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Abstract

We find that variation in the dbt-71 gene underlies natural differences in Caenorhabditis
elegans responses to the toxin arsenic. This gene encodes the E2 subunit of the branched-chain
a-keto acid dehydrogenase (BCKDH) complex, a core component of branched-chain amino acid
(BCAA) metabolism. We causally linked a non-synonymous variant in the conserved lipoyl domain
of DBT-1 to differential arsenic responses. Using targeted metabolomics and chemical
supplementation, we demonstrate that differences in responses to arsenic are caused by variation
in iso-branched chain fatty acids. Additionally, we show that levels of branched chain fatty acids
in human cells are perturbed by arsenic treatment. This finding has broad implications for arsenic
toxicity and for arsenic-focused chemotherapeutics across human populations. Our study
implicates the BCKDH complex and BCAA metabolism in arsenic responses, demonstrating the
power of C. elegans natural genetic diversity to identify novel mechanisms by which
environmental toxins affect organismal physiology.
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Introduction

An estimated 100 million people are currently at risk of chronic exposure to arsenic, a toxic
metalloid that can be found in the environment [1]. The high prevalence of environmental arsenic
and the severe toxicity associated with exposure has made it the number one priority for the
United States Agency for Toxic Substances and Disease Registry
(https://www.atsdr.cdc.gov/SPL/). Inorganic trivalent arsenic As(Ill) compounds, which include
arsenic trioxide (As203), are the most toxic forms of environmental arsenic [2,3]. In humans, As(lIl)
is detoxified by consecutive methylation events, forming dimethylarsenite (DMA) [4,5]. However,
this methylation process also creates the highly toxic monomethylarsenite (MMA) intermediate,
so ratios of DMA to MMA determine levels of arsenic toxicity. Both MMA and DMA are produced
from As(lll) via the arsenic methyltransferase (AS3MT) [6]. Interestingly, individuals from human
subpopulations that inhabit high arsenic environments have higher DMA/MMA ratios than
individuals from low-arsenic environments. The elevated DMA/MMA ratio in these individuals is
associated with natural differences in the AS3MT gene [7-9], which shows signs of strong positive
selection. These results suggest that a more active AS3MT enzyme in these human
subpopulations makes more DMA and enables adaptation to elevated environmental arsenic
levels [6]. Importantly, population-wide differences in responses to environmental arsenic cannot
be explained solely by variation in AS3MT, indicating that other genes must impact arsenic
toxicity.

Despite its toxicity, arsenic trioxide has been used as a therapeutic agent for hundreds of
years. Most recently, it was introduced as a highly effective cancer chemotherapeutic for the
treatment of acute promyelocytic leukemia (APL) [10-13]. Hematopoietic differentiation and
apoptosis in APL patients is blocked at the level of promyelocytes by the Promyelocytic
Leukemia/Retinoic Acid Receptor alpha fusion protein caused by a t(15;17) chromosomal
translocation [14,15]. Arsenic trioxide has been shown to directly bind a cysteine-rich region of
the RING-B box coiled-coil domain of PML-RARa, which causes the degradation of the oncogenic
fusion protein [16,17]. The success of arsenic trioxide (Trisenox®) has spurred its use in over a
hundred clinical trials in the past decade [18]. Despite these successes, individual differences in
the responses to arsenic-based treatments, including patient-specific dosing regimens and side
effects, limit the full therapeutic benefit of this compound [19]. Medical practitioners require
knowledge of the molecular mechanisms for how arsenic causes toxicity to provide the best
individual-based therapeutic benefits.

Studies of the free-living roundworm Caenorhabditis elegans have greatly facilitated our
understanding of basic cellular processes [20-23], including a number of studies that show that
the effects of arsenic are similar to what is observed in mammalian model systems and humans.
These effects include mitochondrial toxicity [24,25], the generation of reactive oxygen species
(ROS) [26], genotoxicity [27], genome-wide shifts in chromatin structure [28], reduced lifespan
[26], and the induction of the heat-shock response [29]. However, these studies were all
performed in the genetic background of the standard C. elegans laboratory strain (N2). To date,
152 C. elegans strains have been isolated from various locations around the world [30-32], which
contain a largely unexplored pool of genetic diversity much of which could underlie adaptive
responses to environmental perturbations [33].
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95 We used two quantitative genetic mapping approaches to show that a major source of
96 variation in C. elegans responses to arsenic trioxide is caused by natural variation in the dbt-1
97  gene, which encodes an essential component of the highly conserved branched-chain a-keto acid
98  dehydrogenase (BCKDH) complex [34]. The BCKDH complex is a core component of branched-
99 chain amino acid (BCAA) catabolism, which has not been previously implicated in arsenic
100  responses. Furthermore, we show that a single missense variant in DBT-1(S78C), located in the
101  highly conserved lipoyl-binding domain, underlies phenotypic variation in response to arsenic.
102 Using targeted and untargeted metabolomics and chemical rescue experiments, we show that
103  differences in wild isolate responses to arsenic trioxide are caused by differential synthesis of
104  mono-methyl branched chain fatty acids (mmBCFA), metabolites with a central role in
105  development [20]. These results demonstrate the power of using the natural genetic diversity
106  across the C. elegans species to identify mechanisms by which environmental toxins affect
107  physiology.

108

109  Results

110

111  Natural variation on chromosome Il underlies differences in arsenic responses

112 We quantified arsenic trioxide sensitivity in C. elegans using a high-throughput fitness assay that
113 utilizes the COPAS BIOSORT [35,36]. In this assay, three L4 larvae from each strain were sorted
114 into arsenic trioxide or control conditions. After four days of growth, we quantified various
115  attributes of populations that relate to the ability of C. elegans to grow in the presence of arsenic
116 trioxide or control conditions (see Materials and Methods). To determine an appropriate
117  concentration of arsenic trioxide for mapping experiments, we performed dose-response
118  experiments on four genetically diverged isolates of C. elegans: N2, CB4856, JU775, and DL238
119  (Figure 1-source data 1). We focused on brood size and progeny length traits because they are
120  the most direct measures of animal responses to environmental perturbations. We defined brood
121  size as the total number of objects detected by the BIOSORT and progeny length by the median
122 of populations of specific C. elegans strains. When compared to control conditions, all four strains
123 produced fewer progeny at all arsenic trioxide concentrations, and the lowest concentration at
124 which we observed a significant reduction in brood size for all strains was 1 mM (Figure 1-figure
125  supplement 1A). We estimated broad-sense heritability (H?) for the brood size trait in 1 mM
126  arsenic trioxide to be (0.65) (Figure 1-source data 2) and the strain effect to be 0.48 (partial omega
127  squared, w,?, Figure 1-source data 3), indicating that this trait has a large genetic component and
128  a large strain effect. In addition to reduced brood sizes, we observed that the progeny of animals
129  exposed to arsenic trioxide were shorter in length than the progeny of animals grown in control
130  conditions (Figure 1-figure supplement 1B), which indicates an arsenic-induced developmental
131  delay (H?= 0.15 - 0.49; Figure 1-source data 2 and w,?= 0.02 - 0.60; Figure 1-source data 3,
132 depending on the animal length summary statistic used). We found that CB4856 animals
133  produced approximately 16% more offspring that were on average 20% larger than the other three
134  strains when treated with 1 mM arsenic trioxide, suggesting that the CB4856 strain was more
135 resistant to arsenic trioxide than the other three strains. To reduce the number of traits for
136  subsequent analyses, we performed principal component analysis on all measured traits, which
137  transforms the data to orthogonal axes that capture the most phenotypic variance (Figure 1-
138  source data 1 and 4-6; See Materials and Methods). For 1 mM arsenic trioxide, we estimated the
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139  broad-sense heritability (H?) of the first principal component to be 0.12 (Figure 1-source data 2)
140 with an effect size of 0.16 (w,?) (Figure 1-source data 3). It is not surprising that the first principal
141  component explained a large percentage (70%) of the total phenotypic variance because many
142 of the summary statistic traits are highly correlated (Figure 1-figure supplement 2A-D; Figure 1-
143 source data 7). We noted that the first principal component (PC1) was most strongly influenced
144 Dby traits related to animal length, as indicated by the loadings (Figure 1-figure supplement 2A-D;
145  Figure 1-source data 3 and 6), suggesting that PC1 is a biologically relevant trait (Figure 1-figure
146  supplement 1C). Furthermore, because we observe a large range of effect sizes and broad-sense
147  heritability estimates across measured traits (Figure 1-figure supplement 3), we focused our
148  analyses on the PC1 trait for subsequent experiments.

149 The increased arsenic trioxide resistance of CB4856 compared to N2 motivated us to
150  perform linkage mapping experiments with a panel of recombinant inbred advanced intercross
151 lines (RIAILs) that were previously constructed through ten generations of intercrossing between
152 an N2 derivative (QX1430) and CB4856 [35]. To capture arsenic trioxide-induced phenotypic
153  differences, we exposed a panel of 252 RIAILs to 1 mM arsenic trioxide and corrected for growth
154  differences among RIAILs in control conditions and assay-to-assay variability using linear
155  regression (Figure 1-source data 8; see Materials and Methods). We performed linkage mapping
156 on processed traits and the eigenvector-transformed traits (principal components or PCs)
157  obtained from PCA that explained 90% of the variance in the processed trait set (Materials and
158  Methods). The rationale of this approach was to minimize trait fluctuations that could be caused
159 by only measuring the phenotypes of one replicate per RIAIL strain. In agreement with our
160  observations from the dose-response experiment, we found that PC1 captures 70.9% of the total
161  measured trait variance and is strongly influenced by correlated animal length traits (Figure 1-
162  figure supplement 4; Figure 1-source data 9-10). Linkage mapping analysis of the PC1 trait
163  revealed that arsenic trioxide-induced phenotypic variation is significantly associated with genetic
164  variation on the center of chromosome Il (Figure 1A-figure supplement 5; Figure 1-source data
165  11). An additional four quantitative trait loci (QTL) were significantly associated with variation in
166  arsenic responses on chromosomes |, V, and X (Figure 1A-figure supplement 5). Consistent with
167  the loadings of PC1, we determined that PC1 is highly correlated with the both brood size and
168  animal length traits (Figure 1B), suggesting that PC1 captures RIAIL variation in these traits. To
169  further support this relationship to interpretable biological significance, we found that the animal
170  length and brood size traits map to the same region on the center of chromosome Il (Figure 1-
171  figure supplement 6; Figure 1-source data 11). The QTL on the center of chromosome Il explains
172 32.97% of the total RIAIL phenotypic variation for the PC1 trait, which accounts for 61.7% of the
173  total phenotypic variation that can be explained by genetic factors (H?= 0.53) (Figure 1-figure
174  supplement 7; Figure 1-source data 12). Taken together, the five QTL identified by mapping the
175  PC1 trait account for 48.4% of the total RIAIL variation, corresponding to 91.3% of the total
176  phenotypic variation that can be explained by genetic factors. However, we did not account for
177  errors in genomic heritability estimates. In addition to the PC1, brood size, and animal length
178  traits, 69 additional measured traits map to the same genomic region (Figure 1-figure supplement
179  8; Figure 1-source data 11). This result was expected given correlation structure of the measured
180 traits (Figure 1-figure supplement 4). The PC1 QTL confidence interval spans from 7.04 to 8.87
181  Mb on chromosome Il. This QTL is completely encompassed by the brood size (6.06-9.30 Mb)
182 and animal length (6.82-8.93 Mb) QTL confidence intervals (Figure 1-figure supplement 6).
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183  However, each of these QTL confidence intervals span genomic regions greater than 1.5
184 megabases and contain hundreds of genes that vary between the N2 and CB4856 strains.
185  Therefore, we constructed near-isogenic lines (NILs) to isolate and narrow each QTL in a
186  controlled genetic background.
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187
188  Figure 1: A large-effect QTL on the center of chromosome Il explains differences in arsenic

189 trioxide response between N2 and CB4856
190 (A) Linkage mapping plots for the first principal component trait in the presence of 1000 uM arsenic trioxide

191 is shown. The significance values (logarithm of odds, LOD, ratio) for 1454 markers between the N2 and
192 CB4856 strains are on the y-axis, and the genomic position (Mb) separated by chromosome is plotted on
193  the x-axis. The associated 1.5 LOD-drop confidence intervals are represented by blue boxes. (B) The
194  correlation between brood size (blue; % = 0.23, p-value = 2.4E-15) or animal length (pink; 7> = 0.72, p-value
195 = 7E-70) with the first principal component trait. Each dot represents an individual RIAIL’s phenotype, with
196 the animal length and brood size phenotype values on the x-axis and the first principal component
197 phenotype on the y-axis. (C) Tukey box plots of near-isogenic line (NIL) phenotype values for the first
198 principal component trait in the presence of 1000 uM arsenic trioxide is shown. NIL genotypes are indicated
199 below the plot as genomic ranges. The N2 trait is significantly different than the CB4856 and NIL traits
200  (Tukey HSD p-value < 1E-5).

