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ABSTRACT Mutations are the ultimate source of all genetic variation. However, few direct estimates of the contribution of mutation to
molecular genetic variation are available. To address this issue, we first analyzed the rate and spectrum of mutations in the Arabidopsis
thaliana reference accession after 25 generations of single-seed descent. We then compared the mutation profile in these mutation
accumulation (MA) lines against genetic variation observed in the 1001 Genomes Project. The estimated haploid single nucleotide
mutation (SNM) rate for A. thaliana is 6.95 X 1072 (SE = 2.68 X 10~'°) per site per generation, with SNMs having higher frequency in
transposable elements (TEs) and centromeric regions. The estimated indel mutation rate is 1.30 X 1072 (=1.07 X 10719 per site per
generation, with deletions being more frequent and larger than insertions. Among the 1694 unique SNMs identified in the MA lines,
the positions of 389 SNMs (23%) coincide with biallelic SNPs from the 1001 Genomes population, and in 289 (17 %) cases the changes
are identical. Of the 329 unigue indels identified in the MA lines, 96 (29%) overlap with indels from the 1001 Genomes dataset, and
16 indels (5% of the total) are identical. These overlap frequencies are significantly higher than expected, suggesting that de novo
mutations are not uniformly distributed and arise at polymorphic sites more frequently than assumed. These results suggest that high
mutation rate potentially contributes to high polymorphism and low mutation rate to reduced polymorphism in natural populations
providing insights of mutational inputs in generating natural genetic diversity.
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UTATIONS contribute to genetic variation—the sub-
strate of evolution. Thus, a full understanding of evo-
lution requires knowledge of the rate of spontaneous
mutation and the fitness consequences of new mutational
inputs. Observable genetic variation in the real world is
generated and maintained through multiple processes; for

Copyright © 2019 by the Genetics Society of America

doi: https://doi.org/10.1534/genetics.118.301721

Manuscript received October 22, 2018; accepted for publication November 29, 2018;
published Early Online December 4, 2018.

Available freely online through the author-supported open access option.
Supplemental material available at Figshare: https:/doi.org/10.25386/genetics.
6456065.

'Corresponding author: South Dakota State University, 1390 College Ave., SNP 252,
Box 2140D, Brookings, SD 57006. E-mail: mweng@westfield.ma.edu

2Present address: Department of Biology, Westfield State University, Westfield, MA
01086.

3Present address: Gregor Mendel Institute of Molecular Plant Biology, Austrian
Academy of Sciences, Vienna Biocenter (VBC), 1030 Austria.

instance, genetic variation could be a balance between
mutational input, natural selection, drift, and gene flow
(Wright 1988; Hartl and Clark 2006). However, what exactly
determines the extent of genetic diversity in different species
is still unclear (Leffler et al. 2012). To understand the contri-
bution of mutation to patterns of genetic variation, we need
to know the degree to which intragenomic variation of mu-
tational inputs contributes to the reported differences in ge-
netic diversity along the genome. Variation in the activity and
effectiveness of the molecular machinery that detects and
repairs such errors directly influences genome-wide mutation
rates (Hoffman et al. 2004; Turrientes et al. 2013). These, in
turn, are affected by localized factors, such as heterozygous
status (Yang et al. 2015), transcription (Park et al. 2012;
Chen et al. 2016), and recombination (Lercher and Hurst
2002; Zhang and Gaut 2003; Yang and Gaut 2011). Ultimately,
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a better knowledge of mutation rates and sources of their
variation will help us to understand the relative roles of mu-
tation and selection in excesses or deficits of substitutions in
the genome.

Because de novo mutations in each generation are rare,
mutation rate estimates are commonly derived from compar-
isons over long phylogenetic distances, or by making infer-
ences from observed genetic diversity in extant populations.
However, such estimates are not only affected by selection on
mutations, but they are also greatly confounded by genetic
processes, including variation in recombination and mutation
rates as well as gene conversion, and demographic factors
such as the population size and its associated expansions
and contractions. An alternative is the analysis of pedigrees
over very short evolutionary time frames, by comparing par-
ents and their direct offspring, or by experimentally studying
the accumulation of mutations in inbred lineages over a
limited number of generations, i.e., mutation accumulation
(MA) lines. During the propagation of MA lines kept at small
population size under benign conditions, the drift-dominant
condition allows mutations with all but the most extreme
negative effects on fitness to accumulate in the genome
(Halligan and Keightley 2009).

Although precise estimates of whole genome mutation
rates in multicellular organisms have been made, we are still
far from understanding fine-scale intragenomic variation of
mutation rates, primarily because the number of mutations
observed has been small. A further limitation of several pre-
vious studies has been that they were based on early versions
of Illumina short-read sequencing technology, and therefore
were limited in detection of insertions and deletions (indels).
Both problems apply to mutational estimates for land plants,
where MA line sequences have only been analyzed for A.
thaliana (Ossowski et al. 2010; Jiang et al. 2014; Exposito-
Alonso et al. 2018).

Here, we use whole-genome sequencing to characterize the
mutation profile from 107 Arabidopsis thaliana MA lines of
the reference accession Col-0 at the 25th generation. With
the analysis of this population, we increase by more than an
order of magnitude the number of spontaneous mutations
documented in this species. We use this information to
address the following questions: what are the spectrum,
frequency, and pattern of spontaneous mutations in
A. thaliana? How does the distribution of spontaneous mu-
tation in the genome compare with the pattern of genetic
variation observed in the wild?

