A | FAM | 3’-CGCAGTGGCT | 3’-TATTCCACG 212 188, 192, 200
TAATAGACGC-5" | CCGAACTCTCC
-5
10237C | FAM | 3’-TCAGTCTGCT | 3’-CTGAAACCA 232 238, 240, 242
CTAACAACGTC- | ACCTAGCCAGC
5’ -5
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733
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735

736 Suppl. Results 1: Species determination

737 Bacillus species and lineages are morphologically indistinguishable, therefore we identified
738 individuals by comparing their genotypes to the genotypes of previously identified individuals (23)
739 (see Figure S1). This approach allowed for the distinction of nine lineages, with hybridogenl and B.
740 whitei merged into a single lineage as a consequence of their similar genome composition: B. rossius:
741 184 inds. RADseq (+1 ind. whole genome), B. g. grandii: 74 (+1), B. g. benazzii: 53 (+1), B. g.
742 maretimi: 8, B. atticus: 13 (+1), hybridogen1/B. whitei: 102 (+2), B. lynceorum: 29 (+1), hybridogen2:
743 38 (+1), novel hybrids: 3 inds.). Hybridogenl and B. whitei were clearly split in the phylogenetic tree
744 and identified using previous information on reproductive mode of related individuals (23):
745 hybridogenl: 47 (+1), B. whitei: 55 (+1). The different hybrid lineages were female-only or
746 characterized by highly female-biased sex ratios (inferred from RADseq data): hybridogen 1/B.
747 whitei: 2 males, 101 females, 1 NA; hybridogen 2: 12 males, 25 females, 1 NA (note that read
748 phasing later revealed that 20 of these are novel F, hybrids between B. r. redtenbacheri females and B.
749 g. benazzii see below). Finally, the genomic composition of three novel hybrids (a, b, c; black points)

750 described in (23) was confirmed.
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751

752 Figure S1: Genetic species determination of 512 Bacillus individuals using PCA. Small points represent 504
753 genotypes inferred from RADseq data. Colored points represent samples with known species identity (23). The
754 genomic composition and reproductive strategy of clusters is indicated as small symbols; see Figure 1 C for
755 species names and symbol legend. Grey points represent samples that were added in this study. Large coloured
756 points indicate eight genotypes inferred from whole genome sequencing data. PC1 reflects genetic distance
757 between the subspecies of B. rossius and the subspecies of B. grandii, PC2 reflects the distance among
758 subspecies of B. grandii and PC3 reflects the distance between B. atticus and B. grandii. PC3 was used to
759 differentiate between hybridogenl/B. whitei and the triploid B. lynceorum (right plot). Note that 15 artificial in
760 silico hybrids used to assess phasing quality (see methods) were removed from the plot. Large grey points with
761 question marks indicate that species assignment was ambiguous between two species (B. g. grandii vs. B. atticus
762 and B. lynceorum vs. B. whitei) in the plot of PC1 vs PC2 (left) but could be resolved in the plot of PC1 vs PC3
763 (right).

764

765 Suppl. Results 2: Genome assembly

766 To enable the phasing of data from hybrid lineages, we assembled a high quality genome of B. g.
767 grandii (BUSCO: C:99.0%[S98.5%,D:0.5%],F:0.7%, M:0.3%, n:1367; see Methods). The genome is
768 1.7 Gb (haploid genome size) with 96.64% anchored to 17 super-scaffolds, ranging in size from 27 to
769 441 Mb (see Figure S2).

770
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771

772 Figure S2: A. Hi-C contact map for the B. g. grandii assembly. The dark blue to red scale denotes contact
773 intensity and red squares highlight super-scaffolds. B. Syntenic relationships between B. r. redtenbacheri and B.
774 g. grandii genomes. Links between genomes correspond to orthologous BUSCO genes.

775

776 Suppl. Results 3: Pseudoreference construction & phasing

777 Using whole genome sequencing reads of B. atticus and B. g. benazzii and the assembled genome of
778 B. g. grandii as a template we constructed pseudoreferences in order to aid phasing of B. lynceorum
779 and hybridogen2, respectively. For the phasing of hybridogenl and B. whitei we used the reference
780 genome assemblies of B. g. grandii and B. r. redtenbacheri. Pseudoreferences were 73.9% (B. atticus)
781 and 76.3% (B. g. benazzii) complete, i.e. 1,272,962,102 and 1,314,166,200 variants were applied to
782 the 1,721,945,181 bp B. g. grandii reference genome, respectively. For sites with missing homologous
783 sequence data (26.1% and 23.7%, respectively), the sequence of B. g. grandii was kept unchanged.