201

202 To split the large QTL confidence intervals in half, we introgressed genomic regions from
203  the CB4856 strain on the left and right halves of the confidence intervals into the N2 genetic
204  background. In the presence of arsenic trioxide, both of these NILs recapitulated the parental
205 CB4856 PC1 phenotype (Figure 1C; Figure 1-source data 13), and had similar brood sizes and
206  progeny of similar length as the CB4856 parental strain (Figure 1-figure supplement 9; Figure 1-
207  source data 13). Furthermore, we show that similar to the RIAIL phenotypes, many of the
208  measured traits were highly correlated (Figure 1-figure supplement 10A; Figure 1-source data 14)
209  and contributed similarly to the PC1 trait (Figure 1-figure supplement 10B; Figure 1-source data
210  15). Importantly, the PC1 trait was highly correlated with the brood size and animal length
211  phenotypes (Figure 1-figure supplement 11). The phenotypic similarity of these NILs to the
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212 CBA4856 parental strain suggested that the two NILs might share an introgressed region of the
213  CBA4856 genome. To identify this shared introgressed region, we performed low-coverage whole-
214  genome sequencing of the NIL strains and defined the left and right bounds of the CB4856
215  genomic introgression to be from 5.75 to 8.02 Mb and 7.83 to 9.66 Mb in the left and right NILs,
216  respectively (Figure 1-source data 16). The left and right NILs recapitulate 88.6% and 91.6% of
217  the effect size difference between N2 and CB4856 as measured by Cohen’s F, respectively [37],
218  which exceeds our observations the linkage mapping results where the QTL on chromosome I
219  explained 61.7% of the total phenotypic variation in the RIAIL population. This discrepancy was
220  observed likely because the NILs are a more homogenous genetic background and the
221  experiment was performed at higher replication than the linkage mapping. Taken together, these
222 results suggested that genetic differences between N2 and CB4856 within 7.83 to 8.02 Mb on
223 chromosome |l conferred resistance to arsenic trioxide.

224 In parallel to the linkage-mapping approach described above, we performed a genome-
225  wide association (GWA) mapping experiment by quantifying the responses to arsenic trioxide for
226 86 wild C. elegans strains (Figure 2-source data 1) [30]. Consistent with previous experiments,
227  the measured traits that most strongly influence PC1 are representative of animal length, as
228 indicated by the loadings (Figure 2-figure supplement 1; Figure 2-source data 2-3). In agreement
229  with the results from the linkage mapping approach, PC1 differences among the wild isolates
230  mapped to a QTL on the center of chromosome Il that spans from 7.71 Mb to 8.18 Mb (Figure
231  2A; Figure 2-source data 4-5). We noted that the brood size trait did not map to a significant QTL
232 with the GWA mapping approach. To address this discrepancy, we estimated genomic broad-
233 and narrow-sense heritability (H?; h?) for all of the wild isolate measured and principal component
234 traits (Figure 2-figure supplement 2; Figure 2-source data 6). Broad-sense heritability for the
235  brood size trait was approximately 0.05 for the wild isolates tested, which explains why we were
236  unable to detect a significant QTL associated with this trait. By contrast, the PC1 trait H2was 0.16
237  when estimated using an additive-only model and 0.25 (h?= 0.11) when we incorporated the
238  possibility for epistatisis (See Materials and Methods; Figure 2-source data 6). The marker found
239  to be most correlated with the PC1 trait from GWA mapping (11:7,931,252), explains 84.6%
240  (epistasis model) of the total heritable phenotypic variation. Of the 64 measured and principal
241  component traits we mapped, 26 were significantly correlated with genetic variation on the center
242 of chromosome Il (Figure 2-figure supplement 3; Figure 2-source data 7). Notably, the CB4856
243 strain, which was one of the parents used to construct the RIAIL panel used for linkage mapping,
244 had the non-reference genotype at the marker most correlated with PC1 (Figure 2B), suggesting
245  that the same genetic variant(s) might be contributing to differential arsenic trioxide response
246  among the RIAIL and wild isolate populations.

247 To fine map the PC1 QTL, we focused on variants from the C. elegans whole-genome
248  variation dataset [31] that are shared among at least five percent of the 86 wild isolates exposed
249  to arsenic trioxide. Under the assumption that the linkage and GWA mapping QTL are caused by
250 the same genetic variation, we only considered variants present in the CB4856 strain. Eight
251  markers within the QTL region are in complete linkage disequilibrium with each other and are
252 most correlated with the first principal component trait (Figure 2C-figure supplement 4; Figure 2-
253  source data 8). Only one of these markers is located within an annotated gene (dbt-71) and is
254  predicted to encode a cysteine-to-serine variant at position 78 (C78S). Although it is possible that
255  the causal variant underlying differential arsenic trioxide response in the C. elegans population is
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256  anintergenic variant, we focused on the DBT-1(C78S) variant as a candidate to test for an effect
257  on arsenic response.
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258  Figure 2: Variation in C. elegans wild isolates responses to arsenic trioxide maps to the
259  center of chromosome i

260 (A) A manhattan plot for the first principal component in the presence of 1000 uM arsenic trioxide is shown.
261  Each dot represents an SNV that is present in at least 5% of the assayed wild population. The genomic
262 positionin Mb, separated by chromosome, is plotted on the x-axis and the —/og,,(p) for each SNV is plotted
263 on the y-axis. SNVs are colored red if they pass the genome-wide Bonferroni-corrected significance
264  threshold, which is denoted by the gray horizontal line. SNVs are colored pink if they pass the genome-
265  wide eigen-decomposition significance threshold, which is denoted by the dotted gray horizontal line. The
266  genomic region of interest surrounding the QTL is represented by a cyan rectangle. (B) Tukey box plots of
267 phenotypes used for association mapping in (A) are shown. Each dot corresponds to the phenotype of an
268 individual strain, which is plotted on the y-axis. Strains are grouped by their genotype at the peak QTL
269 position (red SNV from panel A, Chrll:7,931,252), where REF corresponds to the allele from the reference
270 N2 strain. The N2 (orange) and CB4856 (blue) strains are highlighted. (C) Fine mapping of the chromosome
271 Il region of interest (cyan region from panel A, 7.71 - 8.18 Mb) is shown. Each dot represents an SNV
272 present in the CB4856 strain. The association between the SNV and first principal component is shown on
273  the y-axis and the genomic position of the SNV is shown on the x-axis. Dots are colored by their SnpEff
274  predicted effect.

275

276 A cysteine-to-serine variant in DBT-1 contributes to arsenic response variation

277  The C. elegans dbt-1 gene encodes the E2 component of the branched-chain a-keto acid
278  dehydrogenase complex (BCKDH) [34]. The BCKDH complex is a core component of branched-
279  chain amino acid (BCAA) catabolism and catalyzes the irreversible oxidative decarboxylation of
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280  amino acid-derived branched-chain a-ketoacids [38]. The BCKDH complex belongs to a family of
281  o-ketoacid dehydrogenases that include pyruvate dehydrogenase (PDH) and a-ketoglutarate
282  dehydrogenase (KGDH) [39]. All three of these large enzymatic complexes include a central E2
283  component that is lipoylated at one critical lysine residue (two residues in PDH). The function of
284  these enzymatic complexes depends on the lipoylation of these lysine residues [39,40]. In
285  C. elegans, the putative lipoylated lysine residue is located at amino acid position 71 of DBT-1,
286  which is in close proximity to the C78S residue that we found to be highly correlated with arsenic
287  trioxide resistance.

288 To confirm that the C78S variant in DBT-1 contributes to differential arsenic trioxide
289 responses, we used CRISPR/Cas9-mediated genome editing to generate allele-replacement
290  strains by changing the C78 residue in the N2 strain to a serine and the S78 residue in the CB4856
291  strain to a cysteine. When treated with arsenic trioxide, the N2 DBT-1(S78) allele-replacement
292 strain recapitulated 75.5% of the phenotypic difference between the CB4856 and N2 strains as
293 measured with the first principal component, as measured by Cohen’s F [37] (Figure 3; Figure 1-
294 source data 13). Similarly, the CB4856 DBT-1(C78) allele-replacement strain recapitulated 63.9%
295  of the total phenotypic difference between the two parental CB4856. The degree to which the
296 allele-replacement strains recapitulated the difference in the first principal component between
297  the N2 and CB4856 strains matched our observations from the linkage mapping experiment,
298  where the chromosome Il QTL explained 61.7% of the total phenotypic variation in the RIAIL
299  population. This result suggested that the majority of heritable variation in arsenic trioxide
300 response was explained by the DBT-1(C78S) allele. We obtained similar results for the progeny
301  length trait (Figure 3-figure supplement 1; Figure 1-source data 13), which is likely because of the
302  high level of correlation between the animal length and first principal component trait (Figure 1-
303 figure supplement 10; Figure 3-figure supplement 2; Figure 1-source data 10-11). However, when
304  considering brood size, the N2 DBT-1(C78S) allele-replacement strain produced an intermediate
305 number of progeny in the presence of arsenic trioxide relative to the parental N2 and CB4856
306 strains. And the CB4856 DBT-1(S78C) allele-replacement strain produced fewer offspring than
307  both parental strains (Figure 3-figure supplement 1; Figure 1-source data 13). These results
308  suggested that additional genetic variants between the N2 and CB4856 strains might interact with
309 the DBT-1(C78S) allele to affect different aspects of physiology. Nevertheless, these results
310 functionally validated that the DBT-1 C78S variant underlies differences in physiological
311  responses to arsenic trioxide.

312
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321  Figure 3: The DBT-1(C78S) variant contributes to arsenic trioxide responses

322  Tukey box plots of the first principal component generated by PCA on allele-replacement strain phenotypes
323 measured by the COPAS BIOSORT 1000 uM arsenic trioxide exposure are shown (N2, orange; CB4856,
324 blue; allele replacement strains, gray). Labels correspond to the genetic background and the corresponding
325 residue at position 78 of DBT-1 (C for cysteine, S for serine). All pair-wise comparisons are significantly
326  different (Tukey HSD, p-value < 1.42E-5).

327

328  Arsenic trioxide inhibits the DBT-1 C78 allele

329  Mono-methyl branched chain fatty acids (mmBCFA) are an important class of molecules that are
330 produced via BCAA catabolism [20,34,41,42]. The production of mmBCFA requires the BCKDH,
331 fatty acid synthase (FASN-1), acetyl-CoA carboxylase (POD-2), fatty acyl elongases (ELO-5/6),
332  B-ketoacyl dehydratase (LET-767), and acyl CoA synthetase (ACS-1) [20,34,41,43—45]. Strains
333 that lack functional elo-5, elo-6, or dbt-1 produce less C15ISO and C171SO mmBCFAs, arrest at
334  the L1 larval stage, and can be rescued by supplementing the growth media with C151SO or
335 C171S0 [20,34,41] (Figure 4A).

336 Because DBT-1 is involved in BCAA catabolism, we hypothesized that the DBT-1(C78S)-
337  dependent difference in progeny length between the N2 and CB4856 strains after arsenic trioxide
338 treatment might be caused by differential larval (L1) arrest through depletion of downstream
339 mmBCFAs. To test this hypothesis, we quantified the abundance of the monomethyl-branched
340  (ISO) and straight-chain (SC) forms of C15 and C17 in the N2, CB4856, and allele-swap genetic
341  backgrounds. We measured the metabolite levels in staged L1 animals and normalized the
342 detected amounts of C15ISO and C171SO relative to the abundances of C15SC and C17SC,
343 respectively, to mitigate confounding effects of differences in developmental rates that could result
344  from genetic background differences or arsenic trioxide exposure. Generally, the ratios of
345  C15ISO/C15SC and C17I1SO/C17SC were reduced in
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346  Figure 4: Differential production of mmBCFA underlies DBT-1(C78)-mediated sensitivity to
347  arsenic trioxide.

348  (A) A simplified model of BCAA catabolism in C. elegans. The BCKDH complex, which consists of DBT-1,
349 catalyzes the irreversible oxidative decarboxylation of branched-chain ketoacids. The products of these
350  breakdown can then serve as building blocks for the mmBCFA that are required for developmental
351 progression. (B) The difference in the C151SO/C15SC (left panel) or C17ISO/C17SC (right panel) ratios
352 between 100 uM arsenic trioxide and control conditions is plotted on the y-axis for three independent
353  replicates of the CB4856 and CB4856 allele swap strains and six independent replicates of the N2 and N2
354  allele swap strains. The difference between the C15 ratio for the CB4856-CB4856 allele swap comparison
355 is significant (Tukey HSD p-value = 0.0427733), but the difference between the C17 ratios for these two
356  strains is not (Tukey HSD p-value = 0.164721). The difference between the C15 and C17 ratios for the N2-
357 N2 allele swap comparisons are both significant (C15: Tukey HSD p-value = 0.0358; C17: Tukey HSD p-
358  value = 0.003747). (C) Tukey box plots median animal length after arsenic trioxide or arsenic trioxide and
359  0.64 uM C15ISO exposure are shown (N2, orange; CB4856, blue; allele replacement strains, gray). Labels
360 correspond to the genetic background and the corresponding residue at position 78 of DBT-1 (C for
361 cysteine, S for serine). Every pair-wise strain comparison is significant except for the N2 DBT-1(S78) -
362  CB4856 comparisons (Tukey's HSD p-value < 1.43E-6).

363
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364  arsenic-treated animals relative to controls (Figure 4B; Figure 4-source data 1-3). However,
365 arsenic trioxide treatment had a 7.6-fold stronger effect on the C151SO/C15SC ratio in N2, which
366 naturally has the C78 allele, than on the N2 DBT-1(S78) allele swap strain. This difference
367  suggests that the DBT-1(C78) allele is more strongly inhibited by arsenic trioxide (0.04 to 0.004,
368  Tukey HSD p-value = 0.0358, n = 6). Similarly, we observed a 6.6-fold arsenic-induced reduction
369 in the C17I1SO/C17SC ratio when comparing the N2 DBT-1(C78) and N2 DBT-1(S78) strains
370  (Tukey HSD p-value = 0.003747, n = 6). When comparing the CB4856 DBT-1(S78) and CB4856
371  DBT-1(C78) strains, we observed a 2.8-fold lower C151SO/C15SC ratio (Tukey HSD p-value =
372 0.0427733, n = 3) and 1.5-fold lower C17ISO/C17SC ratio (Tukey HSD p-value = 0.164721, n =
373  3) in the in the CB4856 DBT-1(C78) strain. We noted that the C171SO/straight-chain ratio
374  difference was not significantly different between the two CB4856 genetic background strains.
375 However, we observed a significant arsenic-induced decrease in raw C171SO production in the
376 CB4856 DBT-1(C78) strain (Tukey HSD p-value = 0.029) and no significant difference in the
377 CB4856 DBT-1(S78) strain (Tukey HSD p-value = 0.1) (Figure 4-figure supplement 1).
378  Importantly, these DBT-1(C78S) allele-specific reductions in ISO/straight-chain ratios were not
379  driven by arsenic-induced differences in straight-chain fatty acids (Figure 4-figure supplement 2).
380  These results explained the majority of the physiological differences between the N2 and CB4856
381  strains in the presence of arsenic trioxide (Figure 3) and suggested that the DBT-1(C78) allele
382  was inhibited by arsenic trioxide more strongly than DBT-1(S78). Taken together, the differential
383  reduction in branched-chain fatty acids likely underlies the majority of physiological differences
384  between the sensitive and resistant C. elegans strains.