Materials and Methods
MA line sequencing

Seeds of the 24th generation A. thaliana MA lines are from an
experiment described previously (Shaw et al. 2000, 2002).
Briefly, the 107 MA lines were derived from a single founder
of the Col-0 accession. The MA lines were maintained in the
greenhouse by single-seed descent to reduce selection and
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maximize drift. An additional 25th generation was propa-
gated in the University of Maryland greenhouse (Rutter
et al. 2010). Fitness of these MA lines has been assessed
extensively in different environments (Shaw et al. 2000,
2002; Rutter et al. 2010, 2012b; Roles et al. 2016). DNA
was extracted from the leaf tissue germinated from the seeds
of the 25th generation MA lines, and sequenced on the Ilu-
mina HiSeq3000 platform (2 X 150 bp) at the Max Planck
Institute for Developmental Biology. The average read depth
per MA line was 36X.

Identification of mutations

Sequencing reads from each MA line were mapped to the
A. thaliana TAIR10 reference genome (The Arabidopsis
Information Resource at www.arabidopsis.org) using
NextGenMap (Sedlazeck et al. 2013), then sorted, indexed,
and assigned line identification numbers with Picard Tools
v1.136 (https://broadinstitute.github.io/picard/). The se-
quence reads were then locally realigned using GATK v3.6
(McKenna et al. 2010). Duplicate reads were marked and
removed with Picard Tools. SNM and indel variants for each
line were identified using GATK’s HaplotypeCaller tool. The
resulting individual gVCF files were merged using GATK’s
GenotypeGVCFs tool. Plastid and mitochondrion variants
were searched with parameter settings for haploid. The fixed
differences between the MA line ancestor and the TAIR ref-
erence genome were identified as the shared derived homo-
zygous variants, SNMs, and indels, across all sequenced MA
lines. The final mutations were filtered for the unique homo-
zygous variants that are present in a single or multiple MA
lines.

The presence of large structural variants, including dele-
tions, duplications, insertions, inversions, and translocations,
were quantified using the Delly software package (Rausch
et al. 2012). The MA line specific variants that passed Delly’s
quality filtering were examined using the integrated genome
viewer (IGV) v2.3.82 (Robinson et al. 2011). Detection of
de novo TE insertions was attempted with the jitterbug software
package (Hénaff et al. 2015). Genomic locations of the mu-
tations were annotated using the SnpEff v4.2 (Cingolani et al.
2012) with default settings.

The haploid mutation rate was estimated with the equation
n=m/(L*n*T) (Denver et al. 2009), where u is the mutation
rate per nucleotide site per generation, m is the number of
identified SNMs or indels, L is the number of MA lines, n is the
number of reference nucleotide sites accessible for variant
calling, and T is the number of generations. To count the
number of reference nucleotide sites accessible for variant
calling, we used the -allSite option in GATK’s GenotypeGVCFs
tool, which reports both variant and nonvariant sites. Be-
cause GATK estimates the genotype quality for variant and
nonvariant sites differently, we used read depth to filter both
variant and nonvariant sites. For variants, three filtering cri-
teria were used: variant quality (QD) >30, read depth after
filtering at a specific line (DP) >3, and number of called
alleles (AN) >107, equivalent to one-half of the 107 diploid
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MA lines having called genotypes. A mutation was called if it
is a homozygous alternative allele in a single MA line. For
nonvariant sites, sites with read depth <3 and phred-scaled
quality score (QUAL) <30 were not considered. We report
estimated mutation rates from the 48 MA lines that do not
share mutations with other. All other analyses were based on
all 107 MA lines. The bash scripts for the analyses are in-
cluded in the Supplemental material. The distribution of
the number of mutations per line was tested for overdisper-
sion using the dispersiontest function in AER package
(Kleiber and Zeileis 2008) in R v.3.3.1 (R Core Team
2017). We also adjusted the number of SNMs dividing by
the proportion of accessible reference sites of each line.

To validate mutations experimentally, we randomly se-
lected 10 MA lines for PCR amplification and Sanger sequenc-
ing. We also analyzed the targeted mutations in five
subfounder lines that were three generations descended from
the same founder of the MA lines, with the propagation of
subfounder lines having been independent from the MA lines.
We identified variants in the subfounder lines using the same
pipeline as for the MA lines.

To test the accuracy of our mutation calling pipelines, we
performed two types of simulations. In the first simulation, we
simulated 500 random point mutations throughout the ge-
nome, and investigated whether our pipeline recovered the
simulated mutations (Ness et al. 2012). We simulated inde-
pendent mutations in five copies of the reference genome
such that simulated mutations would be positions in one
reference genome but not in the other four reference ge-
nomes. Twenty mutations per chromosome, and a total of
100 mutations for each reference, were simulated. Five MA
lines (lines 24, 31, 36, 62, and 109), which have different
reference genome coverage depth, were chosen to test
whether our pipeline can recover the simulated mutations
regardless coverage depth variation. Original reads of the
MA lines were individually mapped to one of the mutated
reference genomes. We then called the genotype using the
GATK’s GenotypeGVCFs individually for each MA line, and
report the number of recovered simulated mutations and the
number of accessible nonvariant sites. In the second simula-
tion, we introduced homozygous mutations at the sequenc-
ing reads in the bam file using Bamsurgeon tool (https://
github.com/adamewing/bamsurgeon; Ewing et al. 2015).
We changed the basecalls of the sequencing reads in the
original bam file of the same five MA lines that we selected
previously for reference mutation simulation. We then call
variants (GVCEF files) on these five modified bam files indi-
vidually using HaplotyeCaller in GATK. By combining these
five GVCF files with the original GVCF files of the rest of MA
lines, we call and filter SNMs jointly across all lines using
GenotypeGVCFs in GATK. However, we noted that due to
the modification of the bam file, HaplotypeCaller targeted
regions with simulated mutations for de novo assembly and
hence altered the mapping position of the modified bases,
resulting in bam files that are different from the original ones,
and positions that have higher than 10X coverage are less

affected by the HaplotypeCaller de novo assembly. We there-
fore reported the number of recovered SNMs at different read
depth coverage.

