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s Abstract:

26 Toxin-antidote elements (TAs) are selfish DNA sequences that bias their transmission to the

27 next generation. TAs typically consist of two linked genes: a toxin and an antidote. The toxin kills
28 progeny that do not inherit the TA, while the antidote counteracts the toxin in progeny that inherit
29 the TA. We previously discovered two TAs in C. elegans that follow the canonical TA model of
30 two linked genes: peel-1/zeel-1 and sup-35/pha-1. Here, we report a new TA that exists in three
31 distinct states across the C. elegans population. The canonical TA, which is found in isolates

32 from the Hawaiian islands, consists of two genes that encode a maternally deposited toxin

33 (MLL-1) and a zygotically expressed antidote (SMLL-1). The toxin induces larval lethality in

34 embryos that do not inherit the antidote gene. A second version of the TA has lost the toxin

35 gene but retains a partially functional antidote. Most C. elegans isolates, including the standard
36 laboratory strain N2, carry a highly divergent allele of the toxin that has retained its activity, but
37 have lost the antidote through pseudogenization. We show that the N2 toxin allele has acquired
38 mutations that enable piRNA binding to initiate MUT-16-dependent 22G small RNA amplification
39 that targets the transcript for degradation. The N2 haplotype represents the first naturally

40 occurring unlinked toxin-antidote system where the toxin is post-transcriptionally suppressed by
41 endogenous small RNA pathways.
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» Main Text:

43 Toxin-antitoxin or toxin-antidote (TA) elements are extreme examples of selfish genetic elements
44 that typically consist of two linked genes encoding a toxin and a cognate antidote. The toxin kills
45 individuals that don'’t inherit the element and hence lack the antidote to counteract the effects of
46 the toxin (7-5). TA elements are ubiquitous in bacteria and have been shown to function as

47 defense mechanisms against bacteriophages, either by directly inhibiting the infection cycle of a
48 phage or by targeting host factors to prevent the spread of mature virions (6). Like other

49 immune genes involved in pathogen recognition, TA components are poorly conserved across
50 bacteria because they evolve rapidly to maintain a competitive edge against their target phages
51 (7, 8).

52

53 While the presence of extremely toxic genes in bacteria can be explained by their role in

54 phage-defense systems, the maintenance of TA elements in metazoans is more mysterious. TA
55 elements are common in hermaphroditic Caenorhabditis nematodes (2—4, 9, 10), an

56 observation consistent with recent analytical results that selfing can promote the spread of TA
57 elements (11, 12). Each of the known Caenorhabditis TA elements resides in a hyper-variable
58 genomic region, which suggests that these elements predate the evolution of selfing (73) or

59 have contributed to the suppression of gene flow between hyper-variable haplotypes (77). TA

60 elements are expected to drive to fixation in outcrossing populations. Once it is fixed or nearly
61 fixed, it loses its selective advantage and there is no selective pressure to maintain it. Therefore,
62 unless a fixed TA provides an additional fitness advantage, the element will likely degrade over
63 time. A recent report suggests that peel-1, the toxin component of the first TA element

64 discovered in C. elegans, increases host fithess in laboratory conditions, raising the possibility
65 that toxic genes can take on new roles that allow them to be maintained at high frequencies in
66 primarily selfing nematode populations (74).

67

68 Here, we describe a novel maternally inherited TA element in C. elegans with distinctive

69 features. The maternally deposited toxin causes larval arrest rather than embryonic lethality,

70 raising the question of how the toxicity is delayed to this late developmental stage. At the

71 population level, we identified three clades with distinct haplotypes at the new TA locus, the

72 most common of which appears to possess a functional toxin without an antidote. We show that
73 the toxin in this haplotype has been recognized by endogenous piRNA machinery for perpetual
74 silencing by the 22G sRNA pathway. Thus, a vast majority of C. elegans strains harbor an

75 unlinked TA system that has no ability to act as a gene drive.