385 In addition to arsenic-induced differences in branched chain fatty acid production, we
386  observed significant differences in branched/straight-chain ratios between the parental and allele
387  swap strains when L1 larval animals were grown in control conditions (Figure 4-figure supplement
388  3; Figure 4-source data 1-3). Strains with the DBT-1(C78) had higher ISO/SC ratios relative to
389  strains with the DBT-1(S78) for the C17 (CB4856 DBT-1(C78): Tukey HSD p-value = 0.0342525,
390 n=3;N2DBT-1(C78): Tukey HSD p-value = 0.0342525, n = 6) and C15 ratios (CB4856: Tukey
391  HSD p-value = 0.0168749, n = 3; N2: Tukey HSD p-value = 0.1239674, n = 6) (Figure 4-figure
392  supplement 3; Figure 4-source data 1-3). We noted that the C15ISO/straight-chain ratio was not
393  significantly different when comparing the N2 and N2 allele swap strain, but the direction of effect
394  matched our other observations and we saw significant differences in C151SO levels (N2-C15ISO
395 DBT-1(C78): Tukey HSD p-value = 0.0265059, n = 6, Figure 4-figure supplement 4; Figure 4-
396  source data 1-3). Importantly, the DBT-1 allele-specific differences in the fatty acid ratio and ISO
397 measurements were not driven by differences in straight-chain fatty acids (Figure 4-figure
398  supplement 4). However, we did not observe the same effect of the DBT-1(C78S) allele at the
399  young adult life stage (Figure 4-figure supplement 5; Figure 4-source data 4). Taken together,
400 these results suggest that the DBT-1(C78) allele produces more branched chain fatty acids than
401  the DBT-1(S78) allele, but this effect was dependent on the developmental stage of the animals.
402 To test the hypothesis that differential arsenic-induced depletion of branched-chain fatty
403  acids in strains with the DBT-1(C78S) causes physiological differences in growth, we tested if
404 mmBCFA supplementation could rescue the effects of arsenic trioxide-induced toxicity. We
405 exposed the parental and the DBT-1 allele-replacement strains to media containing arsenic
406 trioxide alone, C15ISO alone, or a combination of arsenic trioxide and C15I1SO. In agreement with
407  previous experiments, the PC1 trait was highly correlated with animal length traits (Supplementary
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408  Figure 4-figure supplement 6-7; Figure 4-source data 5-7). When grown in arsenic-trioxide alone
409  the average phenotypic difference between N2 DBT-1(C78) and N2 DBT-1(S78) allele was 3.39
410  units for the PC1 trait. C151SO supplementation of the arsenic growth media caused a 56.3%
411  rescue of the allele-specific effect in the N2 genetic background (Figure 4C-figure supplement 8).
412 Similarly, when CB4856 DBT-1(C78) animals were supplemented with C15ISO, the allele-specific
413  PC1 phenotypic difference was reduced by 35.9% when compared to the difference between the
414 CB4856 DBT-1(C78) and CB4856 DBT-1(S78) strains in arsenic trioxide alone (Figure 4C-figure
415  supplement 8). By contrast, CB4856 DBT-1(S78) and N2 DBT-1(S78) phenotypes were
416  unaffected by C151SO supplementation in arsenic trioxide media. Collectively, these data support
417  the hypothesis that the cysteine/serine variant in DBT-1 contributes to arsenic sensitivity in
418  C. elegans by reducing ISO fatty acid biosynthesis, and the DBT-1(C78) variant can be partially
419  rescued by supplementation with mmBCFAs.

420

421  Arsenic exposure increases mmBCFA production and favors a cysteine allele in human
422 DBT1

423  To test whether our results from C. elegans translate to human variation in arsenic sensitivity, we
424  tested the role of DBT1 variation on arsenic trioxide responses and mmBCFA biosynthesis in
425  human cells. The human DBT1 enzyme contains a serine at position 112 that corresponds to the
426  C78 residue in C. elegans DBT-1 (Figure 5A-figure supplement 1). Using CRISPR/Cas9, we
427  edited batch cultures of 293T cells to generate a subset of cells with DBT1(S112C). These cells
428  were exposed to arsenic trioxide or control conditions and we monitored changes in the fraction
429  of cells carrying the DBT1(C112) allele. We found that arsenic exposure caused a 4% increase
430 in the fraction of cells that contained the DBT1(C112) allele (Figure 5B, Fisher’'s exact test, p-
431  value < 1.9E-16; Figure 5-source data 1-2). Though the human DBT1 does not vary within the
432 human population at S112, two residues in close spatial proximity to S112 do vary among
433 individuals in the population (R113C and W84C) (Figure 5A) [46]. To test the effects of these
434  residues on arsenic trioxide sensitivity, we performed the same editing and arsenic selection
435  procedure described above. Over the course of the selection experiment, cells with DBT1(W84C)
436 and DBT1(R113C) increased by 2% and 1%, respectively (Figure 5B). Therefore, it appears that
437  all three missense variants caused a slight increase in fitness in batch-edited human cell cultures
438  exposed to arsenic. To determine if branched-chain fatty acid production was altered by arsenic
439  exposure, as we found in C. elegans, we measured mmBCFA production in unedited 293T cells
440  in arsenic and mock-treated cultures. We found that overall fatty acid production was markedly
441  reduced in arsenic-treated cultures. In contrast to our observations in C. elegans, straight-chain
442  fatty acids were more drastically reduced than ISO fatty acids (Figure 5-source data 3). These
443  results are consistent with our observations that arsenic does not have as strong of an effect on
444  C. elegans strains with the DBT-1 S78 allele. Additionally, the DBT1(C112) allele, similar to the
445  C. elegans DBT-1(C78) allele, was associated with higher production of mmBCFAs.

446
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452  Figure 5: Protective effect of cysteine residues in human DBT1.

453  (A) Alignment of C. elegans DBT-1 and H. sapiens DBT1. The residues tested for an arsenic-specific effect
454  are indicated with arrows - W84C (pink), S112C (blue), and R113C (black). The lysine that is post-
455  ftranslationally modified with a lipoid acid is highlighted in red. (B) The percent increase of edited human
456 cells that contain the W84C, S112C, or R113C amino acid change in DBT1 in the presence 5 uM arsenic
457 trioxide relative to control conditions are shown. The number of reads in 5 uM arsenic trioxide for all
458 replicates are significantly different from control conditions (Fisher’s exact test, p-value < 0.011).

459

460 Discussion

461

462 In this study, we characterized the effects of C. elegans natural genetic variation on physiological
463  responses to the pervasive environmental toxin arsenic trioxide. Though the effects of this toxin
464  have been extensively studied in a variety of systems [2,3,39,47,48], recent evidence from human
465  population studies have revealed local adaptations within region-specific subpopulations
466  [6,8,9,49]. Our investigation into the natural variation in C. elegans responses to arsenic trioxide
467 led to the discovery of a novel mechanism by which this compound could elicit toxicity. We show
468  that arsenic trioxide differentially inhibits two natural alleles of the E2 domain of the BCKDH
469  complex, which is encoded by the dbt-1 gene. Specifically, strains with the DBT-1(C78) allele are
470  more sensitive to arsenic trioxide than strains carrying the DBT-1(S78). Furthermore, we show
471  that the increased sensitivity of the DBT-1(C78) allele is largely explained by differences in the
472  production of mmBCFAs (Figure 4B-C), which are critical molecules for developmental
473  progression beyond the first larval stage. Arsenic is thought to inhibit the activity of both the
474  pyruvate dehydrogenase (PDH) and the a-ketoglutarate (KGDH) dehydrogenase complexes
475  through interactions with the reduced form of lipoate [39], which is the cofactor for the E2 domain
476  of these complexes. Like the PDH and KGDH complexes, the E2 domain of BCKDH complex
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477  requires the cofactor lipoate to perform its enzymatic function [50-52]. The inhibition of DBT-1 by
478  arsenic trioxide could involve three-point coordination of arsenic by the C78 thiol and the reduced
479  thiol groups of the nearby lipoate. However, based on the crystal structure (PDB:1Y8N), the
480  atomic distance between the C78 thiol group and the thiol groups from the lipoylated lysine is ~32
481 A, which might be too large a distance for coordinating arsenic (Figure 5A-figure supplement 1)
482  [53]. Alternatively, arsenic trioxide could inhibit DBT-1(C78) through coordination between the
483  thiol groups of C78 and C65 (~8.5 A) (Figure 5A-figure supplement 1). Analogous thiol-dependent
484  mechanisms have been proposed for the inhibition of other enzymes by arsenic [48]. Despite
485  structural similarities and a shared cofactor, no evidence in the literature indicates that BCKDH is
486  inhibited by arsenic trioxide, so these results demonstrate the first connection of arsenic toxicity
487  to BCKDH E2 subunit inhibition.

488 Multiple sequence alignments show that cysteine residues C65 and C78 of C. elegans
489  DBT-1 correspond to residues S112 and C99 of human DBT1 (Figure 5A). Though DBT1 does
490  not vary at position 112 within the human population, two residues (R113C and W84C) in close
491 spatial proximity do [46]. We hypothesized that cysteine variants in DBT1 would sensitize human
492  cells to arsenic trioxide. However, we found that the cysteine variants (W84C, S112C, and
493  R113C) proliferated slightly more rapidly than the parental cells in the presence of arsenic.
494  Notably, a growing body of evidence suggests that certain cancer cells upregulate components
495  involved in BCAA metabolism, and this upregulation promotes tumor growth [54,55]. Perhaps the
496  increased proliferation of human cell lines that contain the DBT1 C112 allele (Figure 5) is caused
497 by increased activity of the BCKDH complex. It is worth noting that human cell lines grown in
498  culture do not have the same strict requirements for mmBCFA, and the requirements for different
499 fatty acids are variable among diverse immortalized cell lines [56,57]. Furthermore, in C. elegans,
500 the developmental defects associated with dbt-1 loss-of-function can be rescued by neuronal-
501  specific expression of dbt-1 [34], suggesting that the physiological requirements of mmBCFA in
502  C. elegans depend on the coordination of multiple tissues that cannot be recapitulated with cell-
503  culture experiments. These results further highlight the complexity of arsenic toxicity, as well as
504  the physiological requirements for BCAA within and across species and could explain the
505  discrepancy between the physiological effects we observed in C. elegans and human cell-line
506  experiments. Given that arsenic trioxide has become the standard-of-care for treating APL [58]
507  andis gaining traction in treating other leukemias, it will be important to further explore the effects
508  of arsenic on BCAA metabolism and cancer growth.

509 The C78 allele of DBT-1 is likely the derived allele in the C. elegans population because
510  all other organisms have a serine at the corresponding position. The loss of the serine allele in
511 the C. elegans population might have been caused by relaxed selection at this locus, though this
512 hypothesis is difficult to test because of the effects of linked selection and decreased
513  recombination in chromosome centers. It is hypothesized that the C. elegans species originated
514  from the Pacific Rim and that the ancestral state more closely resembles the CB5846 strain than
515 the N2 strain [30,59]. The CB4856 strain was isolated from the Hawaiian island of O’ahu [60],
516  where environments could have elevated levels of arsenic in the soil from volcanic activity, the
517  farming of cane sugar, former construction material (canec) production facilities, or wood
518 treatment plants (Hawaii.gov). It is possible that as the C. elegans species spread across the
519 globe into areas with lower levels of arsenic in the soil and water, the selective pressure to
520  maintain high arsenic tolerance was relaxed and the cysteine allele appeared. Alternatively,
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521  higher mmBCFA levels at the L1 larval stage in strains with the DBT-1(C78) allele (Figure 4-figure
522  supplement 3-4) might cause faster development in certain conditions, although we did not
523  observe allele-specific growth differences in laboratory conditions. Despite these clues
524  suggesting selection in local environments, the genomic region surrounding the dbt-1 locus does
525  not show a signature of selection as measured by Tajima’s D [61] (Figure 2-figure supplement 5;
526  Figure 2-source data 9), and the strains with the DBT-1 S78 allele show no signs of geographic
527  clustering (Figure 2-figure supplement 6; Figure 2-source data 10). Our study suggests that
528 C. elegans is a powerful model to investigate the molecular mechanisms for how populations
529  respond to environmental toxins.