DNA methylation

DNA methylation data were retrieved from publicly available
A. thaliana datasets GSM980986 and GSM980987 (Stroud
et al. 2013). Methylation levels for cytosines at each CG,
CHG, and CHH (H refers to A, T, or G) context were reported
in both data sets. Cytosines with methylation levels above 0.1
in one of the data sets were considered as methylated sites.

Interaction between methylation, TE, and
chromosome regions

Alogistic regression framework was used to test main and
interactive effects of cytosine methylation, TE, and chro-
mosome regions on the likelihood of a given nucleotide
being mutated. The analysis conducted in R v.3.3.1 (R Core
Team 2017) included each genomic position as a record
and whether a position underwent mutation based on the
total mutations identified among all MA lines. Three cat-
egorical predictor variables were methylation (methyl-
ated or nonmethylated cytosine), TE (TE or non-TE
bases), and chromosome regions (chromosome arm or
pericentromeric/centromeric sites). The response vari-
able depended on whether a given nucleotide is mutated.
Akaike information criterion (AIC) scores were used to
assess the fit of the three models that (1) only includes
main effects, (2) includes main effects and two-way inter-
actions, and (3) includes main effects and two and three-
way interactions.

Genetic variation in natural populations

VCEF variant files of the 1001 Genomes project were down-
loaded from the project website (http://1001genomes.
org) to assess SNP positions and allele frequency. Ancestral
and derived SNPs were identified based on a three-way
whole-genome alignment between A. thaliana (TAIR10),
A. lyrata, and Capsella rubella using progressive Cactus
(Paten et al. 2011a,b). Subalignments with single se-
quence from each of the three species were extracted as
homologous regions using the HAL tools (Hickey et al.
2013). Of the alignable regions, sites identical in the three
species are considered as conserved sites in A. thaliana,
and SNPs found in conserved sites are defined as derived
variants. Sites that are identical between A. lyrata and C.
rubella but different in A. thaliana were also extracted.
SNPs found among at sites where the alternative allele is
identical to C. rubella and A. lyrata were defined as ances-
tral variants.

Data availability

The FASTQ and BAM files of each MA line have been uploaded
to NCBI Short Read Archive (SRA) with the accession number
of SRP133100. Supplemental material available at Figshare:
https://doi.org/10.25386/genetics.6456065.
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Results
Mutation spectrum and rate

We utilized a population of MA lines that were derived from a
single founder in the Col-0 reference background (Shaw et al.
2000). Because A. thaliana is self-fertilizing, and because the
founder line was advanced through three generations of self-
ing in the laboratory before establishment of the MA lines, we
expect the founder to have been highly homozygous; the
genetic differences among MA lines should be due over-
whelmingly to new mutations that have arisen since diver-
gence from the founder. Lines had been advanced by single
seed descent, minimizing selection on new mutations to the
extent possible. We sequenced 107 of these MA lines from
generation 25 of the experiment at an average read depth
coverage of 36X per line, making on average 111 Mb (93%)
of the reference genome accessible for variant calling (Sup-
plemental Material, Table S1). When compared to the Col-0
reference genome, a total of 292 single nucleotide muta-
tions (SNMs) and 792 indels (332 deletions and 460 inser-
tions) are found in all 107 MA lines, i.e., must have already
been fixed in the founder of the MA lines (File S1). These
SNMs and indels are also found in the sequences of third
generation subfounder lines that are descendants of the same
founder, confirming the presence of these fixed differences
between the MA line founder and the Col-O reference
genome.

There are 1694 unique SNMs; in addition, 159 SNMs are
shared by multiple MA lines, for an average of 18.9 SNMs per
line (Files S1-S3). Among 107 MA lines, 59 MA lines have at
least one shared mutation. Based on the 48 MA lines that do
not share mutations with other lines, we estimate a haploid
(or gamete) mutation rate of 6.95 X 1079 (SE = 2.68 X
10719) per site per generation (Table S1). The total number
of SNMs varies considerably among MA lines, ranging from
8t040 SNMs in a single line (Table S1). These differences do
not correlate with sequence coverage (P = 0.35) but cor-
relate with the number of accessible reference sites
(P = 0.007). In addition the distribution of total SNMs per
MA line fits both Poisson (x*> = 14.0,d.f. = 13,P = 0.38)
and negative binomial distributions (x> = 10.4, d.f. = 13,
P = 0.66) where the overdispersion is not significant (dis-
persion test, P = 0.09) (Figure 1). The significant correla-
tion with accessible reference sites (P = 0.02) and
nonsignificant overdispersion (dispersion test, P = 0.24)
are also found for the 48 MA lines that do not have shared
mutations. When adjusted by the number of accessible ref-
erence sites, the distribution of unique SNMs per MA line
still fits both Poisson (x?> = 6.0, d.f. = 6, P = 0.42) and
negative binomial distributions (x> = 2.9, d.f. = 6,
P = 0.82) with nonsignificant overdispersion (dispersion
test, P = 0.23).

