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BACKGROUND: Germline mutations provide the raw material for all evolutionary processes and contribute to the occurrence of spontaneous human
diseases and disorders. Yet despite the daily interaction of humans and other organisms with an increasing number of chemicals that are potentially
mutagenic, precise measurements of chemically induced changes to the genome-wide rate and spectrum of germline mutation are lacking.

OBJECTIVES: A large-scale Daphnia pulex mutation-accumulation experiment was propagated in the presence and absence of an environmentally rele-
vant cadmium concentration to quantify the influence of cadmium on germline mutation rates and spectra.

RESULTS: Cadmium exposure dramatically changed the genome-wide rates and regional spectra of germline mutations. In comparison with those in
control conditions, Daphnia exposed to cadmium had a higher overall A:T — G:C mutation rates and a lower overall C:G — G:C mutation rate.
Daphnia exposed to cadmium had a higher intergenic mutation rate and a lower exonic mutation rate. The higher intergenic mutation rate under cad-
mium exposure was the result of an elevated intergenic A:T — G:C rate, whereas the lower exon mutation rate in cadmium was the result of a com-
plete loss of exonic C:G — G:C mutations—mutations that are known to be enriched at 5-hydroxymethylcytosine. We experimentally show that
cadmium exposure significantly reduced 5-hydroxymethylcytosine levels.

DiscussioN: These results provide evidence that cadmium changes regional mutation rates and can influence regional rates by interfering with an epi-
genetic process in the Daphnia pulex germline. We further suggest these observed cadmium-induced changes to the Daphnia germline mutation rate
may be explained by cadmium’s inhibition of zinc-containing domains. The cadmium-induced changes to germline mutation rates and spectra we
report provide a comprehensive view of the mutagenic perils of cadmium and give insight into its potential impact on human population health.

https://doi.org/10.1289/EHP8932

Introduction

Chemical stressors can induce DNA mutations (Ames et al.
1973), thereby changing the rate of disease occurrence in human
populations and shaping genetic diversity within ecosystems.
Chemical induced changes to the rate of DNA mutation are there-
fore problematic because the rate of chemical pollution has
increased dramatically since the beginning of widespread indus-
trialization, especially within the past 70 y (Landrigan et al.
2018). During this period more than 140,000 novel chemicals
have been synthesized and introduced into the market (Landrigan
et al. 2018). Yet despite the increased synthesis, development,
and use of chemicals, and mounting evidence of their extreme
effects on public health (Landrigan et al. 2018), precise measure-
ments of chemicals altering the rate and genome-wide distribu-
tion of germline mutations are lacking.

Understanding the influence of chemical pollutants on genome-
wide patterns of germline mutation is needed to more accurately
predict the rate of disease and disorder occurrence in human popula-
tions. The analysis of chemical stressor-induced genome-wide
mutation signatures in tumors has been important for linking chemi-
cals to their perturbation of specific polymerases and DNA repair
pathways, genome-wide (Alexandrov et al. 2016; Supek and Lehner
2017). However, these studies are limited in their ability to provide
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understanding of spontaneous mutation rates in the germline that are
critical for determining inheritance, penetrance, and ultimately
population-level impact, because mutations observed in cancer
genomes occur in the presence of disease- and tumor-specific evolu-
tionary processes in the soma. Additionally, extrapolating muta-
tional observations from somatic genomes is not ideal, due
to inherent physiological and functional genomic differences
between somatic and germline cellular environments (Kimmins and
Sassone-Corsi 2005).

We completed a long-term mutation-accumulation (MA)
experiment with Daphnia pulex to investigate the effects of
chronic, continuous cadmium (Cd) stress on the rate and spectrum
of germline mutations. MA experiments provide an opportunity to
directly measure the chemical influences on the rate and spectrum
of germline mutation. These experiments remove natural selection
via strict genetic bottlenecks after organismal reproduction each
generation (Halligan and Keightley 2009; Keith et al. 2016; Sung
et al. 2012a) and therefore preserve all germline mutations except
the extreme minority that cause immediate lethality or sterility.
When propagated for thousands of generations and subjected to
whole-genome sequencing, MA experiments provide precise
measurements of germline mutational rates and spectra.

As an established regulatory toxicity test species (Shaw et al.
2008), D. pulex serves as a tractable model organism for MA
experiments designed to measure mutational processes in the ab-
sence and presence of a constant chemical exposure. The ability
to propagate D. pulex clonally in MA experiments allows
mutations to accumulate in a diploid, naturally heterozygous ge-
nome, thus avoiding the complementation of recessive lethal
mutations that occurs in MA experiments that use sibling mating
each generation (See “Introduction” in Keith et al. 2016).
Because uncharacterized chemicals are potentially highly muta-
genic, which would therefore increase the occurrence of recessive
lethal mutations and lead to extinction/loss of MA experiments,
the ability of D. pulex MA experiments to avoid complementa-
tion of recessive lethal mutations also makes it an ideal eukaryo-
tic model for measuring the impact of toxicants on germline
mutation rate (Chain et al. 2019; Keith et al. 2016).
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A previous D. pulex MA study demonstrated that Daphnia’s
directly measured germline mutation rates and spectra of muta-
tion classes are similar to those observed in the human germline
(Keith et al. 2016). Further, the well-annotated D. pulex genome
also enables the identification of the genomic mutation contexts
and elements where mutations arise (Colbourne et al. 2011; Ye
et al. 2017). Characterization of the enrichment of de novo
mutations at a specific mutation context(s) is of utmost impor-
tance for understanding the rate of occurrence of human disease
in toxicant exposure because many disease- and disorder-linked
toxicants interfere with specific DNA repair-associated path-
ways and polymerases (Jin et al. 2003; Shin et al. 2019). The
utility of Daphnia MA experiments for studying all classes of
mutations along with the genome-wide patterns of mutational
contexts makes it an ideal model organism for understanding
how toxicant exposure influences germline mutational proc-
esses in the human germline.