76

77 |[dentification of a novel C. elegans toxin-antidote element

78 To study the phenotypic effects of genetic variation in C. elegans, we generated large cross

79 populations between highly divergent strains—XZ1516 x QX1211 and XZ1516 x DL238. We

80 chose these strains because they are compatible at the two incompatibility loci we previously
81 discovered: peel-1/zeel-1 and sup-35/pha-1(2, 3). We introduced a fog-2 loss-of-function allele,
82 which feminizes hermaphrodites and prevents them from selfing, into each genetic background
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83 to facilitate the construction of large cross populations and intercrossed each population for 10
84 generations, with minimal selection. Despite minimal selection across each generation,
85 whole-genome sequencing across generations revealed multiple genomic loci with allele
86 frequency distortions, indicating that genetic differences at these loci influenced relative fitness
87 in standard laboratory growth conditions (Fig. S1A). We observed that by generation four of the
88 XZ1516 x QX1211 cross, the XZ1516 allele frequency rose to 75% on the right arm of
89 chromosome V (Fig. 1A). We also observed allele frequency distortion at this region in later
90 generations of the XZ1516 x DL238 cross, which suggested that the same underlying genetic
91 difference was being selected in both crosses. Based on previous studies, we hypothesized that
92 this strong depletion of the QX1211 genotype by generation four is caused by a toxin-antidote
93 (TA) element at this locus (15). To test this hypothesis, we performed new crosses between
94 QX1211 and XZ1516 and tracked the phenotypes and genotypes of F2 progeny. We observed
95 that ~27% of the F2 self-progeny of heterozygous QX1211/XZ1516 F1 hermaphrodites arrested
96 as L1 larvae (Fig. 1B). The observed larval arrest phenotype is reminiscent of the rod-like larval
97 lethal (rod) phenotype (716). When we crossed QX1211/XZ1516 F1 hermaphrodites to QX1211
98 males, ~47% of the progeny exhibited the rod phenotype, while we observed no rod progeny in
99 the reciprocal cross between QX1211/XZ1516 F1 males and QX1211 hermaphrodites (Fig. 1B).
100 The rod progeny were all homozygous for QX1211 alleles at the locus on the right arm of
101 chromosome V that displayed the allele frequency distortion in the mapping populations. This
102 inheritance pattern suggests that the XZ1516 genome encodes a maternally inherited toxin and
103 a linked zygotically expressed antidote that form a novel TA element responsible for the
104 observed allele frequency distortions on the right arm of chromosome V (Fig. 1C). We observed
105 the same F2 phenotypes in crosses between DL238 and XZ1516, indicating that DL238 is a
106 noncarrier of the TA element (Fig. S1B).
107

108 Identifying the components of the XZ1516 toxin-antidote element

109

110 To isolate the XZ1516 TA element, we introgressed the right arm of chromosome V from

111 XZ1516 into QX1211. We confirmed the identity of the resulting near-isogenic line (NIL) by

112 whole-genome sequencing and verified the presence of the TA element with crosses (Fig. 2A).
113 We were unable to further localize the TA location with standard fine-mapping approaches, likely
114 because of low recombination rates near the ends of C. elegans chromosomes (17). To

115 overcome the limited natural recombination in this region, we developed a method to induce
116 targeted recombination at double-stranded DNA breaks generated by Cas9 (78). This approach
117 enabled us to localize the TA element to a 50 kb region containing 10 candidate genes. We

118 tested these genes for potential toxin or antidote activity by systematically knocking them out in
119 the XZ1516 genetic background (Fig. 2A).

120

121 We isolated three deletion strains that did not induce larval lethality when crossed to QX1211,
122 suggesting that these strains lacked the toxin (Fig. 2B). The computationally predicted gene

123 FUN_019829 is deleted in all three of these strains, and in one of the strains only this gene is
124 deleted, confirming that this gene encodes the toxin. We hereafter refer to FUN_019829 as
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125 mil-1 (Maternal Larval Lethal). We were unable to generate homozygous deletion lines of gene
126 FUN_019825, which suggested that this gene is either essential for survival or encodes the

127 antidote. We successfully isolated homozygous deletion lines of FUN_019825 in a Amll-1

128 genetic background, indicating that this gene encodes the antidote. We hereafter refer to

129 FUN_019825 as smll-1 (Suppressor of Maternal Larval Lethal). We showed that a strain with
130 deletions of both mil-1 and smll-1 phenocopies susceptible strains in crosses (Fig. 2B).