The 356 indels (329 unique and 27 shared between lines),
including 212 deletions and 144 insertions, provide an esti-
mated indel mutationrate of 1.30 X 1072 (*1.07 X 10719)
per site per generation (Files S1-S3). There are significantly
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more deletions than insertions (Fisher’s Exact test,
P = 0.02). Seven deletions are larger than 100 bp, and four
of these large deletions overlap open reading frames. When
excluding these seven large deletions, the remaining dele-
tions are still significantly larger (mean = 6.5 bp) than in-
sertions (mean = 3.9 bp) (two sample t-test, t = —2.3,
d.f. = 319.9, P = 0.02). None of the insertions are larger
than 100 bp. We did not detect any novel transposable ele-
ment (TE) insertions in the MA lines using the jitterbug soft-
ware (Hénaff et al. 2015). The distributions of indels and
SNMs among genomic regions are similar to each other (Fig-
ure S1). Assuming that primarily nonsynonymous SNMs, in-
cluding gains and losses of stop codons, and indels in coding
regions affect fitness, we estimate a diploid genomic muta-
tion rate affecting fitness of 0.16 (+0.01) per generation.

Mutation validation

To experimentally validate mutations, we randomly selected
10 MA lines for PCR and Sanger sequencing of 96 regions with
mutations. Of these 96, 92 were amplified successfully by PCR
and sequenced. Sanger sequencing confirmed 78 of 79 SNMs
and 15 of 17 indels, including five sets of complex/double
mutations and three SNMs that are shared by two MA lines
(File S1). Our confirmation rates are comparable to a recent
MA line study in Chlamydomonas reinhardtii (SNMs: 98.7%
vs. 98.3%; indels: 88.2% vs. 90.5%) (Ness et al. 2015) and
almost the same as in a previous A. thaliana MA line study
(Ossowski et al. 2010). To investigate whether the mutations
we identified could be due to ancestral heterozygosity in the
founder, we sequenced five third-generation subfounder lines
that are descendants of the same founder of MA lines. None
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Figure 1 Distribution of SNM numbers in each of the 107 A. thaliana MA
lines. The expected numbers for best-fit Poisson (lambda = 18.9) and
negative binomial (mean = 18.9, overdispersion = 1.74) distributions
are shown as open and closed circles, respectively. The distribution of
SNMs per MA line fits both negative binomial (x2 = 10.4, d.f. = 13,
P = 0.66) and Poisson distributions (x2 = 14.0, d.f. = 13, P = 0.38).
For chi-square analysis, bins with few counts were combined so that every
bin has at least five counts. The distribution includes 1694 unique and
159 shared SNMs.



of the unique SNMs and indels are variants in any of the five
subfounder lines.

To test the accuracy of our mutation calling pipelines, we
performed two types of simulation and investigated whether
our pipeline recovered the simulated mutations (Ness et al.
2012). In the first simulation, we simulated random point
mutations throughout the genome. Original reads of five
MA lines with different genome read depth coverage were
individually mapped to one of the mutated reference ge-
nomes. For each mutated reference genome, 100 random
point mutations were simulated (File S5). Based on the fil-
tering threshold, we determined that on average 107 of the
119 Mb reference genome can be confidently called. From
the 500 simulated mutations, we therefore expected to iden-
tify 450 point mutations. Our pipeline recovered 445 (98.9%)
simulated point mutations (Table S2). In the second simula-
tion, we introduced homozygous mutations at the sequenc-
ing reads. After filtering the modified positions that have
higher than 10X read depth coverage, we recovered 72—
90% of the homozygous point mutations (Table S3).

Mutations shared between MA lines

Our observation of mutations shared between MA lines could
have multiple explanations. (1) Shared mutations are at sites
that were heterozygous at the founder genotype. (2) Mapping
errors cause incorrect mutation calling. (3) Shared mutations
occurred independently at mutation hotspots in multiple
lines. (4) Some MA lines were split into multiple lines during
the MA line propagation. The first three potential explanations
do not appear to be consistent with the validation results. By
sequencing the subfounder lines, we show that of 186 shared
mutations (159 SNMs and 27 indels), 183 cases are non-
variant in all five subfounder lines, two are heterozygous in
one of the subfounder lines, and one varies among subfounder
lines (File S4). We therefore conclude that, except for the last
three cases, 183 out of the 186 shared mutations are not likely
due to ancestral heterozygosity. The PCR and Sanger sequenc-
ing confirmed three SNMs that were shared by two MA lines
(File S1), excluding the possibility of incorrect callings for
those shared mutations. Mutation hotspot is less likely be-
cause the majority of the shared mutations are shared by a
pair of lines rather than multiple lines (File S1), which also
provides more evidence for line-splitting or outcrossing. In
addition, if it were a hotspot effect, we would expect to see
different mutations at the same position. Instead, we identify
the same mutation at the same genomic location in different
lines. We conclude it is most probable that the majority of
shared SNMs are due to accidental splitting of some MA lines
(mutations shared by pairs of lines) or outcrossing among a
subset of MA lines (mutations shared by three or four lines) at
some point during propagation, although without resequenc-
ing new plant material, we cannot rule out the possibility of
contamination during sequencing library preparation. We
also found that the distribution of the presence of mutation
inTEs (x> = 0.94,d.f. = 1,P = 0.33) and the transition-
to-transversion ratio (x> = 1.4, d.f. = 1, P = 0.24) are

not significantly different between shared and unique SNMs.
The shared SNMs also did not vary significantly from the
unique SNMs in their distributions between chromosomes
(x%2 = 7.04, df. = 4, P = 0.13). Thus, regardless of the
reason for some mutations being shared across lines, the
shared mutations likely originate from the same processes
during mutation accumulation that generated the unique
mutations.