Cd was selected as a model MA chemical stressor because it
is a recognized chemical of concern by the World Health
Organization (WHO) for its effects on human health (IARC
1993), and Cd is a major by-product of fossil fuel combustion
and mining of nonferrous ores (Hutton and Symon 1986), making
it prevalent in the environment (IARC 1993). Cd is mutagenic,
yet it does not directly react with DNA (IARC 1993), and it inter-
feres with multiple DNA repair pathways (Filipic et al. 2006;
Hartmann and Speit 1994; Jin et al. 2003; Lynn et al. 1997). Due
to the long biological half-life of Cd, it accumulates in tissues
and therefore readily moves through food webs (Guan and Wang
2006). Cd induces oxidative stress and can replace zinc (Zn) in
Zn-containing protein domains, which can change protein struc-
ture and function (Li and Manning 1955).
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This study directly compared results from an MA experiment
propagated in the absence and presence of Cd (Figure 1), provid-
ing to our knowledge the first direct measure of chronic Cd stress
on germline mutation. For both control and Cd exposure condi-
tions, we analyzed the overall genome-wide mutation rate, the
conditional mutation rate of the six single-nucleotide mutation
classes, and the mutation rates in annotated genome regions [e.g.,
intergenic, promoters, exons, splice junctions, introns, and
3’-untranslated regions (UTRs)], and we link our findings to their
molecular causes.

Methods

Experimental Design and Maintenance of MA Lines

A single female Daphnia genotype sampled from Buck Lake,
Dorset, Ontario, Canada, was used to produce a population of iso-
genic female offspring that were used to initiate this MA experi-
ment (Figure 1). MA experiments use strict genetic bottlenecks,
which reduce the effective population size to approximately one,
enabling the measurement of DNA mutational rates in a laboratory
setting where selection is minimized. For each subline, after clonal
reproduction each generation we randomly selected one offspring
within 24 h after clutch release from the brood pouch to serve as
the clonal mother for the next generation. We also randomly
selected two other offspring (for each subline) to serve as backups
in the event of failed reproduction/lethality of the originally
selected clonal mother. Exposure water (control and Cd) was com-
pletely changed every generation (14-21 d) and Cd was periodi-
cally measured (Dartmouth Trace Element Analysis Core)
throughout the MA experiment to ensure nominal concentrations
were as expected.
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Figure 1. Overview of mutation-accumulation (MA) experiment. A single Daphnia pulex genotype from Buck Lake, Dorset, Ontario, Canada, was the progeni-
tor of the sublines for both the control conditions and Cd exposure. “S” refers to individual sublines. Circles containing a vertical line represent the germline

genome. Horizontal red dashes in the “germline genome” represent mutations. Whole-genome sequencing with Illumina was undertaken at *

all sublines (Table 1).
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Sublines were maintained in laboratory culture using methods
originally described by Shaw et al. (2007). Sublines were fed daily
with Ankistrodesmus falcatus (75,000 cells/mL) and maintained
under constant light:dark laboratory conditions (20°C; 12 h light:
12 h dark). The control condition was maintained in 50-mL beakers
of modified COMBO media, lacking the addition of nitrogen and
phosphorus (Kilham 1998), whereas the Cd exposure sublines
were maintained in modified COMBO media with the addition of
0.25 pg Cd/L (Cadmium Chloride, ACS/analytical grade; Fischer
Scientific) (Shaw et al. 2007). Primary stocks were made annually
by dissolving CdCl, (analytical grade, Fischer Scientific) in ultra-
pure water. Test Cd concentrations were verified annually using a
magnetic sector inductively coupled plasma/mass spectrometer
(ELEMENT; ThermoElectron) fitted with a standard liquid
sample introduction system [microconcentric nebulizer (MCN-2;
CETAC) and cooled Scott-type spray chamber] at the Dartmouth
Trace Element Analysis Core (Shaw et al. 2019). To ensure the effi-
cacy of our working stocks and culturing conditions of our
Daphnia throughout the duration of the MA experiment, working
stocks were tested more frequently (monthly) using slightly modi-
fied chronic American Society for Testing and Materials (ASTM)
toxicity tests (ASTM 1990) on Daphnia pulex. This 21-d life table
assay measures the reproductive response of single Daphnia
(10 reps per treatment) exposed low-level concentration of a stres-
sor (in this case, Cd) or control conditions (see below for more
details). These standard tests allowed us to verify consistency in
our working stock concentrations as well as culturing conditions of
our animals.