131

132 To determine whether smll-1 is sufficient to suppress mil-1-induced larval lethality, we

133 constructed a rescue plasmid to drive smll-1 expression with a constitutive promoter. We

134 injected the rescue plasmid into XZ1516, crossed individuals harboring the rescue array to a
135 TA-susceptible strain, and selfed the F1 progeny that inherited the array. We observed a

136 dramatic reduction in larval arrest from 25% to 3.5% in F2 progeny, and all F2 progeny that

137 inherited the rescue array survived. These results confirm that smil-1 is sufficient to suppress
138 mlil-1 toxicity (Fig. 2B).

139

140 Long-read RNA sequencing revealed two distinct mil-1 isoforms, a short isoform with three

141 predicted exons and a long isoform with eight predicted exons (Fig. S2A). We constructed

142 plasmids with inducible versions of each mil-1 isoform. When we injected susceptible strains
143 with the short mll-1 isoform array, every F1 individual carrying the array died, with 64% of larvae
144 exhibiting the rod phenotype, indicating that uninduced expression levels of the short mil-1

145 isoform are sufficient to induce lethality. By contrast, we were able to isolate susceptible strains
146 that maintained the long mll-1 isoform array or a short mll-1 isoform array with a premature stop
147 codon in mil-1. We observed no rod progeny upon induction of these arrays, indicating that the
148 short isoform encodes the functional toxin, and that the toxin acts as a protein.

149

150 Because lethality only occurs at the L1 stage, we reasoned that mil-1 might be deposited in

151 embryos as a transcript and sequestered from translation. We performed fluorescence in situ
152 hybridization (FISH) on developing XZ1516 embryos and larvae with RNA probes that target the
153 mil-1 mRNA. We observed mll-1 puncta as early as the 2-cell embryo stage (Fig. S3A),

154 indicating that mll-1 transcripts are maternally deposited because zygotic transcription does not
155 initiate prior to the 4-cell stage (79). At later embryonic and L1 development stages, the mll-1
156 transcript is localized to two cells that likely correspond to the primordial germ cells (Fig.

157 S3B-C).

158

159 Genomic and population features of the mll-1/smlil-1 TA element

160
161 The XZ1516 genomic region surrounding the mil-1/smll-1 TA element is hyper-divergent from
162 the reference (N2) genome (73). We characterized the genetic variation at this region in the C.
163 elegans population by calculating the relatedness of 550 wild isolates (20). This analysis

164 separated the population into three distinct clades: an XZ1516-like TA clade which contains 29
165 strains, a 10-strain clade, and an N2-like susceptible clade composed of 511 strains, including
166 QX1211 and DL238 (Fig. 3A). We verified that the 28 additional isolates with the XZ1516-like
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167 haplotype have intact mll-1/smll-1 genes by aligning sequencing reads from these isolates to the
168 XZ1516 genome assembly. All but four of the isolates in the XZ1516-like clade were collected
169 within three miles of each other on the island of Kauai, two were isolated on Oahu, and one

170 each on Maui and Moloka'i. Four of the isolates from the 10-strain clade were isolated on Maui
171 and the remaining six are globally distributed, while strains with the susceptible haplotype,

172 which represent the majority of the known C. elegans isolates, are globally distributed and

173 present on all the Hawaiian islands with the exception of Moloka'i (Fig. 3B).

174

175 The 10-strain clade carries a haplotype that does not contain a gene resembling the toxin.

176 However, this haplotype does carry a divergent smil-1 allele that is predicted to contain a

177 full-length coding sequence. We therefore asked whether this smil-1 allele is capable of

178 suppressing the toxic effects of mll-1. We observed the rod phenotype in only 3% of F2 progeny
179 derived from crosses between XZ1516 and a representative strain with this haplotype, NIC195,
180 (Fig. 3C), indicating that this antidote is at least partially functional. When we knocked out the
181 smll-1 allele in NIC195, 22.5% of F2 progeny were rod, confirming that this divergent allele

182 confers reduced susceptibility to the effects of mll-1 (Fig. 3C).