Chromosome-level variation in mutation rates

While the SNM rate does not vary significantly among the five
chromosomes (x> = 8.14, d.f. = 4, P = 0.09), it is sub-
stantially lower on the arms of all five chromosomes than
in pericentromeric and centromeric regions (x?> = 567.4,
d.f. = 2,P < 2e—16) (Figure 2).

SNM rates observed in TEs, intergenic, and genic regions
are significantly different from each other (x*> = 837.3,
d.f. = 2,P < 2e—16). The haploid mutation rate estimate
at TEsis 1.36 X 1078 per site per generation, about twofold
higher than the genome-wide average estimate. The muta-
tion rate in intergenic regions is close to the genome-wide
mean, 5.75 X 107, while the rate in genic regions is about
half that, 3.35 X 1077 per site per generation.

Interaction between methylation, TE annotation, and
chromosome region

Because methylated cytosines can undergo spontaneous de-
amination to thymidine, mutation rates at these sites have
long been known to be elevated (Bird 1980; Xia et al. 2012).
We therefore investigated mutations at CG, CHG, and CHH
sites (H refers to A, T, or G) that are either methylated or

W Chromosome arm [l Pericentromeric/Centromere

Chr1 Chr2 Chr3 Chr4 Chrs

Mutation rate per site per generation (10°%)
S el i b
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Figure 2 Comparison of mutation rates between chromosome arms and
pericentromeric/centromere regions in 107 MA lines. The base mutation
rate for chromosome arms is significantly lower than pericentromeric/
centromere regions across five chromosomes (x? = 567.4, d.f. = 2,
P < 2e—16). Dashed line indicates genome-wide average. The pericen-
tromeric region is defined as being within 4 Mb of the centromere. Error
bar is equal to one SEM. Asterisks indicate P < 0.001 (***). Mutation
rates are adjusted for accessible reference genome of respective regions
that pass the filtering threshold.
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nonmethylated (Stroud et al. 2013). The likelihood of a cy-
tosine occurring in any of the three methylated contexts
is much higher for mutated than for nonmutated sites: CG
(x2 = 97.6, d.f. = 1, P < 2e—16), CHG (x* = 141.6,
df. = 1, P < 2e—16) and CHH (x? = 181.7, d.f. = 1,
P < 2e—16) (Figure 3). The ratio of transitions to transver-
sions at methylated and nonmethylated cytosine in CG, CHG,
and CHH contexts (Table S4), however, is not different (Fish-
er’s Exact test, P = 0.252).

We used a logistic regression model to disentangle the
effects of methylation, TE position and chromosome region on
mutation rate, since methylation occurs mainly at TEs, and
TEs are concentrated in centromeres (Kawakatsu et al. 2016;
Sigman and Slotkin 2016; Underwood et al. 2017; Zhang
et al. 2018). The logistic regression model with main effects
and two- and three-way interactions has the lowest AIC
score, 94.3 (Table S5). Alternative models including only
main effects or main effects plus two-way interactions have
AIC scores of 147.7 and 101.9, respectively. TEs, methylated
sequences, and pericentromeric/centromeric regions all
show significantly positive associations with mutations (Ta-
ble S5). Methylated TE positions on chromosome arms have
the highest mutation rate, whereas AT sites outside TEs on
chromosome arms have the lowest mutation rates, with a
30-fold difference between the highest and lowest mutation
rate (Figure 4).

Although sites in pericentromeric and centromeric regions
are more likely to be mutated than those on chromosome
arms, this effect is restricted to AT sites and non-TE regions
(Figure 4), as indicated by a significant negative interaction
between TE and distance from centromere (Table S5). Fur-
thermore, TE, methylation status, and chromosomal position
do not have additive effects on mutation rates (Figure 4 and
Table S5).

I Methylated lll Unmethylated

CG CHG CHH

Mutated Genome-wide

100%-

75%

50

Methylation frequency
ES

25%

0%

Mutated Genome-wide  Mutated Genome—wide

Figure 3 Comparison of cytosine methylation frequencies at all bases in
the genome and mutated bases in 107 MA lines. H refers to A, T, or G.
The methylation frequency is significantly higher at mutated bases than
the genome-wide occurrence of all three contexts, CG (x2 = 97.6,
df =1, P < 2e-16), CHG (x> = 141.6,d.f. = 1, P < 2e—16), and
CHH (x2 = 181.7,df. = 1, P < 2e—16).
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Figure 4 Effects of annotation as TE, cytosine methylation, and chromo-
some region on mutation rates in 107 MA lines. Log-transformed muta-
tion rates per site per generation are shown. Mutation rates for TE and
non-TE positions are highlighted in blue and red, respectively. Mutation
rates for AT positions as well as methylated and nonmethylated CG
positions are indicated in square, triangle, and circle, respectively. Error
bars indicate one SEM. Difference in mutation rates between chromo-
some arms and pericentromeric/centromeric regions among six classes
was assessed by Student’s t-test and significance levels of these multiple
tests were adjusted by sequential Bonferroni correction. NS indicates not
significant and asterisks indicate P < 0.001 (***).

Context effects and distribution of mutations along
the genome

We calculated the spacing of all unique 1694 SNMs, finding
that the inter-SNM distance is consistent with an exponential
distribution on chromosome arms (Kolmogorov-Smirnov test,
D = 0.032, P = 0.564), but not at the genome-wide scale
(D = 0.055,P = 1le—4), due to deviations from the expo-
nential distribution of spacing in pericentromeric/centro-
meric regions (D = 0.074, P = 0.019).