Two criteria were used to select the concentration of Cd used
in these studies: a) environmental relevance to Cd concentrations
experienced by D. pulex living in polluted Ontario lakes (Rajotte
and Couture 2002; Stephenson and Mackie 1988), and b) concen-
trations resulting in minimal health effects in the Daphnia (i.e.,
no effects on survival or reproductive fitness). To meet the second
criteria and to ensure Cd responses, we set the exposure concen-
tration to the lowest effects concentration based on U.S.
Environmental Protection Agency (U.S. EPA) Daphnia chronic
effect data (Eaton and Gentile 2001). Early in the MA experi-
ments (generation 6), the test concentration was validated using
the slightly modified chronic life table tests following ASTM
methods (ASTM 1990) and detailed in Shaw et al. (2019). In
these experiments, net reproductive rate (Ry) was determined by
summing the daily reproductive [as described in Chen and Folt
(1996)] output of each of the five clonal replicates for the 90 dif-
ferent isolates in both control (0 pg Cd/L) and Cd-exposed con-
ditions (0.25, 0.5, and 1 pgCd/L) over the duration of the
experiment [methods detailed in Shaw et al. (2007)]. However,
the length of the test was modified from the traditional 21 d to 30
d to adjust for the life-history dynamics of these isolates, ensuring
measurements were collected across three broods. The results
were analyzed using an analysis of variance (ANOVA) followed
by a post hoc r-test, confirmed the concentration of Cd
(0.5 pg Cd/L) had only a slight but nonsignificant effect (control,
11.2+2.14 and Cd-exposed, 10.9+4.16) on net reproductive
rate (Rp). The same life table experiments were conducted for
each MA line around generation 40 to show how mutation rates
effect fitness (see “Results’ section).

Library Preparation and Whole-Genome Sequencing

For both the control and Cd exposures, we randomly selected 12
sublines for next-generation sequencing after an average of 55
generations of genetic bottlenecks per subline. For each of these
sublines, we randomly selected a single female and allowed her
to clonally reproduce until there were >25 isogenic offspring to
provide >1 pg genomic DNA for library preparation. DNA
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isolation was performed with standard Trizol DNA extraction
methods. Whole-genome, paired-end sequencing libraries were
prepared using NEBNext Ultra DNA Library Prep Kit for
[llumina (Catalog #E7370) and the NEBNext Multiplex Oligos
for Illumina. Paired-end libraries were then sequenced on the
Illumina HiSeq 2500 platform. For the Cd exposure, 2 out of 12
sublines were lost via failed library preparation, and another was
a mutator phenotype with a mutation rate >200-fold higher than
the other sublines and was therefore excluded from mutation rate
analyses (Table S1).

Processing and Mapping of Sequencing Reads

For each subline, paired-end read trimming was performed with
Trimmomatic software (Trimmomatic v.0.36, USADEL Lab)
(Bolger et al. 2014) with the following parameters: Paired-end
mode ILLUMINACLIP:2:30:10 LEADING:28 TRAILING:28
MINLEN:50. Paired-end reads were mapped with BWA-MEM
(BWA-MEM v0.7.17, Heng Li Lab) (Li and Durbin 2009) to
the Daphnia pulex (TCO genotype) reference assembly V1.0
(GCA_0001878751.1) with paired-end mode using default
parameters. We generated two SAMtools (Samtools v1.9,
Wellcome Sanger Institute) (Li et al. 2009) mpileup files that
reported only sites with high-confidence genotype calls (parameters
—ABx —min-BQ 30 —min-MQ 30): one file containing the control
sublines and the other containing the sub-lines exposed to Cd.

Defining Analyzable Sites and Single-Nucleotide Mutation
(SNM) Identification

To identify single-nucleotide mutations (SNMs), we designed
and developed a SNM identification Python script that is useful
for future MA experiments that also use deep-coverage, whole-
genome sequencing of clonally reproducing diploid species that
use heterozygous genomes (Mutation_Caller.py; Supplemental
File 1). The following criteria were used to identify analyzable
sites from control and Cd exposure mpileup files independently:
a) For a site to be analyzed we required the minimum proportion
of mapped reads to be 0.9 for homozygous sites, and between 0.3
for and 0.7 for heterozygous sites. If a given site met either of
these criteria across all sublines, and if all sublines had the same
genotype, then this shared genotype became the “consensus” ge-
notype for the site. Further, if all sublines but one shared a given
genotype, then the unique genotype was regarded as a potential
mutation. b) We required a minimum sequencing depth of cover-
age of 12x while excluding sites with depth of coverage over
45x%. ¢) Sites within 20 bp of indels (i.e., insertions and deletions
between our genotype and the Daphnia pulex reference) were
excluded to eliminate genotyping errors due to misalignment. d)
To eliminate false genotype calls via PCR artifacts from library
preparation, we required a minimum of two reads mapped in both
orientations supporting each genotype call. ¢) To eliminate the
issue of false positives that can arise in repetitive regions, we
removed reads that map to multiple loci.