183

184 While the previously described C. elegans TA elements are characterized by their absence in
185 susceptible strains (2, 3), the N2 genome harbors a divergent allele of mll-1 with an intact

186 coding sequence, as well as a pseudogenized version of smll-1. The mll-1/smll-1 genomic

187 region contains several genomic rearrangements between XZ1516 and N2, including likely

188 inversion events that occurred between smll-1 and its corresponding divergent N2 allele,

189 B0250.4; these inversions may have contributed to its pseudogenization (Fig. 3D). While

190 synteny is maintained between mll-1 and the corresponding divergent N2 allele, B0250.8, many
191 of the surrounding N2 genes are predicted to be pseudogenized. The divergence between mil-1
192 and B0250.8 is the highest among one-to-one orthologs in the XZ1516 and N2 genomes

193 (nucleotide identity: 63%; protein identity: 47%) (Fig. 3E). We estimated the divergence time for
194 these two alleles under the assumption of neutrality to be between 160 and 325 million

195 generations based on estimates of divergence at synonymous sites (dS)(21, 22). This

196 implausibly old estimate suggests that positive selection has been driving the diversification of
197 this gene. The fact that B0250.8 has an intact coding sequence raises the question of whether
198 this gene has maintained its function as a toxin, and if so, how individuals with this haplotype
199 can exist without a functional antidote.

200

201 To determine whether B0250.8 acts as a toxin, we used a tetracycline-inducible system to drive
202 the expression of B0250.8 in XZ1516, DL238, and N2. We hatched worms carrying the inducible
203 array on doxycycline plates to induce B0250.8 expression and recorded their phenotypes 48
204 hours after hatching. The majority of worms expressing B0250.8 displayed a variety of abnormal
205 phenotypes (91% affected N2 (n=58); 100% affected DL238 (n=42); 60% affected XZ1516

206 (n=61)). Notably, we observed the stereotypical mll-1-dependent rod phenotype at low

207 frequencies in all strains (2/58 N2, 5/42 DL238, 4/61 XZ1516). Furthermore, the abnormal

208 phenotypes we observed upon induction of B0250.8 were also seen upon induction of mil-1

209 (Fig. S4), which suggests that B0250.8 has retained its function as a toxin. The presence of a
210 functional toxin and a pseudogenized antidote in N2-like strains suggests that a different
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211 mechanism suppresses the toxicity associated with B0250.8 and that this suppression
212 mechanism does not affect the XZ1516 mil-1 toxin (Fig. 1B).
213

214 Small-RNA-mediated suppression of the N2 mll-1 toxin

215
216 A potential mechanism that N2-like strains could employ to suppress the activity of mll-1 is RNA
217 interference (RNAi). RNAi pathways are evolutionarily conserved and can act to silence the

218 expression of potentially deleterious genes (23). In these pathways, argonaute proteins interact
219 with small RNAs (sRNAs) to transcriptionally and post-transcriptionally regulate gene

220 expression. In C. elegans, primary sRNAs initiate the amplification of secondary small

221 interfering RNAs (siRNAs) in perinuclear granules known as Mutator foci (24, 25). MUT-16 is a
222 glutamine/asparagine (Q/N)-rich protein that is required for the formation of Mutator foci at the
223 nuclear periphery of germline nuclei (25). Previous work has shown that the N2 mil-1 transcript
224 is heavily targeted by secondary 22G siRNAs, the production of which is dependent on MUT-16
225 and other Mutator foci components (25). Animals in which mut-16 is disrupted with a

226 mut-16(pk170) mutation show a 137.7-fold decrease in 22G siRNAs that target mil-1 and a

227 corresponding 23.9-fold increase in the expression level of the gene (26) (Fig. S5A-B).