To test the effects of flanking nucleotides, we estimated
mutation rates for A/T and G/C positions flanked by different
nucleotides on either side, regardless of DNA strand orienta-
tion. G/C bases have a higher mutation rate than A/T bases
(two sample t-test, t = 14.4, d.f. = 18.9, P = 1le—11).
The nucleotide one position upstream (P = 0.96) or down-
stream (P = 0.97) does not have effects on mutation rate
variation and of all 16 possible combinations of flanking nu-
cleotides, after sequential Bonferroni correction, none have
significantly higher or lower mutation rates within the G/C or
A/T groups (Figure S2).

To examine potential nonindependence of the distribution
of mutations, we examined double mutations, defined as two
mutations in the same MA line within 10 bp of each other, and
at complex events, defined as multiple mutations within a
50 bp region (Zhu et al. 2014; Behringer and Hall 2016).
Twenty-three pairs of double mutations are found in 20 dif-
ferent MA lines (Table S6), representing 2.7% of all SNMs. In
contrast to other SNMs, the ratio of transitions (37) to



transversions (34) at double mutations is nearly one. Forty-
eight complex mutations, including 17 deletions, 6 insertions,
and 25 SNMs, are found in 16 different MA lines (Table S6).
Complex and double mutations occur significantly more of-
ten than expected from a random distribution of mutations
across the genome, as tested by 1000 random draws assum-
ing each mutation as independent (Z-test, P = 2e—16). This
observation suggests that most of the complex and double
mutations are the results of single mutational events, consis-
tent with the finding that multi-nucleotide mutations are
common in eukaryotes (Schrider et al. 2011).

Comparison of de novo mutations and natural
genetic variation

In a survey of 1135 natural accessions of A. thaliana,
10,707,430 biallelic SNPs and 1,424,879 small indels of up
to 40 bp have been found, using similar approaches as used
in this work (1001 Genomes Consortium 2016). These poly-
morphisms affect 11% and 1.5% of the reference genome,
respectively. Among the 1694 unique SNMs identified in
the MA lines, 389 SNMs (23%) coincide with biallelic SNPs
from the 1001 Genomes population, and in 289 (17%) cases
the variants are identical (Figure 5A). Of the 329 unique
indels identified in the MA lines, 95 (29%) overlap with
indels from the 1001 Genomes dataset, and 16 indels (5%
of the total) are identical (Figure 5A). The overlap between
MA-line polymorphisms and naturally occurring variants is
thus highly significant compared to expectations of overlap
based on a random distribution of mutations and polymor-
phisms (Figure 5A) (SNM: Fisher’s Exact test, P = 1e—10;
indel: Fisher’s Exact test, P = 6e—5). These results are also
found for the shared mutations, in which 44 of the 159 shared
SNMs overlap with 1001 Genome SNPs. The proportion of
the overlap with 1001 Genome SNP is not significantly dif-
ferent between shared or unique SNMs (x> = 0.88,
d.f. = 1, P = 0.35). We asked whether this overlap is bi-
ased toward SNPs with low allele frequency in the 1001 Ge-
nomes population. It is not. The proportion of SNPs with
allele frequency <0.01 is not significantly different between
1001 Genomes SNPs overlapping or not overlapping with MA
line SNMs (x? = 0.02,d.f. = 1,P = 0.90).

To further evaluate how much mutational processes might
influence patterns of intraspecific polymorphism and inter-
specific substitutions, we used a whole-genome alignment
between the A. thaliana Col-0 reference accession and refer-
ence genomes of A. lyrata (Hu et al. 2011) and Capsella ru-
bella (Slotte et al. 2013) to partition the A. thaliana genome
into conserved sites, where the three reference genomes are
identical, and lineage-specific substitutions in A. thaliana,
where a site is identical between A. lyrata and C. rubella,
but differs in the A. thaliana reference. We then separated
the 1001 Genomes biallelic SNPs (which were initially called
against the Col-0 reference) into 1,799,125 derived (SNPs
occurring at conserved sites) and 219,909 ancestral variants
(SNPs occurring at substitution sites of A. thaliana and having
the same sequence in A. lyrata and C. rubella). The overlap
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Figure 5 Overlap between mutations identified in 107 MA lines (SNMs)
and polymorphism detected in the 1001 Genomes population (SNPs). (A)
Comparison of expected and observed proportions of SNMs and indels
that overlap with biallelic SNPs and indels in the 1001 Genomes popula-
tion. Numbers on top of each bar indicate absolute overlap. (B) Compar-
ison of mutation rates and proportions of polymorphism at conserved
sites (identical in C. rubella, A. lyrata, and the A. thaliana reference ge-
nome) and at sites with substitutions in the A. thaliana Col-0 reference
genome. The proportion of polymorphism is calculated as the number of
biallelic SNPs divided by the number of reference sites. Asterisks indicate
P < 0.001 (***) of Fisher's Exact test following sequential Bonferroni
correction.