SNM Rate Calculations

We calculated mutation rates according to the methods outlined
by Keith et al. (2016). For each subline in control and Cd expo-
sure, we independently calculated the genome-wide base-substi-
tution rate with p,, =m;/(2n;T) (Lynch et al. 2008; Sung et al.
2012b), where |, is the genome-wide rate of SNM, m is the total
number of base-substitutions, 2#; is the total number of sites ana-
lyzed (we used “2n” because each line is maintained in a hetero-
zygous state), and 7 is the number of generations for the subline.
For each subline, the standard error (SE) was calculated with
SE, = /I, /20T, where L, is the base-substitution mutation
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rate for a given subline, 7 is number of generations, and » is num-
ber of analyzed sites. Independently for control and Cd exposure,
the overall genome-wide rate of base-substitution mutation was
calculated as the average of the subline genome-wide base-substi-
tution rates. The overall SE for control and cadmium exposure
was calculated with SE,,oeq =8/V'N — 1, where s is the standard
deviation of the base-substitution mutation rate for all sublines,
and N is the total number of analyzed sublines.

For each subline, the conditional mutation rates for each of the
six classes of base-substitution mutations were calculated with
Weong =M /(203 T), but with np, ; instead of n;, and my, _ » 4,; instead
of m;, where n;, ; is the number of ancestral sites of nucleotide type
b(b=A,T,G,orC)inan MA line i, and my, _ - 4,; is the number of
mutations from nucleotide type b to any of the three possible base
pairs to which it can mutate (e.g., A:T — G:C). For control and Cd
exposure, the overall conditional mutation rate for each of the six
classes was calculated as the average of each class across all sub-
lines. For each base-substitution class, the SE was calculated
according t0 SEcond = v/ Meong /LNT, Where ue,q is the rate for a
specific class, L is the number of lines analyzed in either control
and Cd exposure, T is the average number of generations, and » is
the number of analyzed sites.

Genomic Regional Mutation Rate Analyses

We investigated de novo mutations in our D. pulex sublines using
the recently defined, high-quality D. pulex genome annotations
from Ye et al. (2017). In addition, we analyzed regional mutation
patterns using data from a previous D. pulex MA experiment—
whose regional mutation spectrum had not been investigated (ge-
notype “ASEX”; Keith et al. 2016). The regions investigated
were intergenic regions, promoters, exons, splice-site junctions,
introns, and 3’-UTRs. For all genic regions, i.e., all regions
besides intergenic, we used annotated genes from the most recent
Daphnia pulex reference genome assembly (Ye et al. 2017),
which reduced the gene count from 30,097 (Colbourne et al.
2011) to 18,440 after gene prediction and annotation methods
were updated to current methods. Because of the lack of promoter
characterization in D. pulex, promoter regions were conserva-
tively designated as the 500 base pairs directly upstream from
translation start sites. Additionally, splice-site junctions were
defined as the 20 base pairs around intron/exon junctions because
these 20 bps are evolutionarily conserved in D. pulex, suggesting
these regions are important for spliceosome function (Lynch et al.
2017).

The Exact Binomial Test was used with R (version 3.3.0; R
Development Core Team) to identify significant differences in
the proportion of total mutations within each genomic region cat-
egory (exon, intron, UTR, promoter, intron—exon junction, and
intergenic regions) relative to the expectation if mutations were
evenly distributed throughout the genome. These tests were per-
formed for control conditions, Cd exposure, and ASEX (Keith
et al. 2016), independently. Fisher’s exact test was used to com-
pare the proportions of total mutations within each genomic
region category to identify significant mutation spectra differen-
ces between control conditions and Cd exposure.

5—-Hmc Quantification

5-Hydroxymethylation levels were measured in the “NONA”
D. pulex genotype, which is the genotype used to initiate the MA
experiments. NONA Daphnia were exposed to Cd chronically
(14-d; 0.25 pg Cd/L) or acutely (1-d; 20 pg Cd/L), or to control
conditions, and 5-hydoxymethlation was measured using the
Abcam Hydroxymethylated DNA Quantification Kit (Abcam,
Cat. No. 117130) according to manufacturer recommendations.
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Specifically, a Metertech M965 microplate reader set to excita-
tion/emission spectra of 535/587 nm, along with proprietary PC-
AccuMate software was used for colorimetric quantification.
Four replicates consisting of five adult Daphnia each were
assayed per experimental condition. Data were then imported
into Excel, and differences were estimated using one-way
ANOVA followed by Tukey’s test.