228 Furthermore, high levels of larval arrest occur in mutant strains where Mutator foci formation is
229 disrupted, including in mut-16(pk170) strains (27). Consistent with this report, we observed that
230 ~15% of Amut-16 progeny arrest at various larval stages, and 2% of progeny are rod, which is
231 suggestive of derepression of B0250.8. We therefore sought to directly test whether mil-1

232 derepression contributes to larval arrest in the mut-16(pk170) strain. To do so, we compared
233 animal length—a proxy for developmental stage and growth rate (28)—between a strain with a
234 single knockout of mut-16 and one with a double knockout of mut-16 and B0250.8 (a strain with
235 a single knockout of B0250.8 served as a negative control). We observed a reduction in animal
236 length and an increase in the fraction of worms in larval stages in the mut-16 knockout strain,
237 and these effects were partially rescued in the double knockout strain (Fig. 4). These results
238 indicate that the reduced growth rate observed in the mut-16 knockout strain is partially

239 mediated by derepression of the N2 mll-1 allele.

240

241 Amplification of 22G siRNAs can be initiated by different primary sRNAs, including ERGO-1-
242 and ALG-3/4-dependent 26G siRNAs and PRG-1/2-dependent 21U piRNAs. Given that

243 production of MUT-16-dependent 22G siRNAs can be initiated by multiple independent

244 pathways, we queried published sequencing data for sSRNAs that are complementary to

245 B0250.8 (29). This search identified multiple sSRNAs that bind throughout the length of the

246 B0250.8 transcript. All but one of these SRNAs were not dependent on the argonautes in the
247 queried datasets. We identified one PRG-1-dependent sRNA with a binding site just

248 downstream of two predicted piRNAs, 21ur-8336 and 21ur-14170, which suggests that piRNA
249 recognition of the B0250.8 transcript might be involved in its regulation (30, 37). In support of
250 this hypothesis, small RNA sequencing of PRG-1-bound piRNAs identified several piRNAs that
251 target B0250.8 (21ur-8336, 21ur-2794, 21ur-2025, 21ur-9583, 21ur-5840, 21ur-4143) (32, 33).
252 In line with these observations, 22G siRNAs that target B0250.8 are significantly downregulated
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253 in prg-1(n4357) gonads as compared to wild type (fold change -17.1; adjusted p-value =

254 2.2e-16) (26). The depletion of these PRG-1-dependent siRNAs coincides with a 10.3-fold

255 increase in expression of B0250.8 in prg-1(n4357) gonads (26). PRG-1-dependent 22G siRNAs
256 produced in the Mutator foci interact with the WAGO-1 argonaute in P-granules to silence

257 transcripts (34) (Fig. S5C). Recent work has shown that the B0250.8 transcript is

258 co-immunoprecipitated with WAGO-1, providing additional evidence that this transcript is

259 regulated by the endogenous RNAi machinery (33). Taken together, these observations suggest
260 that strains with the N2-like haplotype suppress mil-1 toxicity through post-transcriptional

261 silencing mediated by MUT-16-dependent 22G siRNAs that are partially dependent on PRG-1
262 activity.

263

264 Discussion

265
266 We identified a novel toxin-antidote element in C. elegans that consists of two genes, mll-1 and
267 smil-1, which encode a maternally deposited toxin and a zygotically expressed antidote,

268 respectively. Unlike the previously characterized C. elegans toxins, PEEL-1 and SUP-35, which
269 induce embryonic lethality in susceptible strains, MLL-1 induces rod-like larval lethality. The

270 delayed onset of lethality suggests that the mll-1 transcript is sequestered from translation and
271 degradation throughout embryogenesis and into the early larval stages. This hypothesis is

272 supported by our observations that mil-1 mRNA is distributed across all cells in early embryonic
273 development but is present only in the Z2/Z3 germ cells in older embryos and L1 larvae. While
274 mil-1 has no detectable homology across all sequence databases and only a very

275 low-confidence protein structure prediction, the induction of the rod phenotype by MLL-1 in

276 susceptible strains suggests that it disrupts osmoregulation in the absence of SMLL-1. The rod
277 phenotype is caused by fluid filling of the C. elegans pseudocoelom and has been observed
278 after laser and genetic ablation of the excretory canal cell, duct cell, pore cell, or CAN neurons
279 (35-37), which suggests that these cells are affected by MLL-1.