784 We phased the whole genome and RADseq reads from hybrid individuals by competitive mapping to
785 the reference or pseudoreference genomes of their maternal and paternal ancestors. RADseq reads of
786 hybridogen 1/B. whitei mapped to 50.46% and 46.08% (median values; with 4.09 and 4.0 standard

787 deviations) unambiguously to B. r. redtenbacheri (maternal ancestor) and B. g. grandii (paternal

30



788 ancestor), respectively. RADseq reads of hybridogen 2 mapped to 52.99% and 40.93% (median
789 values; with 1.65 and 0.99 standard deviations) unambiguously to B. r. redtenbacheri (maternal
790 ancestor) and the B. g. benazzii pseudoreference (paternal ancestor), respectively. The lower
791 percentage of reads mapping to B. g. benazzii likely reflects the incompleteness of the B. g. benazzii
792 pseudoreference.

793 RADseq reads of B. lynceorum mapped to 34.75%, 28.91% and 19.5% (median values; with 5.43,
794 2.72 and 1.94 standard deviations) unambiguously to B. . redtenbacheri (maternal ancestor), B. g.
795 grandii and the B. atticus pseudoreference (paternal ancestors), respectively. The low percentage of
796 reads mapping to B. atticus likely reflects the incompleteness of its pseudoreference. We also phased
797 the reads of three novel hybrid individuals discovered previously (23) (see Figure S1; marked as a,b,c)
798 by mapping them competitively against the genomes/pseudoreference of their respective ancestral
799 species. Reads of novel hybrid a mapped to 48.66% unambiguously to B. g. grandii and to 30.33% to
800 B. atticus, reads of novel hybrid b mapped to 40.84% to B. g. grandii, and to 35.32% to B. g. benazzii
801 and reads of novel hybrid ¢ mapped to 37.94% to B. r. redtenbacheri, to 25.05% to B. g. grandii, and
802 to 20.07% to B. g. Benazzii.

803
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805 Figure S3: Phasing of RADseq reads via competitive mapping. Reads from individuals of the different hybrid
806 species (symbolised on top; see Figure 1C) were mapped competitively (indicated as arrows) to the reference
807 genomes (or pseudoreferences) of their parental species. This enabled the separation of reads derived from the
808 different haplosets (highlighted below the whiskers). A) RADseq reads of hybridogenl/B. whitei were mapped
809 competitively to the reference genomes of B. . redtenbacheri (Brsri) and B. g. grandii (Bgigi). Each individual
810 is represented as two points, with a mapping percentage to Brsri (blue point) and a mapping percentage to Bgigi
811 (red point). Two individuals showed mapping percentages indicative of triploidy with one haploset of Brsri and
812 two haplosets of Bgigi (dark grey circles). One individual showed mapping percentages that were uniformly
813 reduced for both reference genomes (likely due to contamination; light grey circle). B) RADseq reads of
814 hybridogen 2 were mapped competitively to the reference genomes of B. r redtenbacheri (Brsri) and the
815 pseudoreference of B. g. benazzii (Bgibi). Each individual is represented as two points, with a mapping
816 percentage to Brsri (blue point) and a mapping percentage to Bgibi (orange point). C) RADseq reads of B.
817 lynceorum (symbolised; see Figure 1C) were mapped competitively to the reference genomes of B. r
818 redtenbacheri (Brsri), B. g. grandii (Bgigi) and the pseudoreference of B. atticus (Bas). Each individual is
819 represented as three points, with a mapping percentage to Brsri (blue point), a mapping percentage to Bgigi (red
820 point) and a mapping percentage to Bas (green point). The outlier (light grey circle) is likely the result of cross
821 contamination (as indicated by the position of the individual in the maternal tree).

822

823

824 There were three (out of 102) noticeable outliers of hybridogenl/B. whitei (see Figure S3). Two
825 individuals (hybridogen 1 according to the maternal tree) were most likely triploids, with one haploset
826 being derived from B. r. redtenbacheri and two from B. g. grandii. This was indicated by mapping
827 percentages strongly skewed in favor of B. g. grandii (30.16% to 63.77% and 34.9% to 60.53% of

828 unambiguously mapping reads) and heterozygous genotypes with an excess alternative allele depth
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829 ratio for the paternal ancestor B. g. grandii (0.62 and 0.59, respectively). The third outlier showed low
830 mapping percentages (26.81% and 20.09%) for both ancestral genomes, with 52.04% non mapping
831 reads, and an unbiased alternative allele depth of 0.49. We found a high percentage (24.1%) of the
832 reads being of bacterial origin and derived from contamination (see Methods).