530
531 Materials and methods
532
533  Key Resources Table:
Reagent type Designation Source or Identifiers Additional information
(species) or reference
resource
gene dbt-1 NA Wormbase:WB
(Caenorhabditis Gene00014054
elegans)
strain, strain N2 DBT- This paper = Andersen_Lab: N2::dbt-1(ean15[C78S])
background 1(S78) ECA581
(N2)
strain, strain CB4856 This paper = Andersen_Lab: CB4856::dbt-1(ean34[S78C])
background DBT-1(C78) ECA590
(CB4856)
strain, strain Left NIL; This paper = Andersen_Lab: eanlR188[Chrll:5.75 - 8.02Mb]
background CB4856>N2 ECA414
(N2) (11:5.75-8.02
Mb)
strain, strain Right NIL; This paper = Andersen_Lab: eanlR208[Chrll:7.83 - 9.66Mb]
background CB4856>N2 ECA434
(N2) (11:7.83-9.66
Mb)
sequence- NIL Fd This paper = Andersen_Lab: tttcacacaaaccatgegct
based reagent primer oECA609
sequence- NIL Rv This paper = Andersen_Lab: actcgtctgetgggtattct
based reagent primer oECA610
sequence- NIL Fd This paper = Andersen_Lab: tgtcttcgeacctttacteg
based reagent primer oECA611
sequence- NIL Rv This paper = Andersen_Lab: cattcaagtcagggcgtatcc
based reagent primer oECA612
sequence- Genotype This paper = Andersen_Lab: GAAGGAATTGCCGAAGTTCAGGTTAAG
based reagent C78S Edit oECA1163
sequence- Genotype This paper = Andersen_Lab: CCGTCATCTCCACAAAAAGCTTTATCTCTC
based reagent C78S Edit oECA1165
sequence- dbt-1 gRNA This paper = Andersen_Lab: CCATCTCCTGTAGATACGAC
based reagent creECA97
sequence- N2 dbt-1 This paper | Andersen_Lab: CTTCCAGGTACGTGAAAGAAGGAGATACGATTTCGCAGTTCGATAAAGTCT
based reagent repair oligo 0oECA1542 GTGAAGTGCAAAGTGATAAAGCAGCAGTAACCATCTCCAGTAGATACGACG
GAATTGTCAAAAAATTGTAAGTTTCTTCCTAA
sequence- CB4856 dbt- | This paper = Andersen_Lab: TTAGGAAGAAACTTACAATTTTTTGACAATTCCGTCGTATCTACAGGAGATG
based reagent 1 repair oECA1543 GTTACTGCTGCTTTATCGCTTTGCACTTCACAGACTTTATCGAACTGCGAAAT
oligo CGTATCTCCTTCTTTCACGTACCTGGAAG
sequence- dpy-10 10.1534/g = Andersen_Lab: CACTTGAACTTCAATACGGCAAGATGAGAATGACTGGAAACCGTACCGCAT
based reagent repair oligo enetics.11 | crECA37 GCGGTGCCTATGGTAGCGGAGCTTCACATGGCTTCAGACCAACAGCCTAT
4.166389
sequence- dpy-10 10.1534/g | Andersen_Lab: GCTACCATAGGCACCACGAG
based reagent gRNA enetics.11 | crECA36
4.166389
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sequence- Human This paper = Guide_1 used TCCATCATAACGACTAGTGA
based reagent gRNA S112C in RDA_74
and R113C
sequence- S112Crepair = This paper | 1192 DBT1- ATAGCATCTGTGAAGTTCAAAGTGATAAAGCTTCTGTTACAATCACTTGTCG
based reagent template repair-S112C TTATGATGGAGTCATTAAAAAACTCTATT
sequence- R113C This paper | 1193 DBT1- ATAGCATCTGTGAAGTTCAAAGTGATAAAGCTTCTGTTACAATCACTAGTTG
based reagent repair repair-R113C TTATGATGGAGTCATTAAAAAACTCTATT
template
sequence- Fwd PCR C This paper = 1188 DBT1- TtgtggaaaggacgaaacaccgAGAAGGAGATACAGTGTCTCAGT
based reagent PCR-C
sequence- Fwd PCR D This paper = 1189 DBT1- TtgtggaaaggacgaaacaccgTGTCTCAGTTTGATAGCATCTGTG
based reagent PCR-D
sequence- Human This paper = Guide_2 used TCTTTTAGGTATGTAAAAGA
based reagent gRNA W84C in RDA_75
sequence- W84C repair = This paper | 1195 DBT1- GACTGTTTCCATAAAAGTGTCTCATTTCTTTTTCTTTTAGTTATGTGAAGGAA
based reagent template repair-W84C-v2 = GGAGATACAGTGTCTCAGTTTGATAGCAT
sequence- Fwd PCR A This paper = 1186 DBT1- TtgtggaaaggacgaaacaccgGCATGGCATTTACATCCTTAATATGAT
based reagent PCR-A
sequence- Fwd PCR B This paper = 1187 DBT1- TtgtggaaaggacgaaacaccgCCTTAATATGATCTGTACTTATGACTGTTT
based reagent PCR-B
sequence- Rev PCR 1 This paper = 1190 DBT1- TctactattctttccectgcactgtCTACTAATGGCTTCCCCACAT
based reagent PCR-Rev1
sequence- Rev PCR 2 This paper = 1191 DBT1- TctactattctttccectgcactgtCAATACCTTTTAAAGCTTCCGTTTCTAT
based reagent PCR-Rev2
transfected S112Cand This paper = pl1054
construct R113C Cas9-
(Homo Sapiens) | sgRNA
plasmid
transfected W84C Cas9- This paper = p1052
construct sgRNA

(Homo Sapiens) | plasmid

534

535  Strains

536  Animals were fed the bacterial strain OP50 and grown at 20°C on modified nematode growth
537  medium (NGM), containing 1% agar and 0.7% agarose to prevent burrowing of the wild isolates
538  [62]. For each assay, strains were grown for five generations with no strain entering starvation or
539  encountering dauer-inducing conditions [63]. Wild C. elegans isolates used for genome-wide
540  association and recombinant inbred advanced intercross lines (RIAILs) used for linkage mapping
541  have been described previously [31,32,35]. Strains constructed for this manuscript are listed
542  above in the Key Resources Table.

543

544  High-throughput fitness assay

545  We used the high-throughput fithess assay (HTA) described previously [35]. In short, strains are
546  passaged for four generations before bleach-synchronization and aliquoted to 96-well microtiter
547  plates at approximately one embryo per microliter in K medium [62]. The final concentration of
548  NaCl in the K medium for the genome-wide association (GWA) and linkage mapping assays was
549 51 mM. For all subsequent experiments the final NaCl concentration was 10.2 mM. The following
550 day, hatched and synchronized L1 animals were fed HB101 bacterial lysate (Pennsylvania State
551  University Shared Fermentation Facility, State College, PA, [64]) at a final concentration of 5
552 mg/ml and grown for two days at 20°C. Next, three L4 larvae were sorted using a large-particle
553  flow cytometer (COPAS BIOSORT, Union Biometrica, Holliston, MA) into microtiter plates that
554  contain HB101 lysate at 10 mg/ml, K medium, 31.25 yM kanamycin, and either arsenic trioxide
555 dissolved in 1% water or 1% water alone. The animals were then grown for four days at 20°C.
556  The resulting populations were treated with sodium azide (50 mM) prior to being measured with
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557 the BIOSORT. Al raw experimental data can be found on FigShare
558 (https://ffigshare.com/articles/Raw_experimental files used for manuscript/7458980).

559

560  Calculation of fitness traits for genetic mappings

561  Phenotype data generated using the BIOSORT were processed using the R package easysorter,
562  which was specifically developed for processing this type of data [65]. Briefly, the function
563 read_data, reads in raw phenotype data and runs a support vector machine to identify and
564 eliminate bubbles. Next, the remove_contamination function eliminates any wells that were
565 identified as contaminated prior to scoring population parameters. This analysis results in
566  processed BIOSORT data where each observation is for a given strain corresponds to the
567 measurements for an individual animal. However, the phenotypes we used for mapping and
568  follow-up experiments are summarized statistics of populations of animals in each well of a 96-
569  well plate. The sumplate function was used to generate summary statistics of the measured
570  parameters for each animal in each well. These summary statistics include the 10th, 25th, 50th,
571  75th, and 90th quantiles for time of flight (TOF), animal extinction (EXT), and three fluorescence
572  channels (Green, Yellow, and Red), which correspond to animal length, optical density, and ability
573  to pump fluorescent beads, respectively. Measured brood sizes (n) are normalized by the number
574  of animals that were originally sorted into each well (nhorm.n). For mapping experiments, a single
575  well replicate for each strain is summarized using the sumplate function. For follow-up
576  experiments, multiple replicates for each strain indicated by a unique plate, well, and column were
577  used. After summary statistics for each well are calculated, we accounted for differences between
578  assays using the regress(assay=TRUE) function in the easysorter package. Outliers in the GWA
579  and linkage mapping experiments were identified and eliminated using the bamf_prune function
580 in easysorter. For follow-up experiments that contained multiple replicates for each strain, we
581 eliminated strain replicates that were more than two standard deviations from the strain mean for
582 each condition tested. Finally, arsenic-specific effects were calculated using the
583  regress(assay=FALSE) function from easysorter, which accounts for strain-specific differences in
584  growth parameters present in control conditions.

585

586  Principal component analysis of processed BIOSORT measured traits

587 The COPAS BIOSORT measures individual animal length (TOF), optical density (EXT),
588  fluorescence (green, yellow, and red). We use these data to calculate the total number of animals
589 in awell and then normalize by the number of animals initially sorted into the well (brood size). All
590 of these measurements were then summarized using the easysorter package to generate various
591 summary statistics of each measured parameter, including five distribution quantiles and
592  measures of dispersion [35]. Because fluorescent beads were only used for linkage and GWA
593  mapping experiments, we eliminated all of these traits prior to PCA analysis for all non-mapping
594  experiments. Additionally, we removed all summary statistic traits related to data dispersion (IQR,
595  variance, and coefficient of variation) for all experiments. Prior to principal component analysis
596 (PCA), HTA phenotypes were scaled to have a mean of zero and a standard deviation of one
597 using the scale function in R. PCA was performed using the prcomp function in R [66].
598  Eigenvectors were subsequently extracted from the object returned by the prcomp function.

599

600  Arsenic trioxide dose-response assays
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601  All dose-response experiments were performed on four genetically diverged strains (N2, CB4856,
602  DL238, and JU775) in technical quadruplicates prior to performing GWA and linkage mapping
603  experiments (Figure 1-source data 1). Animals were assayed using the HTA, and phenotypic
604  analyses were performed as described above. The arsenic trioxide concentration for GWA and
605 linkage mapping experiments was chosen based on an observable effect for animal length and
606  brood size phenotypes in the presence of arsenic.

607

608  Heritability calculations

609  For dose response experiments, broad-sense heritability (H?) estimates were calculated using
610 the Imer function in the Ime4 package with the following linear mixed model (phenotype ~1 +
611  (1|strain)) [67]. H*>was then calculated as the fraction of the total variance that can be explained
612 by the random component (strain) of the mixed model. Prior to estimating H?, we removed outlier
613  replicates that we defined as replicates with values greater than two standard deviations away
614  from the mean phenotype. Outliers were defined on a per-trait and per-strain basis. Heritability
615 estimates for dose response experiments are in Figure 1-source data 2.

616 Heritability estimates for the linkage mapping experiment were calculated using two
617  approaches. In both approaches, we used the previously described RIAIL genotype matrix to
618  compute relatedness matrices [35]. In the first approach, a variance component model using the
619 R package regress was used to estimate the fraction of phenotypic variation explained by additive
620 and epistatic genetic factors, H?, or just additive genetic factors, h? [68,69], using the formula (y
621 ~1, ~ZA+ZAA), where y is a vector of RIAIL phenotypes, ZA is the additive relatedness matrix,
622 and ZAA is the pairwise-interaction relatedness matrix. The additive relatedness matrix was
623  calculated as the correlation of marker genotypes between each pair of strains. In addition, a two-
624  component variance model was calculated with both an additive and pairwise-interaction effect.
625  The pairwise-interaction relatedness matrix was calculated as the Hadamard product of the
626  additive relatedness matrix.

627 The second approach utilized a linear mixed model and the realized additive and epistatic
628  relatedness matrices [70-73]. We used the mmer function in the sommer package with the
629  formula (y ~ A+E) to estimate variance components, where y is a vector of RIAIL phenotypes, A
630 is the realized additive relatedness matrix, and E is the epistatic relatedness matrix. This same
631 approach was used to estimate heritability for the GWA mapping phenotype data, with the only
632  difference being that we used the wild isolate genotype matrix described below. Heritability
633  estimates for RIAIL and wild isolate data are in Figure 1-source data 12 and Figure 2-source data
634 6, respectively.

635

636  Effect size calculations for dose response assay

637  We first fit a linear model with the formula (phenotype ~ strain) for all measured and principal
638  component traits for each concentration of arsenic trioxide using the /m R function. Next, we
639  extracted effect sizes using the anova_ stats function from the sjstats R package [74]. Effect sizes
640  for dose responses are in Figure 1-source data 3.

641

642  Linkage mapping

643 A total of 262 RIAILs were phenotyped in the HTA described previously for control and arsenic
644  trioxide conditions [35,36]. The phenotype and genotype data were entered into R and scaled to
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645 have a mean of zero and a variance of one for linkage analysis (Figure 1-source data 8).
646  Quantitative trait loci (QTL) were detected by calculating logarithm of odds (LOD) scores for each
647  marker and each trait as —n(In(1 — r?)/2In(10)), where r is the Pearson correlation coefficient
648  between RIAIL genotypes at the marker and phenotype trait values [75]. The maximum LOD
649  score for each chromosome for each trait was retained from three iterations of linkage mappings
650  (Figure 1-source data 11). We randomly permuted the phenotype values of each RIAIL while
651  maintaining correlation structure among phenotypes 1000 times to estimate the significance
652  threshold empirically. The significance threshold was set using a genome-wide error rate of 5%.
653  Confidence intervals were defined as the regions contained within a 1.5 LOD drop from the
654  maximum LOD score [76].

655

656  Near-isogenic line (NIL) generation

657  NILs were generated by crossing N2xCB4856 RIAILs to each parental genotype. For each NIL,
658  eight crosses were performed followed by six generations of selfing to homozygose the genome.
659  Reagents used to generate NILs are detailed in the Key Resources Table. The NILs responses
660 to 1000 uM arsenic trioxide were quantified using the HTA described above (Figure 1-source data
661  13). NIL whole-genome sequencing and analysis was performed as described previously [77]
662  (Figure 1-source data 16).