between MA line SNMs and derived 1001 Genomes variants
(11%) is about half the overlap between SNMs and ancestral
variants (21%). We further investigated whether the lower
overlap between SNMs and derived SNPs is due to low mutation
rate or low polymorphism at the conserved sites. The base mu-
tation rate (2.95 X 10~9) estimated from MA lines at these
conserved sites is indeed significantly lower than the muta-
tion rate at substitution sites (6.25 X 1079) (x2 = 194.3,
df. = 1, P < 2e—16) (Figure 5B). The proportion of poly-
morphism at the conserved sites (6%) is also significantly lower
than the polymorphism at substitution sites (20%) (Figure 5B)
(x? = 855,260, df. = 1,P < 2e—16).
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To compare the ratios of transitions to transversions, we
considered only the derived variants of the 1001 Genomes
population, to ensure that nucleotide changes could be po-
larized. The ratio of transitions to transversions is significantly
higher in MA lines (2.60) than in the derived variants of the
1001 Genomes population (1.05) (Fisher’s Exact test,
P < 2e—16). Among the six possible nucleotide substitu-
tions, mutations are strongly biased toward G:C to A:T tran-
sitions in the MA lines, but such bias is not evident in
the 1001 Genomes population (Figure 6) (x> = 431.4,
d.f. = 5, P < 2e—16). The G:C to A:T transition class ac-
counts for 59% of changes in the MA lines, but only 26% in
the 1001 Genomes population. Excluding changes from G:C
to A:T from the analysis greatly reduces the difference in
proportion of specific nucleotide changes between the MA
lines and the 1001 Genomes set (x> = 8.9, d.f. = 4,
P = 0.06).

A final result from the comparison of SNMs in our MA lines
and the 1001 Genomes polymorphisms reveals the distribu-
tion of SNMs and SNPs, with respect to different sequence
changes and genomic regions, to differ significantly between
the two sets (x2 = 41.49,d.f. = 5,P = 7e—8) (Figure 7),
with the ratio of nonsynonymous to synonymous mutations
being significantly higher in MA lines (2.19 vs. 1.46) (Fisher’s
Exact test, P = 2e—3) and intron SNMs being signifi-
cantly less frequent than intron SNPs (Fisher’s Exact test,
P = 3e-5).

Discussion

Ourwhole-genome sequencing effort of 107 MA lines provides
a comprehensive estimate of the spontaneous mutation pro-
file in A. thaliana. In agreement with earlier and more lim-
ited analyses (Ossowski et al. 2010; Jiang et al. 2014;
Exposito-Alonso et al. 2018), we find that mutations in A.
thaliana do not occur evenly across the genome: they are
biased toward G:C to A:T transitions, localize predomi-
nantly in TEs and pericentrometic/centromeric regions,
and are more frequent at methylated cytosines. As far as
we are aware, no other studies have documented accelera-
ted mutation rate in TEs. By increasing the number of docu-
mented spontaneous mutations more than an order of
magnitude, we show in addition that mutation rates vary
as much as 30-fold across the A. thaliana genome: they are
highest at methylated cytosines in TEs on chromosome arms
and lowest at AT sites outside TEs on chromosome arms.
Furthermore, deletions are more frequent and larger than
insertions, in agreement with evidence that A. thaliana ge-
nomes are still shrinking (Hu et al. 2011). Our data demon-
strate that the frequency of SNMs is independent of nearby
trinucleotide contexts. Either the number of mutations does
not yet provide sufficient power to detect more subtle effects
on mutation rates, or mutations in Arabidopsis are indeed
less affected by immediately surrounding sequence contexts
than mutations in Chlamydomonas genomes (Ness et al.
2015). That the overlap between mutations and natural
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Figure 6 Comparison of nucleotide changes in 107 MA lines (brown
bars) and the 1001 Genomes population (green bars). Complementary
mutations, such as A:T— G:C and T:A— C:G, are collapsed. The distribu-
tion of nucleotide changes in MA lines is significantly different from the
polymorphisms discovered in the 1001 Genomes Project (x> = 431.4,
df. =5 P < 2e—-16).

polymorphisms, which historically must have experienced
a wide range of environments, is significantly higher than
expected by chance, points to the stability of mutation rate
variation within a species.

Although the total number of SNMs varies considerably
among MA lines, ranging from 8 to 40 SNMs among lines,
the occurrence of SNMs per MA line is consistent with a
Poisson distribution, suggesting that SNMs are indepen-
dently distributed among the MA lines, and that the number
of SNMs across lines reflected different outcomes of a
probabilistic process rather than variation in the inherent
mutation rate across the lines. Indeed, the line with the
highest number of mutations (MA line 32 contains
40 SNMs) did not contain any mutations in known DNA
repair genes. Early mutations at DNA repair genes could
cause significant variation of mutation rates among MA
lines (Hoffman et al. 2004; Turrientes et al. 2013; Belfield
et al. 2018). Since the overdispersion is insignificant, as
expected, the distribution of SNMs per MA line also fit a
negative binomial distribution with the best fit overdisper-
sion parameter. A Poisson or negative binomial distribu-
tion for the number of SNM per MA line has also been
reported in budding yeast (Saccharomyces cerevisiae)
(Zhu et al. 2014) and fission yeast, Schizosaccharomyces
pombe (Behringer and Hall 2016).

We have confirmed that mutation is biased toward cen-
tromeres in A. thaliana, as previously observed (Ossowski
et al. 2010). The same pattern has also been reported for
budding yeast, S. cerevisiae (Bensasson 2011). Centromeric
chromatin contains a specific histone variant, CENH3 (Ravi
et al. 2011), and Bensasson (2011) postulated that DNA
might be difficult to unwind from CENH3, resulting in DNA
breaks not easily accessible to the repair machinery, account-
ing in turn for the higher centromere mutation rates.
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Figure 7 Comparison of the genomic locations of SNMs in 107 MA lines
(brown bars) and SNPs discovered in the 1001 Genomes Project (green
bars). The distributions are significantly different from each other (2 = 37.8,
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A high mutation rate in TEs could lead to their genetic
inactivation through sequence degradation (Le Rouzic et al.
2007). Our estimated base mutation rate at TEs is
1.36 X 1078, about twice the genome-wide average. This
elevated rate, along with absence of novel TE insertion in
the MA lines, could account for the observation that TE copy
number is generally low in A. thaliana, even though all
known plant TE families are present in the A. thaliana ge-
nome (Arabidopsis Genome Initiative 2000). TE content is
strongly correlated with plant genome size (Tenaillon et al.
2010). Given that TE mutation rate strongly affects TE con-
tent, as our results imply, we would predict a negative corre-
lation between TE mutation rate and plant genome size.
Alternatively, more efficient selection against TE insertion
in selfers like A. thaliana might lead to the same result
(Lockton and Gaut 2010). Nevertheless, it is important to
account for the elevated mutation rate of TE sequences in
estimating TE age and diversification in plants.