280

281 A unique feature of the mll-1/smil-1 element is that three distinct haplotypes of this locus exist
282 across the C. elegans population. The XZ1516-like haplotype that we originally identified in two
283 crosses is a canonical toxin-antidote element comprising two linked genes that encode toxin
284 and antidote proteins. The NIC195-like haplotype represents a snapshot of an expected

285 evolutionary trajectory for a toxin-antidote element, in which the toxin is lost through mutation
286 and the antidote is no longer needed to counteract the toxin. This view is supported by the

287 absence of a toxin-like gene in these strains and the accumulation of mutations in the NIC195
288 version of the antidote that have reduced its ability to counteract the MLL-1 toxin. These two
289 haplotypes are present in 7% of the known C. elegans strains, while the remaining 93% of

290 strains have the N2-like haplotype.

291

292 The N2 ortholog of mll-1 (B0250.8) is the most divergent one-to-one ortholog between the N2
293 and XZ1516 genomes. It is important to note that the two orthologs are hyperdivergent at both
294 the nucleotide and the amino acid levels, as indicated by extremely high dN (0.56) and dS
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295 (1.77) values and a dN/dS ratio of 0.32. This value of dN/dS is indicative of purifying selection
296 on the protein sequence, in line with our results which show that the N2 ortholog of mll-1 allele
297 has retained its toxicity. The elevated dN and dS values give implausibly long estimates for the
298 divergence time between these two alleles and suggest that positive selection has been driving
299 the diversification of this gene at the nucleotide level. The absence of an intact version of the
300 antidote gene on this haplotype raised the question of how strains which carry it neutralize the
301 toxin and prompted us to look for an alternative mechanism.

302

303 The N2 ortholog of mll-1 is one of the protein coding genes most heavily targeted by 22G

304 siRNAs, and the production of these 22G siRNAs is dependent on both PRG-1 and MUT-16 (25,
305 26). It has been shown that mRNA transcripts are marked for siRNA-mediated silencing in

306 perinuclear P granules (38—41). We propose that positive selection for piRNA binding sites in
307 the mll-1 transcript drove the diversification of this gene toward the N2 version. The

308 accumulation of these sites enabled PRG-1 recognition to mark the transcript for degradation in
309 P granules. After being marked for silencing, the transcript is routed to the Mutator foci, where
310 22G siRNAs are produced by Mutator class genes and the transcripts are recognized by

311 silencing argonautes (42). Co-immunoprecipitation of the N2 mll-1 transcript with WAGO-1

312 suggests that this is the effector argonaute which mediates terminal silencing of mll-1 (33). The
313 divergent mll-1 toxin alleles are reminiscent of antagonistic TAs that have recently been

314 discovered in C. tropicalis (4, 10, 11). However, the silencing of the N2 mll-1 allele through the
315 endogenous siRNA pathways effectively makes this element an unlinked TA system which lacks
316 the ability to act antagonistically to the XZ1516 mll-1 allele. A toxin that is suppressed by an
317 unlinked mechanism cannot act as a gene drive, which presents the conundrum of why the N2
318 allele of mll-1 has not been lost, as observed in the NIC195-like strains. We speculate that the
319 divergent mll-1 allele has been maintained in N2-like strains because of a yet-to-be-discovered
320 function in C. elegans biology.

321

322

323

324

325

326
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492 Fig. 1. Discovery and characterization of a novel TA

493 A) Frequency of XZ1516 alleles across the genome after four generations of intercrossing with
494 QX1211. Each panel corresponds to a C. elegans chromosome and each x-axis tick indicates 5
495 Mb. The dotted blue line represents the expected allele frequency for each chromosome. The
496 region highlighted in red on the right side of chromosome V shows the greatest allele frequency
497 deviation from expectation. B) Crosses between XZ1516 (purple) and QX1211 (yellow) establish
498 the inheritance pattern of the TA element. Bar plots show the fraction of dead L1s observed in
499 each cross. Error bars indicate 95% binomial confidence intervals calculated using the normal
500 approximation method. Crosses from left to right: selfing of XZ1516/QX1211 heterozygous