Results

The isogenic offspring (sublines) of a D. pulex genotype (genotype
ID “NONA”) sampled from Buck Lake, Dorset, Ontario, were sub-
jected to an MA experiment independently propagated under con-
trol conditions and an environmentally relevant, continuous Cd
exposure (Figure 1). The experiment was conducted for an average
of 55 generations of genetic bottlenecks per subline (effective pop-
ulation size (N,) = 1). The control condition sublines were propa-
gated for 632 total generations, and the sublines constantly
exposed to Cd (0.25 pg Cd/L) were propagated for 491 total gener-
ations (see ‘“Methods” section under “Experimental Design and
Maintenance of MA Lines”; Table 1). Prior to sequencing, life ta-
ble experiments were repeated on each subline. Again, there was
no effect on survivorship, but there was a significant (p < .05) effect
of Cd on Ry (control, 9.8 +3.68 and Cd-exposed, 7.6 +4.11).
Although R, was lower in the Cd-exposed group, the tails of the
distribution for each group remained similar, ranging from 2.6 to
19.6 for the controls and 2 to 28.2 for the Cd-exposed sublines,
thus indicating that the overall effects of our Cd concentration ex-
posure on Daphnia health were small.

After 1,123 total generations of MA in laboratory conditions
that minimize selection, the sublines from both the control and
Cd exposure were subjected to deep coverage, whole-genome
sequencing (average sequence coverage of ~25X per subline;
Table 1), which allowed for the analysis of de novo SNMs (here-
after referred to simply as “mutations”) that met our stringent cri-
teria for analysis (see “Methods” section under “Defining Analyzable
Sites and Single-Nucleotide Mutation (SNM) Identification”). We an-
alyzed de novo mutations that occurred across 47,522,803 and
51,842,909 sites for each control condition and Cd exposure subline,
respectively (Table 1).

Regional Mutation Rates in Daphnia MA Sublines
Maintained under Control Conditions and Cd Exposure

We independently analyzed de novo mutations in annotated ge-
nome regions (Ye et al. 2017) in controls and Cd exposures
(Table 1; see “Methods” section under “Genomic Regional
Mutation Rate Calculations™). After comparing the proportion of
total mutations in each region to the expected proportion if muta-
tions were distributed randomly across the genome, we found
that in control conditions, mutations occured more often than
expected in exons (exact binomial test, p =3 X 10™). However,
no differences from random expectations were observed in all
other genomic regions (i.e., intergenic sites, promoters, introns,
splice-site junctions, and 3’-UTRs; Figure 2A; Table S2). To
help validate these results, we repeated our analyses on data from
a different D. pulex genotype from a previous MA experiment
conducted under control conditions (Keith et al. 2016) and also
observed more exonic mutations than the random expectation
(exact binomial test, p =4 X 1077, Figure S1 and Table S3).

In contrast to controls, we did not observe a difference in the
proportion of exon mutations in Cd exposure in comparison with
the random expectation (exact binomial test, p =0.53 Figure 2B;
Table S2). As was observed in control conditions, in Cd exposure
there were also no differences from the expectation in all other
genome regions (Figure 2B; Table S2).
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Table 1. Summary of mutation results for control and Cd MA sublines.

Subline SNM
Depth of .
No. of sequencing No. of Tot. sites No. of No. of Ts/Tv rates & SB
Genotype/Condition/ID generations coverage SNMs analyzed transitions transversions ratios (x 10-9)
NONA Control 1 54 23.7 14 47,522,803 8 6 1.3 2.73+£0.73
NONA Control 10 52 239 5 47,522,803 2 3 0.7 1.01+£0.45
NONA Control 11 51 18.8 5 47,522,803 3 2 1.5 1.03+0.46
NONA Control 12 53 232 4 47,522,803 2 2 1.0 0.79+0.4
NONA Control 2 52 24.1 6 47,522,803 3 3 1.0 1.21+0.50
NONA Control 3 53 25.6 5 47,522,803 2 3 0.7 0.99+0.44
NONA Control 4 52 24.1 13 47,522,803 5 8 0.6 2.63+0.73
NONA Control 5 54 24.4 5 47,522,803 1 4 0.3 0.97+0.44
NONA Control 6 52 23.1 8 47,522,803 5 3 1.7 1.62+0.57
NONA Control 7 52 159 16 47,522,803 8 8 1.0 3.24+0.81
NONA Control 8 53 17.9 7 47,522,803 1 6 0.2 1.39+0.53
NONA Control 9 54 21.8 6 47,522,803 4 2 2.0 1.17+0.48
Control summary 632" 22.2 (Avg.) 94* 570,273,636" 44" 50" 0.9 1.57+0.23 (Avg.)
NONA Cd 11 52 25.0 9 51,842,909 5 4 1.3 1.67 +£0.56
NONA Cd 12 55 242 14 51,842,909 10 4 2.5 2.45+0.66
NONA Cd 2 56 25.2 7 51,842,909 5 2 2.5 1.21+£0.46
NONA Cd 3 54 22.8 12 51,842,909 6 6 1.0 2.14+0.62
NONA Cd 4 55 23.4 11 51,842,909 8 3 2.7 1.93+0.58
NONA Cd 5 54 234 9 51,842,909 3 6 0.5 1.61+0.54
NONA Cd 6 54 27.6 2 51,842,909 2 0 — 0.36+0.25
NONA Cd 7 55 25.2 11 51,842,909 5 6 0.8 1.93+0.58
NONA Cd 8 56 30.3 11 51,842,909 7 4 1.8 1.89+0.57
Cd summary 491% 25.2 (Avg.) 86" 466,586,181 51% 35" 1.5 1.69 +0.20 (Avg.)