663

664 Genome-wide association mapping

665 Genome-wide association (GWA) mapping was performed using phenotype data from 86
666  C. elegans isotypes (Figure 2-source data 1). Genotype data were acquired from the latest VCF
667 release (Release 20180527) from CeNDR that was imputed as described previously [32]. We
668  used BCFtools [78] to filter variants that had any missing genotype calls and variants that were
669  below 5% minor allele frequency. We used PLINK v1.9 [79,80] to LD-prune the genotypes at a
670  threshold of 2 < 0.8, using --indep-pairwise 50 10 0.8. This resulting genotype set consisted of
671 59,241 markers that were used to generate the realized additive kinship matrix using the A.mat
672  function in the rBLUP R package [70] (Figure 2-source data 5). These markers were also used
673  for genome-wide mapping. However, because these markers still have substantial LD within this
674  genotype set, we performed eigen decomposition of the correlation matrix of the genotype matrix
675  using eigs_sym function in Rspectra package [81]. The correlation matrix was generated using
676  the cor function in the correlateR R package [82]. We set any eigenvalue greater than one from
677 this analysis to one and summed all of the resulting eigenvalues [83]. This number was 500.761,
678  which corresponds to the number of independent tests within the genotype matrix. We used the
679  GWAS function in the rrBLUP package to perform genome-wide mapping with the following
680 command: rrBLUP::GWAS(pheno = PC1, geno = Pruned_Markers, K = KINSHIP, min.MAF =
681  0.05, n.core = 1, P3D = FALSE, plot = FALSE). To perform fine-mapping, we defined confidence
682 intervals from the genome-wide mapping as +/- 100 SNVs from the rightmost and leftmost
683  markers above the Bonferroni significance threshold. We then generated a QTL region of interest
684  genotype matrix that was filtered as described above, with the one exception that we did not
685  perform LD pruning. We used PLINK v1.9 to extract the LD between the markers used for fine
686  mapping and the peak QTL marker identified from the genome-wide scan. We used the same
687 command as above to perform fine mapping, but with the reduced variant set. The workflow for
688  performing GWA mapping can be found on https://github.com/AndersenLab/cegwas2-nf. All trait
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689  mapping results can be found on FigShare
690 (https://figshare.com/articles/GWA results for all traits mapped in_manuscript/7458932).

691

692  Generation of dbt-1 allele replacement strains

693  Allele replacement strains were generated using CRISPR/Cas9-mediated genome editing, using
694  the co-CRISPR approach [84] with Cas9 ribonucleoprotein delivery [85]. Alt-R™ crRNA and
695  tracrRNA were purchased from IDT (Skokie, IL). tracrRNA (IDT, 1072532) was injected at a
696  concentration of 13.6 uM. The dpy-10 and the dbt-1 crRNAs were injected at 4 uM and 9.6 pM,
697  respectively. The dpy-10 and the dbt-1 single-stranded oligodeoxynucleotides (ssODN) repair
698 templates were injected at 1.34 yM and 4 uM, respectively. Cas9 protein (IDT, 1074182) was
699 injected at 23 uM. To generate injection mixes, the tracrRNA and crRNAs were incubated at 95°C
700  for five minutes and 10°C for 10 minutes. Next, Cas9 protein was added and incubated for five
701  minutes at room temperature. Finally, repair templates and nuclease-free water were added to
702 the mixtures and loaded into pulled injection needles (1B100F-4, World Precision Instruments,
703  Sarasota, FL). Individual injected P, animals were transferred to new 6 cm NGM plates
704  approximately 18 hours after injections. Individual F; rollers were then transferred to new 6 cm
705  plates to generate self-progeny. The region surrounding the desired S78C (or C78S) edit was
706  then amplified from F; rollers using primers oECA1163 and oECA1165. The PCR products were
707  digested using the Sfcl restriction enzyme (R0561S, New England Biolabs, Ipswich, MA).
708  Differential band patterns signified successfully edited strains because the N2 S78C, which is
709  encoded by the CAG codon, creates an additional Sfcl cut site. Non-Dpy, non-Rol progeny from
710  homozygous edited F; animals were propagated. If no homozygous edits were obtained,
711  heterozygous F; progeny were propagated and screened for the presence of the homozygous
712 edits. Fr and F> progeny were then Sanger sequenced to verify the presence of the proper edited
713 sequence. The phenotypes of allele swap strains in control and arsenic trioxide conditions were
714 measured using the HTA described above (Figure 1-source data 13). PCA phenotypes for allele-
715  swap strains were generated the same way as described above for GWA mapping traits and are
716  located in Figure 1-source data 13.

717

718  Rescue with 13-methyltetradecanoic acid

719  Strains were grown as described for a standard HTA experiment. In addition to adding arsenic
720  trioixde to experimental wells, we also added a range of C15iso (13-methyltetradecanoic acid,
721  Matreya Catalog # 1605) concentrations to assay rescue of arsenic effects (Figure 4-source data
722 5).

723

724  Growth conditions for metabolite profiling

725  For L1 larval stage assays, chunks (~1 cm) were taken from starved plates and placed on multiple
726  fresh 10 cm plates. Prior to starvation, animals were washed off of the plates using M9, and
727  embryos were prepared by bleach synchronization. Approximately 40,000 embryos were
728  resuspended in 25 ml of K medium and allowed to hatch overnight at 20°C. L1 larvae were fed
729 15 mg/ml of HB101 lysate the following morning and allowed to grow at 20°C for 72 hours. We
730  harvested 100,000 embryos from gravid adults by bleaching. These embryos were hatched
731  overnight in 50 ml of K medium in a 125 ml flask. The following day, we added arsenic trioxide to
732 afinal concentration of 100 uM and incubated the cultures for 24 hours. After 24 hours, we added
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733 HB101 bacterial lysate (2 mg/ml) to each culture. Finally, we transferred the cultures to 50 ml
734 conical tubes, centrifuged the cultures at 3000 RPM for three minutes to separate the pellet and
735  supernatant. The supernatant and pellets from the cultures were frozen at -80°C and prepared
736  for analysis. For young adult stage assays, 45,000 animals per culture were prepared as
737  described above but in S medium, at a density of three animals per microliter, and fed HB101
738  lysate (5 mg/mL). These cultures were shaken at 200 RPM, 20°C in 50 mL Erlenmeyer flasks for
739 62 h. For harvesting, we settled 15 mL of cultures for 15 minutes at room temperature and then
740  pipetted the top 12 mL of solution off of the culture. The remaining 3 mL of animal pellet was
741  washed with 10 mL of M9, centrifuged at 1000 g for one minute, and then the supernatant
742 removed. This wash was repeated once more with M9 and again with water. The final nematode
743 pellet was snap frozen in liquid nitrogen.

744

745  Nematode extraction

746  Pellets were lyophilized 18-24 hours using a VirTis BenchTop 4K Freeze Dryer until a chalky
747  consistency was achieved. Dried pellets were transferred to 1.5 mL microfuge tubes and dry pellet
748  weight recorded. Pellets were disrupted in a Spex 1600 MiniG tissue grinder after the addition of
749  three stainless steel grinding balls to each sample. Microfuge tubes were placed in a Cryoblock
750  (Model 1660) cooled in liquid nitrogen, and samples were disrupted at 1100 RPM for two cycles
751  of 30 seconds. Each sample was individually dragged across a microfuge tube rack eight times,
752 inverted, and flicked five times to prevent clumping. This process was repeated two additional
753  rounds for a total of six disruptions. Pellets were transferred to 4 mL glass vials in 3 mL 100%
754  ethanol. Samples were sonicated for 20 minutes (on/off pulse cycles of two seconds at power 90
755  A)using a Qsonica Ultrasonic Processor (Model Q700) with a water bath cup horn adaptor (Model
756  431C2). Following sonication, glass vials were centrifuged at 2750 RCF for five minutes in an
757  Eppendorf 5702 Centrifuge using rotor F-35-30-17. The resulting supernatant was transferred to
758 aclean 4 mL glass vial and concentrated to dryness in an SC250EXP Speedvac Concentrator
759  coupled to an RVT5105 Refrigerated Vapor Trap (Thermo Scientific). The resulting powder was
760  suspended in 100% ethanol according to its original dry pellet weight: 0.01 mL 100% ethanol per
761  mg of material. The suspension was sonicated for 10 minutes (pulse cycles of two seconds on
762  and three seconds off at power 90 A) followed by centrifugation at 20,817 RCF in a refrigerated
763  Eppendorf centrifuge 5417R at 4°C. The resulting supernatant was transferred to an HPLC vial
764  containing a Phenomenex insert (cat #AR0-4521-12) and centrifuged at 2750 RCF for five
765  minutes in an Eppendorf 5702 centrifuge. The resulting supernatant was transferred to a clean
766  HPLC vial insert and stored at -20°C or analyzed immediately.

767

768  Mass spectrometric analysis

769  Reversed-phase chromatography was performed using a Dionex Ultimate 3000 Series LC system
770  (HPG-3400 RS High Pressure pump, TCC-3000RS column compartment, WPS-3000TRS
771  autosampler, DAD-3000 Diode Array Detector) controlled by Chromeleon Software
772 (ThermoFisher Scientific) and coupled to an Orbitrap Q-Exactive mass spectrometer controlled
773 by Xcalibur software (ThermoFisher Scientific). Metabolites were separated on a Kinetex EVO
774  C18 column, 150 mm x 2.1 mm, particle size 1.7 ym, maintained at 40°C with a flow rate of 0.5
775  mL/min. Solvent A: 0.1% ammonium acetate in water; solvent B: acetonitrile (ACN). A/B gradient
776  started at 5% B for 30 seconds, followed by a linear gradient to 95% B over 13.5 minutes, then a
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777  linear gradient to 100% B over three minutes. 100% B was maintained for one minute. Column
778  was washed after each run with 5:1 isopropanol:ACN, flow rate of 0.12 mL/min for five minutes,
779  followed by 100% ACN for 2.9 minutes, a linear gradient to 95:5 water:ACN over 0.1 minutes, and
780  then 95:5 water:ACN for two minutes with a flow rate of 0.5 mL/min. A heated electrospray
781  ionization source (HESI-II) was used for the ionization with the following mass spectrometer
782  parameters: spray voltage: 3 kV; capillary temperature: 320°C; probe heater temperature: 300°C;
783  sheath gas: 70 AU; auxiliary gas flow: 2 AU; resolution: 240,000 FWHM at m/z 200; AGC target:
784  5e6; maximum injection time: 300 ms. Each sample was analyzed in negative and positive modes
785  with m/z range 200-800. Fatty acids and most ascarosides were detected as [M-H] ions in
786  negative ionization mode. Peaks of known abundant ascarosides and fatty acids were used to
787  monitor mass accuracy, chromatographic peak shape, and instrument sensitivity for each sample.
788  Processed metabolite measures can be found in Figure 4-source data 1-4 [86].

789

790  Statistical analyses

791  All p-values testing the differences of strain phenotypes in the NIL, allele-replacement, and
792  C15ISO experiments were performed in R using the TukeyHSD function with an ANOVA model
793  with the formula (phenotype ~ strain). p-values of individual pairwise strain comparisons are
794  reported in each figure legend.

795

796  CRISPR-Cas9 gene editing in human cells

797  Gene-editing experiments were performed in a single parallel culture experiment using human
798  293T cells (ATCC) grown in DMEM with 10% FBS. On day zero, 300,000 cells were seeded per
799  well in a six-well plate format. The following day, two master mixes were prepared: a) LT-1
800 transfection reagent (Mirus) was diluted 1:10 in Opti-MEM and incubated for five minutes; b) a
801  DNA mix of 500 ng Cas9-sgRNA plasmid (Supplementary File 1-2) with 250 pmol repair template
802  oligonucleotide was diluted in Opti-MEM in a final volume of 100 uL. 250 pL of the lipid mix was
803  added to each of the DNA mixes and incubated at room temperature for 25 minutes. Following
804  incubation, the full 350 uL volume of DNA and lipid mix was added dropwise to the cells. These
805  six-well plates were then centrifuged at 1000 x g for 30 minutes. After six hours, the media on the
806  cells was replaced. For the next six days, cells were expanded and passaged as needed. On day
807  seven, one million cells were taken from each set of edited and unedited cells and placed into
808  separate T75s with either media-only or 5 yM arsenic-containing media. Days seven to fourteen,
809  arsenic and media-only conditions were maintained at healthy cell densities. Days fourteen to
810  eighteen, arsenic exposed cell populations were maintained off arsenic to allow the populations
811 to recover prior to sequencing. Media-only conditions were maintained in parallel. On day
812  eighteen, all arsenic and media-only conditions were pelleted for genomic DNA extraction.

813

814  Analysis of CRISPR-Cas9 editing in human cells

815  Genomic DNA was extracted from cell pellets using the QIAGEN (QIAGEN, Hilden, Germany)
816  Midi or Mini Kits based on the size of the cell pellet (51183, 51104) according to the
817  manufacturer's recommendations. DBT1 loci were first amplified with 17 cycles of PCR using a
818  touchdown protocol and the NEBnext 2x master mix (New England Biolabs M0541). The resulting
819  product served as input to a second PCR, using primers that appended a sample-specific barcode
820  and the necessary adaptors for lllumina sequencing. The resulting DNA was pooled, purified with
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821  SPRI beads (A63880, Beckman Coulter, Brea, CA), and sequenced on an lllumina MiSeq with a
822  300-nucleotide single-end read with an eight nucleotide index read. For each sample, the number
823  of reads exactly matching the wild-type and edited DBT1 sequence were determined (Figure 5-
824  source data 1).