833 There was one apparent outlier of B. lynceorum with mapping percentages strongly skewed in favor of
834 B. r. redtenbacheri (63.59% to 14.43% to 9.49%). The position of the outlier in the phylogenetic tree
835 suggests that the skewed mapping percentages are derived from contamination. The four outliers were
836 not included in any further analyses.

837

838 Suppl. Results 4: Maternal tree

839 We calculated a haplome tree based on SNPs from maternal RADseq reads that were mapped to the
840 reference genome of B. r. redtenbacheri (maternal ancestor of all hybrids). The tree comprised 369
841 tips, 184 representing individuals of different B. rossius lineages from Sicily and the Italian (and
842 French) mainland, and 185 representing the phased maternal haplomes (hereafter referred to as rossius
843 haplomes) of hybrid individuals (see Figure S4).

844 Additionally, the tree comprised 15 “artificial in silico hybrids” (see methods), which we introduced
845 in order to test whether incomplete phasing could influence the position of hybrids in the phylogenetic
846 tree. If phasing was complete, we expect their rossius haplomes to cluster next to the five B. rossius
847 individuals that we used as a source. This was indeed the case as all 15 rossius haplomes clustered
848 next to their B. rossius source individuals.

849 The rossius haplomes of all B. whitei (55 individuals), B. [ynceorum (28), hybridogen 1 (47) as well as
850 18 out of 38 individuals of hybridogen 2 formed a single clade (Figure S4). Surprisingly, the
851 remaining 20 individuals (12 males, 7 females, 1 NA) identified as hybridogen 2 (based on unphased
852 genome data) were interspersed among B. r. redtenbacheri females from Scopello, indicating that they
853 are in fact newly-formed hybrids between B. . redtenbacheri and B. g. benazzii.

854 The majority of the remaining B. r. redtenbacheri formed a separate clade with the populations from
855 the italian mainland, Forgiano (15 inds.) and Ravenna (10 inds.) separating from the Sicilian

856 populations, Cefalu (11 inds.) and Patti (25 inds.). The individual of B. lynceorum with skewed
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857 mapping percentages (see above) clustered with the individuals from Patti, presumably indicating
858 cross contamination between one B. [ynceorum individual and one B. r. redtenbacheri individual from
859 Patti. Two B. . redtenbacheri individuals from Gorghi Tondi and one from C. di Mazara (both Sicily)
860 formed a sister group to all other B. » redtenbacheri and the haplomes of the hybrids. Individuals
861 from a population sampled in a region of potential overlap in distribution between B. r. redtenbacheri
862 and B. r. rossius near the Vesuve mountain formed one clade (25 inds.; see Figure 1D; (21)). Finally,
863 individuals from an asexual B. » rossius population from Pise (19 inds.), 3 female individuals from
864 Grosseto as well as the sexual B. r rossius population from La Ciotat (France; 18 inds.) formed

865 separate clades.
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867 Figure S4: Maternal tree displaying phylogenetic relationships of 369 individuals and maternal haplomes (184
868 inds. of B. rossius and 185 rossius haplomes of hybrids). (Sub)species are colored according to Figure 1 C and
869 their populations highlighted around the tree. Genomic composition and reproductive modes of (sub)species are
870 symbolized (with the rossius haplosets highlighted). Grey bars indicate two triploid females of hybridogen 1,
871 novel hybrid ¢ and putative F1 hybrids from Scopello. White striped bars indicate two males among hybridogen
872 1 and putative F1 hybrid males from Scopello. One individual of B. lynceorum in the Patti population likely
873 derives from cross contamination (see Results).
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874 Suppl. Results 5: Paternal tree

875 We calculated a haplome tree based on SNPs from paternal RADseq reads that were mapped to the
876 reference genome of B. g. grandii. The tree comprised 372 tips, 148 representing individuals of
877 different B. grandii subspecies and B. atticus from Sicily, and 224 representing the phased paternal
878 haplomes derived from B. g. grandii (hereafter referred to as grandii haplome), B. g. benazzii
879 (benazzii haplome) and B. atticus (atticus haplome) of hybrids (see Figure S5).

880 The 20 paternal haplomes of the artificial in silico hybrids clustered next to their B. grandii and B.
881 atticus “source” individuals, respectively, indicating that our phasing pipeline accurately separated
882 reads deriving from different haplomes.