Note: Summary statistics of mutation results for sublines in control and cadmium conditions. “NONA” is the name of the genotype used in the experlment The “NONA Cd” has three
fewer sublines because of two failed libraries, and sequenced subline was a mutation phenotype that was excluded from downstream analyses. “*” in the summary rows denotes a val-
ues as being additive. The average SNM rate (or “mutation rate”) across all sublines for each experimental condition is shown in the Summary row for the “Subline SNM Rates” col-
umn. Cd, cadmium; SE, standard error; MA, mutation-accumulation; SNMs, single-nucleotide mutations (which are referred to as “mutations” in the main text). Ts/Tv ratio, the ratio
of transition mutations to transversion mutations.
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Figure 2. (A, B) Comparison of the proportion of total mutations in each genome region to the random expectation (i.e., if mutations were randomly distributed
throughout the genome). Gray dashed lines represent the proportion of total mutations in each region that are expected if mutations are randomly distributed across
the genome. Solid lines represent observed mutation proportions in each genome region for control conditions (A) and Cd exposure (B). “* corresponds to
p<5.0x 107*, Exact Binomial Test. (C) Comparison of the proportion of total mutations in each genome region between control conditions (solid lines) and Cd
exposure (dashed lines). Arrows (2C) indicate the direction regional mutation rate were significantly different between Cd exposure and control conditions.
* Corresponds to p < 5.0 x 1072, ** corresponds to p < 5.0 x 1073; Fisher’s Exact Test. Summary data, including the expected and observed proportions, for the muta-
tion rates can be found in Table S2 (control and Cd). Actual p-values for control vs. Cd can be found in Table S4.
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We then compared the regional mutation proportions in cad-
mium exposure with those of control conditions to identify
regions where sublines raised in Cd exposure were different from
those raised in control with regard to the mutation rate. As
expected, based on comparisons to the random distribution, the
exon mutation rate was significantly lower in Cd in comparison
with controls (Fisher’s exact test, p=4.4X 1073; Figure 2C;
Table S4).

Notably, the overall genome-wide mutation rate did not sig-
nificantly differ between conditions (z-test, p=0.70; average
mutation rates are 1.6x 107 and 1.7 x 107 site™' generation™!
for control and Cd exposure, respectively; Table 1). We therefore
reasoned that the lower proportion of total mutations in exons in
Cd must be balanced by a higher proportion in another region(s).
Indeed, the intergenic mutation rate was significantly higher
under Cd exposure relative to control conditions (Fisher’s exact
test, p =0.03; Figure 2C; Table S4), whereas no significant differ-
ences were observed in other regions.

Evaluation of Genome-Wide Mutation Biases in Sublines
Propagated under Control Conditions and Cd Exposure

We observed a mutation bias in the G/C — A/T direction in
both experimental conditions. Although there was no consider-
able difference between Cd exposure and control with regard to
overall, genome-wide mutation rate, there was markedly lower
G/C — A/T bias in Cd. G/C — A/T mutations arose 2.0X
more frequently in controls than those in the opposite direction
(i.e., A/T — G/C) compared to only being 1.2x higher in the
Cd-exposed lines (Table 1; Table S5 and S6).

Evaluation of A/T — G/C Transitions

To explain the lower G/C — A/T bias in Cd-exposed lines, we
reasoned that a mutation class or classes must be more prevalent
in Cd-exposed lines at A/T sites (i.e., A/T — G/C, the opposing
direction of the mutation bias). We observed a significantly
higher conditional rate of A:T — G:C transitions in Cd exposure
relative to control conditions, which to our knowledge has not
been previously reported (Figure 3A; Tables S5 and S6). Because
the intergenic mutation rate was higher under Cd exposure rela-
tive to control conditions (Figure 2C), we also reasoned that the
higher overall conditional A:T — G:C mutation rate was specific
to intergenic regions. In Cd, the intergenic, conditional mutation
rate of A:T — G:C was significantly higher than that of control,
which was not observed in genes (Fisher’s exact test, p <0.05;
Figure 3B; Table S7).

Because a difference in the A:T — G:C mutation rate has not
been previously reported, we investigated the 5’ and 3’ nucleo-
tides to each mutation to determine whether there is a specific
context(s) enriched in the Cd exposure that has been linked to a
causative A:T — G:C mutational mechanism. Among signifi-
cantly enriched contexts we observed a Cd-specific enrichment
of GTT context mutations (Fisher’s exact test, p=0.02; Figure
3D; Table S8).

Evaluation of C:G — G:C Transversions

Contrary to a higher conditional mutation rate of A:T — G:C
mutations under Cd exposure, the rate of C:G — G:C mutations
was lower in Cd (Fisher’s exact test, p=0.02, p=0.02; Figure
3A). In fact, under Cd exposure, no C:G — G:C mutations were
observed in genes (Figure 3B).