825

826  Preparing human cells for Mass Spectroscopy

827  Mass spectroscopy experiments used human 293T cells (ATCC) grown in DMEM with 10% FBS.
828  On day zero, 150,000 cells were seeded into 15 cm tissue cultures dishes with 15 mL of either
829 2.5 yM arsenic or no arsenic media. Each condition had five replicates. On day three, the no
830  arsenic cells were approaching confluence and required passaging. Arsenic conditions were at
831  ~30% confluence and received a media change. On day seven, both conditions were near
832  confluence, media was removed, and plates were rinsed with ice cold PBS, remaining liquid
833  removed. Plates were frozen at -80°C before processing for mass spectrometric analysis. Cells
834  were scraped off the plates with PBS and pelleted in microfuge tubes. Cell pellets were lyophilized
835  18-24 hours using a VirTis BenchTop 4K Freeze Dryer and extracted in 100% ethanol using the
836  same sonication program as described for nematode extraction. Following sonication, samples
837  were centrifuged at 20,817 RCF in a refrigerated Eppendorf centrifuge 5417R at 4 °C. Clarified
838  supernatant was aliquoted to a new tube and concentrated to dryness in an SC250EXP Speedvac
839  Concentrator coupled to an RVT5105 Refrigerated Vapor Trap (Thermo Scientific). The resulting
840  material was suspended in .1 mL 100% ethanol and analyzed by LC-MS as described. Metabolite
841  measurements can be found in Figure 5-source data 3.

842

843  Tajima’s D calculation

844  We used the VCF corresponding to CeNDR release 20160408
845  (https://elegansvariation.org/data/release/20160408) to calculate Tajima’s D. Tajima’s D was
846  calculated using the tajimas_d function in the cegwas package using default parameters (window
847  size = 500 SNVs, sliding window distance = 50 SNVs, outgroup = N2) (Figure 2-source data 9).
848  lIsolation locations of strains can be found in Figure 2-source data 10.
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1120
1121
1122  Figure 1-figure supplement 1: Arsenic trioxide dose response of four diverged C. elegans

1123  strains
1124  Arsenic trioxide concentration in uM is plotted on the x-axis and the (A) normalized brood size, (B) median

1125 progeny length, or (C) the first principal component are plotted on the y-axis. For panels A-B, the y-axis
1126  values represent individual phenotypic measurements subtracted from the mean value in 0 uyM arsenic
1127  trioxide. At least 15 replicates for each strain and condition are represented by Tukey box plots. Box plots
1128  are colored by strain (CB4856:blue, DL238:teal, JU775:pink, and N2:orange).
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1132  Figure 1-figure supplement 2: Trait correlations and principal component loadings of
1133  arsenic trioxide dose response

1134 The top panels for A-E represent the trait correlations of the measured traits. The bottom panels for A-E represent
1135 the contribution of each trait to the principal components that explain 90% of the total variance in the experiment for
1136 each condition: (A) Water, (B) 250 uM, (C) 500 uM, (D) 1000 uM, and (E) 2000 uM of arsenic trioxide. For each
1137  plot, the tile color corresponds to the value corresponding to trait Pearson’s correlation coefficient for the top panels
1138  and principal component loading value for the bottom panels, where yellow colors represent higher values.
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1139  Figure 1-figure supplement 3: Effect size and broad-sense heritability estimates for the
1140  arsenic trioxide dose response
1141 Each panel corresponds to a concentration of arsenic trioxide concentration, which is indicated above the plot panel.
1142 The x-axis represents the partial omega squared (a)g) effect-size estimate and the y-axis represent the broad-sense
1143 heritability estimate (H?). Each dot represents a different measured or principal component trait. The three traits

1144 discussed throughout the manuscript are highlighted — red: first principal component, pink: animal length, and blue:
1145  brood size.
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1146  Figure 1-figure supplement 4: Trait correlations and principal component loadings of
1147  linkage mapping experiment

1148  (A) The trait Pearson’s correlation coefficient of the assay- and control-regressed measured traits. (B) The

1149 contribution of each measured trait to the principal components that explain 90% of the total variance in the linkage
1150  mapping experiment, which was performed at 1000 uM. For each plot, the tile color corresponds to the value, where
1151  yellow colors represent higher values.
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1153  Figure 1-figure supplement 5: RIAIL phenotypes from the linkage mapping experiment
1154  Tukey box plots of the first principal component (A), assay- and control-regressed brood sizes and (B) median
1155 animal lengths of the N2 and CB4856 RIAIL panel after exposure to arsenic trioxide. Each dot corresponds to the
1156 phenotype for a single RIAIL. The RIAILs are separated by the N2 (orange) or CB4856 (blue) genotype at each
1157  QTL detected by linkage mapping.

38 of 80


https://doi.org/10.1101/373787
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/373787; this version posted February 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

| ] n v \" X
20
15
[a]
S0
5

0 5 10 150 5 10 150 5 10 0 5 10 15 0 5 10 15 200 5 10 15
Genomic Position (Mb)

1158  Figure 1-figure supplement 6: Linkage mapping results for brood size, animal length, and
1159 the first principal component
1160 Linkage mapping plots for regressed brood size (teal), median animal length (pink), and the first principal
1161 component (black) in the presence of 1000 uM arsenic trioxide are shown. The significance values (logarithm of
1162  odds, LOD, ratio) for 1454 markers between the N2 and CB4856 strains are on the y-axis, and the genomic position
1163 (Mb) separated by chromosome is plotted on the x-axis. The associated 1.5 LOD-drop confidence intervals are
1164 represented by teal, pink, and boxes for brood size, median animal length, and the first principal component
1165  respectively.
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Figure 1-figure supplement 7: Genomic-heritability estimates of linkage mapping traits
The genomic broad (H 2)- and narrow (hz)—sense heritability estimates calculated using the expectation (E(A)) of the
realized relatedness matrix or the realized relatedness matrix (A). Each dot represents a measured or principal
component trait. Dots are colored black if that trait mapped to the center of chromosome II and red if no QTL was
detected on the center of chromosome II. The brood size, animal length, and first principal component traits are
marked for clarity.
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1172  Figure 1-figure supplement 8: Linkage mapping QTL summary

1173 All QTL identified by linkage mapping are shown. Traits are labeled on the y-axis and the genomic position

1174  in Mb is plotted on the x-axis. Triangles represent the peak QTL position and bars represent the associated

1175 1.5-LOD drop QTL confidence interval. Triangles and bars are colored based on the associated LOD score,

1176  where red colors correspond to higher LOD values.
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1178  Figure 1-figure supplement 9: NIL recapitulation of chromosome Il QTL

1179  Tukey box plots of near-isogenic line (NIL) phenotype values for the brood size (top panel) and animal length
1180  (bottom panel) traits in the presence of 1000 uM arsenic trioxide are shown. NIL genotypes are indicated below the
1181 plot as genomic ranges. The N2 brood sizes and progeny lengths are significantly different from all other strains
1182  (Brood size: Tukey HSD p-value < 1.56E-7; Animal Length: Tukey HSD p-value < 3.0E-14).
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1183  Figure 1-figure supplement 10: Trait correlations and principal component loadings of NIL
1184 and allele-swap recapitulation experiment

1185  (A) The trait Pearson’s correlation coefficient of the assay- and control-regressed measured traits. (B) The

1186  contribution of each measured trait to the principal components that explain 90% of the total variance in the NIL and
1187  allele swap-recapitulation experiment, which was performed at 1000 pM. For each plot, the tile color corresponds to
1188  the value, where yellow colors represent higher values.
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Figure 1-figure supplement 11: Brood size and animal length are correlated with the first
principal component for the NIL recapitulation experiment

The correlation between brood size (blue) or animal length (pink) with the first principal component trait for the NIL
recapitulation experiment. Each dot represents an individual NIL or parental strain replicate phenotype, with the
animal length and brood size phenotype values on the x-axis and the first principal component phenotype on the y-
axis.
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Figure 2-figure supplement 1: Trait correlations and principal component loadings of GWA

mapping experiment
(A) The trait Pearson’s correlation coefficient of the assay- and control-regressed Measured traits. (B) The

contribution of each measured traits to the principal components that explain 90% of the total variance in the GWA
mapping experiment, which was performed at 1000 uM. For each plot, the tile color corresponds to the value, where

yellow colors represent higher values.
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1201  Figure 2-figure supplement 2: Genomic-heritability estimates of GWA mapping traits
1202 The genomic broad (H ?)- and narrow (h%)-sense heritability estimates calculated using the the realized relatedness
1203 matrix. Each dot represents a measured or principal component trait. The three traits discussed throughout the
1204  manuscript are highlighted — red: first principal component, pink: animal length, and blue: brood size.
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1205  Figure 2-figure supplement 3: GWA mapping QTL summary
1206  All QTL identified by GWA mapping are shown. Traits are labeled on the y-axis and the genomic position in Mb is
1207 plotted on the x-axis. Triangles represent the peak QTL position and bars represent the associated QTL region of
1208 interest. Triangles and bars are colored based on the associated significance value, where red colors correspond to
1209 higher significance values.
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Figure 2-figure supplement 4: Fine-mapping of the chromosome Il QTL identified by GWA
mapping
Fine mapping of the chromosome II region of interest (cyan region from panel A, 7.71 - 8.18 Mb) is shown. Each
dot represents an SNV present in the phenotyped population. SNVs present in the CB4856 strain are shown in the
left panel and SNV present in other phenotyped strains, but REF in CB4856, are shown in the right panel. The
association between the SNV and first principal component is shown on the y-axis and the genomic position of the
SNV is shown on the x-axis. Dots are colored by their SnpEff predicted effect.
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1217  Figure 3-figure supplement 1: The DBT-1 C78S variant underlies arsenic trioxide sensitivity
1218 in C. elegans.

1219 Tukey box plots of residual animal length (top panel) and median animal length (bottom panel) after exposure to
1220 1000 uM arsenic trioxide are shown (N2, orange; CB4856, blue; allele replacement strains, gray). Labels correspond
1221  to the genetic background and the corresponding residue at position 78 of DBT-1 (C for cysteine, S for serine).
1222 Every pair-wise strain comparison is significant except for the N2 DBT-1(S78) - CB4856 comparison from animal
1223 length (Brood size: Tukey’s HSD p-value < 1.55E-5; Animal length: p-value << 1E-7).

49 of 80


https://doi.org/10.1101/373787
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/373787; this version posted February 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Adj R2 = 0.89724

Intercept = 0.42138 o .
Slope = 0.16997 s .
P =1.1916e-83 o
5 p
Trait
-
o 27 - Length
o Brood
Size
-5+

_30 0 30
Phenotype Value

1224  Figure 3-figure supplement 2: Brood size and animal length are correlated with the first

1225  principal component for the allele-swap recapitulation experiment

1226 The correlation between brood size (blue) or animal length (pink) with the first principal component trait for the
1227 allele-swap recapitulation experiment. Each dot represents an individual allele-swap or parental strain replicate
1228 phenotype, with the animal length and brood size phenotype values on the x-axis and the first principal component
1229  phenotype on the y-axis.
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1230  Figure 4-figure supplement 1: Raw abundance of C17ISO for CB4856 and CB4856 allele
1231  swap.

1232 The raw abundance of C17ISO is plotted on the y-axis for three independent replicates of the CB4856 and
1233  CB4856 allele swap strains exposed to control (teal) or 100 uM arsenic trioxide (pink) conditions. The
1234  difference between CB4856 swap mock and arsenic conditions is significant (Tukey HSD p-value = 0.029),
1235  but the difference between CB4856 mock and arsenic conditions is not (Tukey HSD p-value = 0.10).
1236
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1237  Figure 4-figure supplement 2: Straight-chain fatty acids are not affected by arsenic trioxide
1238  The difference in raw C15SC (left panel) or C17SC (right panel) abundances between 100 uM arsenic trioxide and
1239  control conditions is plotted on the y-axis for three independent replicates of the CB4856 and CB4856 allele swap
1240  strains and six independent replicates of the N2 and N2 allele swap strains. There are no significant differences
1241  when comparing the abundances between parental and allele-swap strains.
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1242 Figure 4-figure supplement 3: C15I1SO and C17ISO to strait-chain ratios in control
1243  conditions

1244 The C15ISO/C15SC (left panel) or C17ISO/C17SC (right panel) ratios in control conditions are plotted on the y-
1245  axis for three independent replicates of the CB4856 and CB4856 allele swap strains and six independent replicates
1246  of the N2 and N2 allele swap strains. The C15 and C17 ratios for the CB4856-CB4856 allele swap comparison are
1247  significant (C15: Tukey HSD p-value = 0.0168749; C17: Tukey HSD p-value = 0.0342525). The difference between
1248  the C17 ratio for the N2-N2 allele swap comparison is significant (Tukey HSD p-value = 0.0044667), but the

1249  difference in the C15 ratio is not significant (Tukey HSD p-value = 0.1239674).
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1250  Figure 4-figure supplement 4: Strains with the DBT-1(C78) allele produce more branched
1251  chain fatty acids in the L1 larval stage in control conditions.