883 All grandii haplomes, i.e. those of B. whitei (55 inds.), B. lynceorum (29 inds.), hybridogenl (47
884 inds.) and B. g. grandii (74 inds.) formed one monophyletic clade (Figure S5). This clade also
885 comprised the B. g. grandii haplomes of the novel hybrids a, b and ¢ as well as the two triploid
886 hybrids. Individuals of B. g. grandii carrying a mitochondrial genome of B. r. redtenbacheri origin
887 (likely derived from androgenesis; 15 inds.) formed multiple small clades or were placed isolated
888 among B. g. grandii indicating the absence of mating preferences between cytoplasmic hybrids.

889 The atticus haplomes of B. lynceorum were paraphyletic, indicating that the two lineages of B.
890 [ynceorum originated independently by hybridisation with different lineages of B. atticus. Individuals
891 from Santo Pietro and Gela (B. lynceorum 2) formed a monophyletic clade together with the
892 individuals of B. atticus (13 inds.; and the atticus haplome of novel hybrid a), while individuals from
893 Siracusa and Cassibile (B. lynceorum 1) formed another monophyletic group.

894 The benazzii haplomes of hybridogen 2 (female only; 18 inds.) and the putative F1 hybrids (males and
895 females; 20 inds.; see above) formed a clade with their ancestral subspecies B. g. benazzii (53 inds.).
896 This clade also comprised the benazzii haplomes of the novel hybrids b and c. Note that B. grandii
897 was paraphyletic with B. g. grandii forming a sister group with B. atticus consistent with topologies
898 based on partial COII sequences (21, 23).

899
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900
901 Figure S5: Paternal tree displaying the phylogenetic relationships of 372 individuals and paternal haplomes

902 (148 inds. of B. grandii and B. atticus, and 224 grandii, benazzii and atticus haplomes of hybrids). (Sub)species
903 are colored according to Figure 1C and their geographical locations are highlighted around the tree. Genomic
904 composition and reproductive modes of (sub)species are symbolized with the paternal haplosets highlighted.
905 Grey bars indicate two triploid females of hybridogen 1, the novel hybrids a, b, ¢ and putative F1 hybrids from
906 Scopello. White striped bars indicate two males among hybridogen 1 and putative F1 hybrid males from

907 Scopello.
208

909 Suppl. Results 6: Whole genome & mitochondrial tree

910 The RADseq-based maternal tree did not allow us to confidently estimate the order of transitions
911 between alternative reproductive strategies. To increase the number of phylogenetically informative
912 sites we sequenced the genome of B. atticus, B. g. benazzii, B. whitei and the two lineages of B.
913 lynceorum, and phased the reads using competitive mapping. We also sequenced the B. r
914 redtenbacheri haplosets of both hybridogens using unfertilised eggs (see Methods).
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915 Competitive mapping for B. whitei unambiguously attributed 47.7% of reads to B. r. redtenbacheri
916 and 50% to B. g. grandii (2,572,341 and 2,696,990 of 5,391,303 mapped reads). Competitive mapping
917 for the B. lynceorum lineage from Siracusa (B. lynceorum 1) unambiguously attributed 30% of reads
918 to B. r. redtenbacheri, 23% to B. g. grandii and 8.6% to B. atticus. (496,698 and 382,032 and 142,107
919 of 1,657,689 mapped reads). Competitive mapping for the B. [ynceorum lineage from Gela (B.
920 lynceorum 2) unambiguously attributed 30.4% of reads to B. . redtenbacheri, 21.93% to B. g. grandii
921 and 8.52% to B. atticus. (1,768,358 and 1,275,673 and 495,473 of 5,817,866 mapped reads).

922 We also phased the reads of the hybridogens in order to remove DNA sequences potentially derived
923 from introgression (leaky hybridogenesis; but see (23)) of B. grandii or from retained somatic cells
924 like follicle cells. Indeed, for hybridogen 1 we found 3.3% of read pairs unambiguously attributed to
925 B. g. grandii and for hybridogen 2 0.4% of read pairs attributed to B. g. benazzii and removed them
926 from phylogenetic tree reconstruction.