501 hermaphrodites; XZ1516/QX1211 heterozygous hermaphrodites crossed to QX1211 males;

502 XZ1516/QX1211 heterozygous males crossed to QX1211 hermaphrodites. C) Model of the TA
503 inheritance. Punnett square shows the lethality pattern expected in progeny from selfing of

504 XZ1516/QX1211 heterozygous hermaphrodites. A maternally deposited toxin (black square) is
505 present in all progeny and causes L1 lethality unless a zygotically expressed antidote (white

506 circle) is also present.
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509 Fig. 2. Identification of the TA components

510 A) Localization of the TA element genes in XZ1516. Top panel: Strain genotypes of

511 near-isogenic lines are displayed as colored rectangles (XZ1516 in purple; QX1211 in yellow;
512 Cas9-induced deletion in red) for chromosome V. The fraction of L1 lethality after selfing of

513 NIL/QX1211 hermaphrodites is shown to the right of each NIL. Bottom panel depicts a summary
514 of QX1211 sequencing reads aligned to the XZ1516 genome. Gray bars denote coverage depth
515 in 200 bp windows and red dots denote the number of variants detected between QX1211 and
516 XZ1516 in each window. The toxin and antidote genes are highlighted in green and light blue,
517 respectively. B) Knockout and transgenic rescue experiments define the TA components. Bar
518 plots denote the fraction of dead L1s derived from selfing F1 heterozygous individuals. Error
519 bars indicate 95% binomial confidence intervals calculated using the normal approximation

520 method. Blue and green boxes with “A” and “T” indicate intact antidote and toxin genes,

521 respectively; white boxes indicate deletions of these genes. XZ1516 genotypes are depicted in
522 purple and QX1211 genotypes are depicted in yellow. Panels from top to bottom:

523 XZ1516/QX1211 control cross; toxin knockout cross to QX1211; antidote transgenic rescue

524 cross; toxin and antidote double knockout cross to XZ1516.
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527 Fig. 3. Demographics of the mll-1/smli-1 TA

528 A) A dendrogram showing the relatedness of 550 wild C. elegans strains at the TA locus.

529 Branches are colored to represent the three distinct clades, where purple denotes the

530 XZ1516-like clade, yellow denotes the N2-like clade, and pink denotes the NIC195-like clade. B)
531 Isolation location of strains collected in Hawaii. Pie charts show the number of isolates from

532 each clade when multiple strains were collected at one location, with colors as in A. C) Bar plots
533 show the fraction of dead L1s in crosses between XZ1516 and NIC195 (left) and between

534 XZ1516 and NIC195 with its antidote allele knocked out (right), indicating that this antidote is
535 active against the XZ1516 toxin. Error bars indicate 95% binomial confidence intervals

536 calculated using the normal approximation method. D) Synteny plot of the TA region between
537 the XZ1516 (top) and N2 (bottom) genomes. The TA components mll-1 and smll-1 are colored
538 green and blue, respectively. E) Percent amino acid identity of ~5500 one-to-one orthologs

539 identified between the XZ1516 and N2 genomes. Amino acid identity for mil-1 is indicated with a
540 red line.
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542
543 Fig. 4. The N2 mll-1 allele is suppressed by small RNAs

544 A) Density plots showing the distribution of animal lengths on the x axis for the AB0250.8,

545 Amut-16, and the AB0205.8; Amut-16 double knockout lines. The distribution of animal lengths
546 are significantly different for all comparisons (Kruskal-Wallis test). B) Animal length data from A)
547 were binned to approximate larval stages as described in the methods. Stacked bar charts of
548 the fraction of animals for each developmental stage for the AB0250.8, Amut-16, and the

549 AB0205.8; Amut-16 double knockout lines are shown. The fraction of the population is shown on
550 the y axis for each developmental stage — yellow: L1, green: L2/L3, and blue: L4. The fraction of
551 adults is omitted for clarity, but corresponds to the fraction that brings the total to 1 for each

552 genotype.
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