1252 Branched chain (left panel) and straight chain (right panel) fatty acid measurements in L1 animals are represented on
1253  the y-axis. There are significant differences in abundances when comparing all parental and allele-swap strains for
1254  C15ISO and C171ISO chain fatty acids (CB4856-C15ISO DBT-1(C78): Tukey HSD p-value = 0.0036201, n=3; N2-
1255 C15ISO DBT-1(C78): Tukey HSD p-value = 0.0265059, n=6; CB4856-C17ISO DBT-1(C78): Tukey HSD p-value
1256  =0.0086572, n=3; N2-C17ISO DBT-1(C78): Tukey HSD p-value = 0.0022501, n=6). Conversely, we observe no
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significant differences in straight chain fatty production except for C17n production in the CB4856 background
(CB4856-C15n DBT-1(C78): Tukey HSD p-value = 0.0787388, n=3; N2-C15n DBT-1(C78): Tukey HSD p-value =
0.5817993, n=6; CB4856-C17n DBT-1(C78): Tukey HSD p-value = 0.0086572, n=3; N2-C17n DBT-1(C78): Tukey
HSD p-value = 0.35827, n=6).
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1261  Figure 4-figure supplement 5: Young adult C15I1SO and C17ISO to strait-chain ratios in
1262  control conditions

1263  The C15ISO/C18SC (top panel) or C17ISO/C18SC(bottom panel) ratios of Young adult animals in control

1264 conditions are plotted on the y-axis for six independent replicates for all strains. There are no significant differences
1265  when comparing the abundances between parental and allele-swap strains.
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1266  Figure 4-figure supplement 6: Trait correlations and principal component loadings of
1267  C15IS0O rescue experiment

1268  (A) The trait Pearson’s correlation coefficient of the assay- and control-regressed measured traits. (B) The

1269  contribution of each measured trait to the principal components that explain 90% of the total variance in the GWA
1270  mapping experiment, which was performed at 1000 uM. For each plot, the tile color corresponds to the value, where
1271  yellow colors represent higher values.
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1272  Figure 4-figure supplement 7: Brood size and animal length are correlated with the first
1273  principal component for the C15ISO rescue experiment
1274 The correlation between brood size (blue) or animal length (pink) with the first principal component trait for the
1275 C15ISO rescue experiment. Each dot represents an individual allele-swap or parental strain replicate phenotype,
1276 with the animal length and brood size phenotype values on the x-axis and the first principal component phenotype
1277  on the y-axis.
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1278  Figure 4-figure supplement 8: Complete results from C15iso rescue experiment

1279 Tukey box plots median animal length after C15ISO, arsenic trioxide, or arsenic trioxide and 0.64 uM C15ISO
1280  exposure are shown (N2, orange; CB4856, blue; allele replacement strains, gray). Labels correspond to the genetic
1281  background and the corresponding residue at position 78 of DBT-1 (C for cysteine, S for serine). Every pairwise
1282 strain comparison is significant except for the N2 DBT-1(S78) - CB4856 comparisons (Tukey’s HSD p-value <
1283 1.43E-6).
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1284  Figure 5-figure supplement 1: Three-dimensional homology model of C. elegans DBT-1
1285 A three-dimensional homology model of C. elegans DBT-1 (black) aligned to human pyruvate
1286  dehydrogenase lipoyl domain (PDB:1Y8N) is shown. The C78 residue that confers resistance to arsenic
1287 trioxide is highlighted in orange, and the C65 residue is highlighted in purple. The C. elegans K71 residue
1288 s highlighted in red, and the human lipoylated lysine is highlighted in green.

1289
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Figure 2-figure supplement 5: Tajima’s D across the arsenic trioxide QTL confidence
interval
Divergence, as measured by Tajima's D, is shown across the arsenic trioxide QTL confidence interval (11:7,430,000-
8,330,000). The whole-genome SNV data set [24,49] was used for Tajima’s D calculations. Window size for the

calculations was 500 SNVs with a 10 SNV sliding window size. The vertical red line marks the position of the db¢-1
locus.
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1296  Figure 2-figure supplement 6: The worldwide distribution of the DBT-1(C78S) allele
1297  Cysteine (REF) is shown in orange and serine (ALT) is shown in blue. Latitude and longitude coordinates
1298  of sampling locations were used to plot individual strains on the map.
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1299  Supplementary Files:

1300

1301  Figure 1-source data 1: Arsenic dose response trait data for four strains in 0, 250, 500, 1000, or
1302 2000 yM arsenic, labelled as water, arsenic1, arsenic2, arsenic3, arsenic4 in the Condition
1303  column. (Used to generate Supplementary Figure 1A-B)

1304

1305  Figure 1-source data 2: Broad-sense heritability estimates from arsenic dose response data.
1306  Estimates were calculated using the Imer function of the Ime4 R package by fitting the mixed
1307  effect model equation Imer(value ~ (1|strain)), where value is the trait value and strain is the strain
1308  name. (Used to generate Supplementary Figure 3)

1309

1310  Figure 1-source data 3: Arsenic dose response estimates of effect sizes estimated by fitting the
1311  linear model: trait value ~ strain. (Used to generate Supplementary Figure 3)

1312

1313  Figure 1-source data 4: Arsenic dose response loadings of principal components (PCs) for the
1314  PCs that explain up to 90% of the total variance in the trait data. Condition names correspond to
1315  those in Supplementary File 1. (Used to generate Supplementary Figure 2A-D)

1316

1317  Figure 1-source data 5: Arsenic dose response principal component (PC) eigenvectors for the
1318  PCs that explain up to 90% of the total variance in the data set. PCA was performed all arsenic
1319  concentrations together in order to look at the relative PC value for each concentration. Condition
1320  names correspond to those in Supplementary File 1. (Used to generate Supplementary Figure
1321 1C)

1322

1323  Figure 1-source data 6: Arsenic dose response loadings of principal components (PCs) for the
1324  PCs that explain up to 90% of the total variance in the trait data. PCA was performed all arsenic
1325  concentrations together in order to look at the relative PC value for each concentration.

1326

1327  Figure 1-source data 7: Arsenic dose response trait correlations where each row corresponds
1328  to the Pearson correlation coefficient for two traits. Condition names correspond to those in
1329  Supplementary File 1. (Used to generate Supplementary Figure 1A-D)

1330

1331  Figure 1-source data 8: RIAIL phenotype data used for linkage mapping. (Used to generate
1332 Figure 1B and Supplementary Figure 5)

1333

1334  Figure 1-source data 9: RIAIL trait correlations where each row corresponds to the Pearson
1335  correlation coefficient for two traits. (Used to generate Supplementary Figure 4A)

1336

1337  Figure 1-source data 10: RIAIL loadings of principal components (PCs) for the PCs that explain
1338  up to 90% of the total variance in the trait data. (Used to generate Supplementary Figure 4B)
1339

1340  Figure 1-source data 11: Results from linkage mapping experiment. (Used to generate Figure
1341 1A, Supplementary Figure 6, and Supplementary Figure 8)

1342
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1343  Figure 1-source data 12: Genomic heritability estimates from RIAIL phenotype data. (Used to
1344  generate Supplementary Figure 7)

1345

1346  Figure 1-source data 13: Phenotypes of NILs and CRISPR allele swap strains in the presence
1347  of 1000 uM arsenic trioxide after correcting for strain differences in control conditions. (Used to
1348  generate Figure 1C, Figure 3, Supplementary Figure 9, and Supplementary Figure 16)

1349

1350  Figure 1-source data 14: NIL and CRISPR allele swap trait correlations. (Used to generate
1351  Supplementary Figure 10A)

1352

1353  Figure 1-source data 15: NIL and CRISPR allele swap trait loadings of principal components
1354  (PCs) for the PCs that explain up to 90% of the total variance in the trait data. (Used to generate
1355  Supplementary Figure 10B)

1356

1357  Figure 1-source data 16: NIL genotypes generated from whole-genome sequencing.

1358

1359  Figure 2-source data 1: All wild-isolate traits used for genome-wide association mapping.

1360

1361  Figure 2-source data 2: Wild isolate trait loadings of principal components (PCs) for the PCs that
1362  explain up to 90% of the total variance in the trait data. (Used to generate Supplementary Figure

1363  12B)

1364

1365  Figure 2-source data 3: Wild isolate trait correlations. (Used to generate Supplementary Figure
1366  12A).

1367

1368  Figure 2-source data 4: GWA mapping results for PC1. (Used to generate Figure 1A-B)

1369

1370  Figure 2-source data 5: Genotype matrix used for genome-wide mapping.

1371

1372  Figure 2-source data 6: Genomic heritability estimates of wild isolate traits. (Used to generate
1373  Supplementary Figure 13)

1374

1375  Figure 2-source data 7: All QTL identified by GWA mapping (Used to generate Supplementary
1376  Figure 14).

1377

1378  Figure 2-source data 8: Fine-mapping results for PC1. (Used to generate Figure 1C and
1379  Supplementary Figure 15)

1380

1381  Figure 4-source data 1: Metabolite measurements for the CB4856 and CB4856 allele swap
1382  strains (Used for Figure 4B and Supplementary Figures 18-20)

1383

1384  Figure 4-source data 2: Processed metabolite measurements for the CB4856 and CB4856 allele
1385  swap strains (Used for Figure 4B and Supplementary Figures 18-20)

1386
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1387  Figure 4-source data 3: Metabolite measurements for the N2 and N2 allele swap strains (Used
1388  for Figure 4B and Supplementary Figures 18-20)

1389

1390  Figure 4-source data 4: Metabolite measurements for N2, CB4856, and both allele-swap strains
1391  atthe L4 larval stage. (Used to generate Supplementary Figure 21)

1392

1393  Figure 4-source data 5: Processed phenotype data for the C15ISO rescue experiment (Used to
1394  generate Figure 4C)

1395

1396  Figure 4-source data 6: Trait correlations for the for the C151SO rescue experiment (Used to
1397  generate Supplementary Figure 22A)

1398

1399  Figure 4-source data 7: C15ISO rescue trait loadings of principal components (PCs) for the PCs
1400  that explain up to 90% of the total variance in the trait data. (Used to generate Supplementary
1401  Figure 2B)

1402

1403  Figure 5-source data 1: Human cell line read data for CRISPR swap experiment in 293T
1404  cells.(Used to generate Figure 5B)

1405

1406  Figure 5-source data 2: Results from Fisher’s exact test of human cell line read data for CRISPR
1407  swap experiment in 293T cells.

1408

1409  Figure 5-source data 3: Metabolite measurements from human cell line experiments.

1410

1411  Figure 2-source data 9: Tajima’s D of GWA mapping confidence interval. (Used to generate
1412 Supplementary Figure 26)

1413

1414  Figure 2-source data 10: Isolation locations of strains used in GWA mapping. (Used to generate
1415  Supplementary Figure 27)

1416

1417  Supplementary File 1: Plasmid used for editing human cells with the S112C and R113C edits.
1418

1419  Supplementary File 2: Plasmid used for editing human cells with the W84C edit.
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1420  Format of Supplementary Files:

1421

1422 Figure 1-source data 1: Arsenic dose response trait data for four strains in 0, 250, 500, 1000,
1423 or 2000 uM arsenic, labelled as water, arsenic1, arsenic2, arsenic3, arsenic4 in the Condition
1424 column.

1425
Column Description
Strain Strain name
Condition Arsenic concentration
Trait Trait name
Value Trait value

1426

1427  Figure 1-source data 2: Broad-sense heritability estimates from arsenic dose response data.
1428  Estimates were calculated using the Imer function of the Ime4 R package by fitting the mixed
1429  effect model equation Imer(value ~ (1|strain)), where value is the trait value and strain is the
1430  strain name.

Column Description

DR _H2 Broad-sense heritability estimate

Strain_Effect Variance of random effect (strain)

Residual_Var Residual variance from mixed model

Coef_Gv Coefficient of genetic variation - 100*(sqrt(genetic variance

component)/response mean)

Coef_Rv Coefficient of environmental variation - 100*(sqrt(environmental
variance component)/response mean)

condition Arsenic Concentration

trait Trait name

1431

1432 Figure 1-source data 3: Arsenic dose response estimates of effect sizes estimated by fitting
1433 the linear model: trait value ~ strain. Estimates were performed for pairs of strains and for all
1434  strains. When all strains were used for the estimates, the strain1 and strain2 column values are
1435  “ALL”. Condition names correspond to those in SuppData1.

Column Description
term ANOVA model term - only Strain effect is shown
power Power to detect the effect at 0.05 significance threshold, based off the
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Cohen’s F effect size

sumsq Sum of squares from ANOVA
meansq Mean squares (sumsq/df)

df Degrees of freedom in ANOVA model
statistic F statistic

p.value P-value from ANOVA model

etasq n"2 estimate of effect size
partial.etasq Partial n"2 estimate of effect size
omegasq w"2 estimate of effect size

partial.omegas
q

Partial w”2 estimate of effect size

cohens.f Cohen’s F estimate of effect size

condition Arsenic concentration

trait Trait name

strain1 Strain name

strain2 Strain name
1436
1437  Figure 1-source data 4: Arsenic dose response loadings of principal components (PCs) for the
1438  PCs that explain up to 90% of the total variance in the trait data. Condition names correspond to
1439  those in SuppData1

Column Description

Trait Trait name

PC Principal component

loading Loading value

Condition Arsenic concentration
1440
1441  Figure 1-source data 5: Arsenic dose response principal component (PC) eigenvectors for the
1442 PCs that explain up to 90% of the total variance in the data set. Condition names correspond to
1443  those in SuppData1.

Column

Description

67 of 80



https://doi.org/10.1101/373787
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/373787; this version posted February 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Strain Strain name

Condition Arsenic Concentration

Trait Principal component trait name
Value Principal component eigenvectors

1444

1445  Figure 1-source data 6: Arsenic dose response loadings of principal components (PCs) for the
1446  PCs that explain up to 90% of the total variance in the trait data. PCA was performed all arsenic
1447  concentrations together in order to look at the relative PC value for each concentration

Column Description

Trait Trait name

PC Principal component
loading Loading value

1448

1449  Figure 1-source data 7: Arsenic dose response trait correlations where each row corresponds
1450  to the Pearson correlation coefficient for two traits. Condition names correspond to those in
1451  SuppData1.

Column Description
trait_b Trait name
Condition Arsenic concentration
trait_a Trait name
trait_cor Pearson correlation coefficient between trait_a and trait_b
1452
1453  Figure 1-source data 8: RIAIL phenotype data used for linkage mapping
Column Description
Condition Condition name - all correspond to 1000 uM arsenic trioxide
Strain Strain name
Trait Trait name
Value Trait value

1454
1455  Figure 1-source data 9: RIAIL trait correlations where each row corresponds to the Pearson
1456  correlation coefficient for two traits.

Column Description
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trait_b Trait name
trait_a Trait name
trait_cor Pearson correlation coefficient between trait_a and trait_b

Figure 1-source data 10: RIAIL loadings of principal components (PCs) for the PCs that
explain up to 90% of the total variance in the trait data.

Column Description

Trait Trait name

PC Principal Component

loading Principal Component loading value

Figure 1-source data 11: Results from linkage mapping experiment.