927 We calculated a tree based on SNPs from whole genome sequencing reads of the parental (sub)species
928 B. r. redtenbacheri, B. g. grandii, B. g. benazzii and B. atticus, of the phased maternal and paternal
929 haplomes of B. whitei (rossius haplome and grandii haplome from here) and the two lineages of B.
930 lynceorum (with the atticus haplome in addition), and of the maternal haplomes of the two
931 hybridogens that were mapped to the reference genome of B. r redtenbacheri. We obtained an
932 approximate minimum age estimate of the origin of hybridogenesis of ~8,000 years (8,156 years to be
933 precise, indicative of a post ice age origin) by dividing the branch length of hybridogen 2 (2.3 * 10)
934 by a germline mutation rate of 2.82 * 10° (estimate for the most recent common ancestor of
935 arthropods (63); Bacillus has one generation per year).

936 The best fitting ML topology was a significantly better fit to the whole genome sequence alignment
937 than a tree fixed to separate hybridogenesis and parthenogenesis (p < 0.001; SH test). The best fitting
938 ML tree was also a significantly better fit to the whole genome sequence alignment than a tree fixed to
939 separate B. whitei from B. lynceorum (for the rossius haplome of B. lynceorum p < 0.001; for the

940 grandii haplome of B. [ynceorum p < 0.001; SH test).
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941 The mitochondrial phylogenetic tree was star-shaped with a single nucleotide polymorphism
942 separating B. r. redtenbacheri and hybridogen 2 from the hybridogen 1 and the parthenogenetic

943 lineages (Figure S6).

? | ®
@ @

D)

945 Figure S6: Phylogeny of the whole mitochondrial sequence of the five hybrid lineages and B. r: redtenbacheri.
946 B. r. redtenbacheri and hybridogen 2 are separated from the other lineages by one substitution.
947

948 Suppl. Results 7: Empirical evidence for the inferred transitions

949 Host switch (Transition 2): All 228 genotyped female offspring retained their B. rossius allele but

950 replaced their B. g. grandii alleles with new alleles, which undoubtedly came from their B. g. benazzii
951 fathers (for which we did not have genotypes). Two alleles were present at the X-linked locus 5390A.
952 All offspring from one father had one allele (192) while all offspring from the other 4 had a different
953 allele (189).

954

955 Transition from hybridogenesis to parthenogenesis (Transition 3): Out of the 93 unfertilized eggs

956 sequenced, 78 had enough coverage to allow us to assess the relative coverage of the two haplomes
957 along the genome. We observed three categories of eggs: 1) “Hybridogenesis” (33 eggs, 42.3%):
958 coverage of the B. grandii haplome nearing 0 (sometimes slightly above 0 most likely due to the
959 inclusion of maternal somatic cells in the egg but much lower than B. rossius), indicative of normal
960 hybridogenesis with full elimination of the grandii haploset. 2) “Aneuploid” (12 eggs, 15.4%):

961 whenever evidence for recombination was observed (i.e. relative coverage of the two haplomes
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962 changing abruptly in the middle of a chromosome; see for example chromosome 2 on the middle
963 panel of Figure 3C), the two haplomes had inconsistent coverage along the genome, with some
964 chromosomes or chromosome sections present in more or fewer than two copies. Interestingly, this
965 suggests that hybridogenesis in Bacillus is an “all or nothing” process: genome elimination is either
966 complete or absent, but intermediate states such as chromosome-specific elimination of the grandii
967 haploset, which would be indicative of a per-chromosome mechanism of hybridogenesis, was never
968 observed. 3) “Parthenogenesis” (33 eggs, 42.3%): equal coverage of both B. rossius and B. grandii
969 haplomes throughout the genome, indicative of the failure to eliminate the B. grandii haploset.

970 We isolated reads of B. rossius origin in order to infer the extent of introgression of the “sexual”
971 haploset of B. rossius into the “hybridogenetic” haploset in the eggs, which would be caused by
972 segregation and recombination between the two haplosets in the F, hybrids. Twenty-three eggs
973 showed a proportion of introgressed “sexual” haploset ranging between 0.2 and 0.4 indicating
974 introgression (Figure S7). Out of them, seven matched the “Aneuploid” category (see above and
975 Figure 3C) and 16 matched the “Parthenogenesis” category. The absence of eggs matching the
976 “Hybridogenesis” category suggests that elimination of the B. grandii genome always failed when the
977 “sexual” rossius haploset is introgressed, resulting either in aneuploidy or a “rescue” of the eggs via a

978 transition to parthenogenesis.
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980 Figure S7: Histogram indicating two categories of unfertilized eggs regarding the proportion of reads derived
981 from the “sexual” rossius haploset. 55 eggs were 0-0.15 and 23 eggs were 0.2-0.4.
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