C:G — G:C mutations have been shown to be enriched at 5-
hydroxymethylcytosine (5-hmC) positions (Supek and Lehner
2017), and Cd has been shown to decrease 5-hmC levels in
Daphnia (Strepetkaité et al. 2015). To examine whether or not
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Cd was involved with the lack of C:G — G:C mutations we
therefore measured 5-hmC levels in both control conditions and
chronic exposure to 0.25 pg Cd/L, the same Cd concentration
used for this MA experiment (see “Methods” section under “5—
hmC Quantification”). Lines exposed to Cd had significantly
lower 5-hmC levels relative to control conditions (one-way
ANOVA with Tukey’s test, p =0.01; Figure 4A; Table S9).

Evaluation of G:C — T:A Transversions

In comparison with those in the control media, lines exposed to
Cd did not differ in overall genome-wide G:C — T:A mutation
rates: a mutation that occurs if 8-oxoguanine is not repaired
(Avkin and Livneh 2002). However, although there was no dif-
ference in the rate of G:C — T:A when considering all mutations
genome-wide (Figure 3A), there was a higher proportion of
G:C — T:A mutations within mutation clusters (i.e., more than
two mutations within 50 bp) under Cd exposure relative to con-
trol conditions (Figure 3C; Table S10).

Discussion

Here, to the best of our knowledge we provide the first analysis of
the genome-wide patterns of Cd-induced mutations in the germ-
line. The results presented here were derived from the measure-
ment of mutational rates via an MA experiment propagated
independently, in both control and chronic exposure to Cd. The Cd
exposure concentration in this experiment was carefully chosen
because of its minimal effects on D. pulex reproductive fitness (see
“Methods” section under “Experimental Design and Maintenance
of MA Lines”). Relative to control conditions, the intergenic muta-
tion rate was higher in Cd exposure and the exonic mutation rate
was lower in Cd. These regional differences were linked to differ-
ences in specific mutation classes. Specifically, the higher inter-
genic rate was the result of a higher rate of A:T — G:C in Cd-
exposed lines and the lower genic rate was the result of the com-
plete loss of genic C:G — G:C mutations in Cd-exposed lines.

A recent study of human POLE-mutant colorectal tumor
genomes reported a lower-than-expected rate of mutations within
exons and suggested this result could be extrapolated to the germ-
line (Frigola et al. 2017). Here, we report that in control condi-
tions the exon mutation rate was higher than the random
expectation in the Daphnia germline and the observed higher lev-
els of exonic mutations relative to introns. The observation of
more mutations in exons was confirmed (Figure S1 and Table
S3) by analyzing the regional mutation patterns using data from a
previous MA experiment that used D. pulex genotype, which was
also propagated under control laboratory conditions (exact bino-
mial test, p=3.51X% 1077; Genotype ID “ASEX”; Keith et al.
2016). Additionally, in the ASEX genotype the proportion of
intergenic mutations was significantly lower than expected (exact
binomial test, p=2.08 x 107%; Figure S1) and the proportion of
3’-UTR mutations was uniquely elevated in ASEX (Figure S1).
In the control conditions here, we also observed a lower propor-
tion of mutations in intergenic regions relative to the random ex-
pectation although the difference marginally nonsignificant
(exact binomial test, p =0.07; Table S2; Figure 2). These results
suggest that @) exon mutations arise more often than expected in
the D. pulex germline, and b) that regional D. pulex germline
mutation patterns, in at least some genome regions, may differ
between genotypes, which was reported in a D. pulex MA experi-
ment (Keith et al. 2016).

Growing evidence suggests that C:G — G:C mutations are
concentrated at 5-hydroxymethylcytosine positions (5-hmC),
which are the result of the oxidation of 5-methylcytosine (5-mC)
by TET proteins (He et al. 2011; Ito et al. 2011; Kriaucionis and
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Figure 3. (A) Genome-wide conditional mutation rates of control conditions and Cd exposure. For control (solid black boxes) and Cd exposure (white boxes),
the rates of each of the six base-substitution classes are plotted. Error bars are included (SE; gray). Significant differences between control and Cd are denoted
by asterisks. The data for 3A are located in Tables S5-S6. Values represent 12 (control) and 9 (Cd) sublines (B) conditional base-substitution rates of inter-
genic and genic regions. The conditional mutation rates are plotted independently for intergenic and genic regions for the six mutation classes. Solid boxes rep-
resent control condition results, and white boxes represent Cd exposure results. The data for 3B are in Table S7 (C) Mutation cluster analysis. The proportion
of total mutations for each mutational class are plotted for control conditions and Cd exposure. The data for 3C are in Table S10. (D) Heat map of p-values
from Fisher’s exact test for all possible mutation contexts. The Fisher’s exact test for Cd exposure is in Table S8, and the results for control conditions are in
Table S11. p-Values are plotted for control conditions and Cd exposure, independently. The z-axis is the premutation nucleotide. The y-axis is the nucleotide
that is 5" adjacent to the mutation site. The x-axis is the nucleotide that is 3’ adjacent to the mutation site. Note: Cd, cadmium.