Column Description

marker Genotypic marker name

chr Chromosome on which the marker is located

pos Genomic position at which the marker is located, in bp (WS245)

trait Toxin response measured by the BIOSORT in toxin.trait format

lod LOD score indicating the strength of correlation between genotype at
the marker and phenotype of RIAILs

threshold GWER-derived LOD score above which a LOD score is considered
significant

iteration Numerical value indicating the number of fsearch() iterations at which
the given LOD score was identified, where each iteration takes the
highest LOD score of the previous iteration as a cofactor before
performing the mapping

var_exp For the highest significant LOD score per iteration, the amount of
RIAIL phenotypic variation that can be explained by genotype at the
peak marker

eff_size Coefficient of a linear model between genotype and phenotype
indicating the effect size of a QTL

ci_|_marker Genotypic marker indicating the left boundary of a 95% confidence
interval around a QTL peak marker

ci_|_pos Position, in bp, across the chromosome indicating the left boundary of
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a 95% confidence interval around a QTL peak marker

ci_r_marker Genotypic marker indicating the right boundary of a 95% confidence
interval around a QTL peak marker

Ci_r_pos Position, in bp, across the chromosome indicating the right boundary
of a 95% confidence interval around a QTL peak marker

1462

1463  Figure 1-source data 12: Genomic heritability estimates from RIAIL phenotype data. Two
1464  estimates are provided that both utilize a linear mixed effect model with the equation y = Xp +
1465 Zu + € to estimate heritability. The estimates differ in their formulation for the strain additive
1466  relatedness matrix, realized relatedness matrices correct for allele frequencies and the

1467  expectation matrix does not. For both estimates, the Hadamard product of the additive

1468  relatedness matrix was used to calculate the epistatic relatedness matrix.

Column Description
trait Trait name
H2_realized Broad-sense heritability estimate using the realized kinship matrix (K), where

K = ZZ'/2Xp;(1 — p;). Where p;corresponds to allele frequency.

h2_realized Narrow-sense heritability estimate using the realized kinship matrix (K),
where K = ZZ'/2Xp;(1 — p;). Where p;corresponds to allele frequency.

H2_expecation | Broad-sense heritability estimate using the non-realized kinship matrix (K),
where K is the correlation of marker genotypes

h2_expecation [ Narrow-sense heritability estimate using the non-realized kinship matrix (K),
where K is the correlation of marker genotypes

QTL_VE Sum of variance explained by all QTL for the given trait

QTL_Il TRUE/FALSE if the QTL corresponding to 11:7296342 was identified

QTL_Il_VE Variance explained by the chromosome 11:7296342 QTL, if detected

1469
1470  Figure 1-source data 13: Phenotypes of NILs and CRISPR allele swap strains in the presence
1471  of 1000 uM arsenic trioxide after correcting for strain differences in control conditions.

Column Description

Strain Strain name

Condition Condition - all correspond to 1000 uM arsenictrioxide
u_id Unique strain replicate id

Trait Trait name

70 of 80


https://doi.org/10.1101/373787
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/373787; this version posted February 7, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

1472
1473
1474
1475

1476
1477
1478
1479
1480

1481
1482

aCC-BY-NC 4.0 International license.

Value Trait value

Figure 1-source data 14: NIL and CRISPR allele swap trait correlations, where each row
corresponds to the Pearson correlation coefficient for two traits. All traits correspond to those in
1000 pM arsenic after correcting for strain differences in control conditions

Column Description

trait_b Trait name

trait_a Trait name

trait_cor Pearson correlation coefficient

Figure 1-source data 15: NIL and CRISPR allele swap trait loadings of principal components
(PCs) for the PCs that explain up to 90% of the total variance in the trait data. All traits
correspond to those in 1000 uM arsenic after correcting for strain differences in control
conditions

Column Description

Trait Trait name

PC Principal component
loading Loading value

Figure 1-source data 16: NIL genotypes generated from whole-genome sequencing.

Column Description

chrom Chromosome

start Start of region

end End of region

sample Strain name

gt Genotype: 1=N2, 2=CB4856
supporting_sites | Number of sites supporting genotype call
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sites Total sites in region

DP Average depth for all sites

switches Number of genotype changes between sites

CIGAR The run-length encoding of the genotypes called. B3A1B8 represents 3 B-
parent calls, 1A-parent call, and 8 B-parent calls

1483
1484  Figure 2-source data 1: Wild isolate phenotype data in the presence of 1000 uM arsenic
1485  trioxide after correcting for growth in control conditions. There is a column for each trait.

Column Description
Strain Strain name
trait..1 Trait values
trait..n Trait values

1486

1487  Figure 2-source data 2: Wild isolates loadings of principal components (PCs) for the PCs that
1488  explain up to 90% of the total variance in the trait data. All traits correspond to those in 1000 M
1489  arsenic after correcting for strain differences in control conditions

Column Description

Trait Trait name

PC Principal component
loading Loading value

1490

1491  Figure 2-source data 3: Wild isolate trait correlations where each row corresponds to the
1492  Pearson correlation coefficient for two traits. All traits correspond to those in 1000 uM arsenic
1493  after correcting for strain differences in control conditions

Column Description

trait_b Trait name

trait_a Trait name

trait_cor Pearson correlation coefficient

1494
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1495  Figure 2-source data 4: GWA mapping results of PC 1 trait in the presence of 1000 uM arsenic
1496  trioxide. Mapping was performed using the EMMA algorithm.

Column Description

marker Marker name - (chromosome_position)

chr Chromosome on which the marker is located

pos Marker position (bp)

log10p -log10 of the p-value for a given marker

trait Trait name

BF -log10 of the Bonferroni-corrected p-value

aboveBF 1/0 - 1 if marker is above the -log10 of Bonferroni-corrected p-value

strain Strain name

value Strain trait value

allele Strain genotype at QTL peak position

var.exp Variance explained by QTL, Spearman’s rank correlation coefficient
squared

startPOS Start position (bp) of QTL region of interest

endPOS End position (bp) of QTL region of interest

peak_id If multiple QTL were identified, this corresponds to the unique QTL ID

interval_size Size, in bp, of QTL region of interest

1497
1498  Figure 2-source data 5: Genotype matrix used for genome-wide mapping. Each row
1499  corresponds to a single-nucleotide variant.

Column Description

CHROM Chromosome of variant

POS Position of variant

REF Reference allele of variant

ALT Alternate allele of variant

Strain1 Genotype of strain 1 (-1 = REF, 1 = ALT)
Strain2 Genotype of strain 2 (-1 = REF, 1 = ALT)
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...StrainN

Genotype of strain N (-1 = REF, 1 = ALT)

Figure 2-source

data 6: Genomic heritability estimates from wild isolate phenotype data.

Estimates were calculated by fitting a linear mixed effect model with the equation y = Xp +
Zu + €. Two models were fitted, one using only additive random effects and one using an
additive and epistatic random effects. The Hadamard product of the additive relatedness matrix
was used to calculate the epistatic relatedness matrix.

Column

Description

Broad H2 add
__model

Broad-sense heritability estimate using the realized kinship matrix (K), where
K = ZZ'/2Xp;(1 — p;). Where p;corresponds to allele frequency.

narrow

Narrow-sense heritability estimate using the realized kinship matrix (K),
where K = ZZ'/2Xp;(1 — p;). Where p;corresponds to allele frequency.

Broad H2 add
_epp_model

Broad-sense heritability estimate using the realized kinship matrix (K), where
K = ZZ'/2Xp;(1 — p;). Where p;corresponds to allele frequency.

trait

Trait name

Figure 2-source

data 7: All QTL detected by GWA mapping

Column Description

Trait Trait used for mapping

Chrom Chromosome on which the marker is located
Start_interval | Start position of QTL

Peak_Position

Peak position of QTL

End_interval

End position of QTL

Figure 2-source

data 8: Fine mapping of QTL identified from mapping the first principal

component of wild-isolate phenotype data. Each row corresponds to a variant within the QTL

region of interest

identified from the genome-wide scan.

Column Description

MARKER Marker name - (chromosome_position)
CHROM Chromosome on which the marker is located
POS Marker position (bp)

REF Reference allele
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ALT Alternate allele

MAF _variant Minor allele frequency of variant
GENE_NAME WormBase gene name
WBGenelD WormBase gene ID

WBFeature_TYPE

WormBase feature type

WBFeature_ID

WormBase feature ID

TRANSCRIPT_BIOTYPE

Transcript biotype

VARIANT_IMPACT

SnpEff predicted effect of variant

NUCLEOTIDE_CHANGE

Nucleotide change

AMINO_ACID_CHANGE

Amino acid change that results from variant

STRAND

Strand that gene is located on

TRANSCRIPTION_START_POS

Start position (bp) of transcript

TRANSCRIPTION_END_POS

End position (bp) of transcript

PEAK_MARKER

Most significant marker identified from genome-
wide scan

PEAK_MAF

Minor allele frequency of the peak marker

TRAIT

Trait name

QTL_INTERVAL_START

Start position (bp) of QTL region of interest

QTL_INTERVAL_END

End position (bp) of QTL region of interest

VARIANT LD _WITH_PEAK_MARKER

LD (r2) of variant with peak marker

VARIANT_LOG10p

-log10 of p-value for a given variant

STRAIN

Strain

STRAIN_GENOTYPE

Strain genotype

Phenotype_Value

Strain trait value

Figure 4-source data 1: Metabolite measurements of L1 animals exposed to 100 uM arsenic

trioxide or control conditions
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Column Description

Sample Strain name

C15iso C15iso abundance

C15n C15 straight-chain abundance
C17iso C17iso abundance

C17n C17 straight-chain abundance

Figure 4-source data 2: Processed metabolite measurements of L1 animals exposed to 100
MM arsenic trioxide or control conditions. Only data for CB4856 and ECA590 were used from

this data set.

Column Description

strain Strain name

replicate Replicate name

concentration Concentration of arsenic trioxide (100uM or Mock)
compound Name of metabolite or branched/straight ratio
value Abundance or ratio of indicated metabolites

Figure 4-source data 3: Processed metabolite measurements of N2 and ECA581 L1 animals
exposed to 100 uM arsenic trioxide or control conditions.
Strain,Condition,Replicate,C15_branched,C15n,15_ratio,C17iso,C17n,17_ratio

Column Description

Strain Strain name

Condition Condition tested (100 uM arsenic or Water)
Replicate Replicate name

C15_branched

C15 branched chain fatty acid abundance

C15n C15 straight-chain acid abundance
15_ratio Ratio of C15_branched/C15n
C17iso C17 branched chain fatty acid abundance
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C17n

C17 straight-chain acid abundance

17 _ratio

Ratio of C17_branched/C17n

Figure 4-source data 4: Processed metabolite measurements of CB4856, N2, ECA590, and
ECA581 young adult animals in control conditions.
Strain,C20n:5,C15is0,C17is0,C18,C18:1,C14,C15_C20n5,C15_C18

Column Description

Strain Strain name

C20n:5 C20n:5 abundance

C15iso C15iso abundance

C17iso C17iso abundance

C15n C15 straight-chain acid abundance
c18 C18 straight-chain acid abundance
C18:1 C18:1 straight-chain acid abundance
C15_C20n5 Ratio of C15iso to C20n5 abundance
C15_C18 Ratio of C15iso to C18 abundance

Figure 4-source data 5: C15ISO rescue experiment phenotypes of parental and CRISPR allele
swap strains in the presence of 1000 uM arsenic trioxide after correcting for strain differences in

control conditions.

Column Description

Strain Strain name

Condition Condition - all correspond to 1000 uM arsenictrioxide
u_id Unique strain replicate id

Trait Trait name

Value Trait value

Figure 4-source data 6: C15ISO rescue experiment trait correlations, where each row
corresponds to the Pearson correlation coefficient for two traits. All traits correspond to those in
1000 pM arsenic after correcting for strain differences in control conditions
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Column Description

trait_b Trait name

trait_a Trait name

trait_cor Pearson correlation coefficient

Figure 4-source data 7: C15ISO rescue experiment trait loadings of principal components
(PCs) for the PCs that explain up to 90% of the total variance in the trait data. All traits
correspond to those in 1000 uM arsenic after correcting for strain differences in control
conditions

Column Description

Trait Trait name

PC Principal component
loading Loading value

Figure 5-source data 1: Results from human cell editing experiment.

Column Description

Guides CRISPR guide and repair oligos used for swap
Edit Amino acid edit that the guides generate

Well Experimental well of replicate

Replicate Replicate letter

Primers Primers used to genotype the edit

Arsenic_Concentrati | Arsenic concentration in well

on
Guide1_wt WT read counts
Guide1_edit Edited read counts
Guide1_total Total read counts

Figure 5-source data 2: Fisher’s exact test p-values for human cell editing experiment

Column Description
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p_val p-value from Fisher’s exact test of read data
Edit Amino acid edit

Conc Arsenic trioxide concentration

Rep Replicate

Figure 5-source data 3: Metabolite measurements for human cell line experiments.

Column Description

Sample Treatment condition of cells, mock or arsenic (2.5 uM)
Replicate Replicate name

C15iso Abundance of C15iso

C15n Abundance of C15SC

C15_ratio Ratio or C15is0/C15SC

C17iso Abundance of C17iso

C17n Abundance of C17SC

C17_ratio Ratio or C17iso/C17SC

Figure 2-source data 9: Tajima’s D calculation of GWA QTL

Column Description

snps SNP index of first SNP in window

position Genomic coordinate of window start position
window Window Index

Td Tajima’s D calculation

swindow Genomic coordinate of window start position
ewindow Genomic coordinate of window end position
midwindow Genomic coordinate middle position of window

Figure 2-source data 10: Strain isolation locations

Column

Description
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strain Strain name

GT Allele status of DBT-1(C78S) (REF = C, ALT = S)
long Longitude coordinate of isolation location

lat Latitude coordinate of isolation location

1550
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