Heintz 2009; Tahiliani et al. 2009; Supek et al. 2014). In D.
pulex, 5-hmC sites were recently shown to be concentrated in
genes (Strepetkaite et al. 2015). Our results suggest that the lower
overall rate of C:G — G:C in Cd exposure is the result of the in-
terference of 5—mC — 5—hmC conversion, which eliminated
C:G — G:C mutations in genes where 5-hmC was concentrated
in D. pulex (Figure 4B). To our knowledge we report the first evi-
dence that the interference of hydroxymethylation by a toxicant
may influence C:G — G:C mutational outcomes in the germline.
It was recently reported that Cd inhibits 5 —mC — 5 —hmC
conversion by reducing the enzymatic activity of TET proteins in
mouse ES cells (Xiong et al. 2017), although the mechanism of
inhibition has not been described. TET proteins contain two Zn-
finger domains, and the structure of these domains is essential for
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stabilizing TET above DNA, thereby allowing TET to convert 5—
mC to 5-hmC via oxidation (Hu et al. 2013). Given the propen-
sity for Cd to replace Zn in Zn-finger domains (Li and Manning
1955), we propose that Cd inhibits the conversion of 5-mC to 5-
hmC by interfering with the Zn-finger domains of TET proteins,
and the corresponding reduction of 5-mC sites results in fewer
C:G — G:C mutations (Figure 4B). Indeed, we measured lower
5-mC levels in D. pulex exposed to Cd.

In Cd exposure, the significantly elevated GTT mutation con-
text we observed was recently linked to Pol n —induced A:T —
G:C mutations in certain lymphomas (Supek and Lehner 2017),
providing evidence that the elevated A:T — G:C rate in Cd is
linked to this polymerase. Pol n is recruited to bypass 8-oxoG
lesions (Rodriguez et al. 2013), and translesion synthesis (TLS)
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is activated by the binding of the Pol n ubiquitin-binding Zn-fin-
ger domain (UBZ) with an available monoubiquitin of PCNA
(Bienko et al. 2010). Disruption of the amino acids that coordi-
nate Zn binding in the UBZ reduces TLS efficiency when bypass-
ing 8-0x0G lesions (Plosky et al. 2006). Given the propensity for
Cd to replace Zn in Zn-finger domains (Li and Manning 1955),
the elevated A:T — G:C rate in Cd exposure is possibly the result
of Cd inhibiting the UBZ in Pol n, thereby decreasing the fidelity
of Pol 1 and further increasing the number of A:T — G:C muta-
tions. However, an alternative explanation for the increased
A:T — G:C mutation rate in Cd exposure is that error-prone Pol
n TLS is used more often because of an increased occurrence of
oxidative stress—induced 8-0xoG lesions.

Cd did not change the overall, genome-wide G:C — T:A muta-
tion rate: a mutation that occurs if 8-oxoguanine is not repaired
(Avkin and Livneh 2002). This result was surprising, considering
the well-established history of Cd inducing oxidative stress, which
causes oxidative DNA damage (Avkin and Livneh 2002). Cd inter-
ference with the BER glycosylase MutY provides a possible expla-
nation for the increased prevalence of G:C — T:A clustered
mutations in Cd exposure. To repair 8-0xoG:A lesions, MutY rec-
ognizes and excises adenine (Fromme et al. 2004; Lu et al. 1996),
and cytosine is added opposite 8-0xoG by gap filling polymerases
(van Loon and Hiibscher 2009). MutY contains a Zn linchpin
motif, where Zn is bound by evolutionarily conserved cysteines
that reside in an interdomain connector (IDC) (Engstrom et al.
2014). Changes to IDC Zn-binding cysteines in E. coli have been
shown to increase the rate of mutation by up to 12-fold (Engstrom
et al. 2014), indicating the IDC structure is needed for adenine
excision. Further, a study of an E. coli MutY knockout genotype
resulted in an elevated rate of clustered G:C — T:A mutations
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(Pearson et al. 2004). These findings are consistent with our obser-
vations in Cd exposure and suggests that the higher number of
G:C — T:A mutations observed in clusters is the result of Cd pref-
erentially binding within the MutY IDC domain.

Because many inherited diseases in humans are caused by path-
ogenic mutations in specific genome regions, any chemical that
changes the rate of germline mutation in individual genome
regions influences the accuracy of disease occurrence predictions.
A growing number of neurological disorders are linked to patho-
genic mutations in intergenic regions (Short et al. 2018), and any
pollutant that increases the intergenic mutation rate, such as we
report here for Cd, has the potential to influence the rate of occur-
rence of these disorders. Additionally, because many diseases and
disorders are caused by mutations that change the structure and
function of proteins (Antonarakis and Beckmann 2006), it is likely
that uncharacterized pollutants that specifically elevate the muta-
tion rate in coding regions exist, thereby increasing the probability
of diseases caused by changes to protein structure and function.
The results reported here, combined with the knowledge that
changes to the germline mutational spectrum can influence disease
occurrence, shows that a more concentrated effort is needed for
understanding how the more than 140,000 anthropogenic chemi-
cals affect genome-wide patterns of germline mutation.
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