Methylated cytosines have an increased mutation rate
(Ossowski et al. 2010; Xia et al. 2012), consistent with spon-
taneous deamination of methylated cytosines leading to sub-
stitution with thymine (Duncan and Miller 1980). If the
transition-biased mutation rate in A. thaliana MA lines was
driven mainly by methylation at cytosines, we should observe
an increased transition rate at methylated sites compared to
nonmethylated ones. However, this increase is not significant
compared to nonmethylated sites. These results suggest that
in addition to methylation, other factors contribute to the
high transition rate found in MA lines (see also Ossowski
et al. 2010).

Genomessize is directly affected by deletions and insertions.
We observed a deletion bias, with deletions being not only
more frequent but also larger than insertions, providing a
plausible explanation for genome size shrinkage in A. thaliana
relative to related species (Hu et al. 2011), with the proviso
that the analysis tools we used probably are more powerful
for detection of deletions compared to insertions. Natural

variants also suggest a bias toward deletions (Hu et al.
2011), as do comparisons with related species (Rutter et al.
2012a). This deletion-biased mutation is consistent with the
finding that the repair mechanism for DNA double-strand
breaks in A. thaliana preferentially causes larger deletions
(Vu et al. 2017). While deletion-biased mutation has also
been observed in Drosophila (Keightley et al. 2009;
Leushkin et al. 2013) and budding yeast S. cerevisiae (Zhu
et al. 2014), an opposite trend of insertion-biased mutation
was found in fission yeast S. pombe (Farlow et al. 2015;
Behringer and Hall 2016) and nematodes (Denver et al.
2004), suggesting that DNA repair mechanisms might func-
tion differently among taxa.

The ratio of nonsynonymous to synonymous substitution is
significantly lower in the 1001 Genomes data set (1.46) (1001
Genomes Consortium 2016) than in our MA lines (2.19). This
suggests that the strength of selection is reduced in our MA
experiments, although we cannot rule out the possibility that
some mutations that affect germination are selected against
during the propagation of MA lines, and that lethal or highly
deleterious mutations are excluded. Our finding that intron
SNPs are more frequent than intron SNMs is inconsistent
with the inference in C. grandiflora that introns evolve neu-
trally (Williamson et al. 2014). Transitions are 2.6 times
more frequent than transversions in the MA lines, with a
strong bias toward G:C to A:T transitions. The base compo-
sition equilibrium due to mutations alone would be 85% AT,
which is far higher than the observed 74% AT in the A. thali-
ana reference genome. These results imply that the base
composition does not solely reflect mutation outcome.

The 1001 Genomes polymorphism set is much less skewed
toward G:C to A:T substitutions than our MA lines (Figure 5),
suggesting selection favoring G:C over A:T or a mechanism
that compensates for AT-biased mutations in natural popula-
tions. High thermal stability may be the cause of selection for
increased GC content in animal genomes (Bernardi 2000),
whereas GC-biased conversion and selection for codon usage
efficiency were shown to drive GC content increase in the rice
genome (Muyle et al. 2011).

Assuming that only indels in coding regions and nonsynon-
ymous SNMs affect fitness, we estimate that the diploid
genomic rate of mutation rate affecting fitness is 0.16 per
generation, which is very close to conclusions made with a
much smaller data set (Ossowski et al. 2010). These estimates
are also similar to the estimates based on fitness measures of
these lines in the field (Rutter et al. 2010) and greenhouse
experiments (Shaw et al. 2002). In aggregate, our findings
are entirely consistent with de novo mutations in protein cod-
ing regions contributing to population level genetic variation
for fitness.

Mutational processes influence the patterns of intraspecific
polymorphism and interspecific variation, and a comparison
between the MA lines and the 1001 Genomes population
revealed that the specific sites of mutations and natural
polymorphisms significantly overlap in the two datasets.
Because the strength of selection is minimized in the MA
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experiment, the significant overlaps between SNMs and SNPs
could not be due to selection alone, but indicates that poly-
morphic sites tend to have a higher mutation rate than mono-
morphic sites and are therefore also more often mutated in the
MA lines. For interspecific comparisons, we found that con-
served sites (identical between the A. thaliana, A. lyrata, and
C. rubella reference genomes) have reduced mutation rates
(2.62 X 1077) compared to the genome-wide mutation rate
(6.95 X 1077). Our results thus strongly suggest an impor-
tant role of ongoing mutation in generating current natural
genetic diversity, with high mutation rates at some sites con-
tributing to high polymorphism and low mutation rates at
other sites reducing genetic variation in natural populations.
Thus, variation in mutation rates across the genome must be
considered when interpreting observed patterns of genetic
diversity.

Conclusions

The current study provides the most comprehensive estimate
of mutation spectrum and mutational inputs for a plant. Using
A. thaliana MA lines, we greatly increase the evidence for a
series of conclusions: (1) mutation rates vary across the ge-
nome; (2) mutations are biased toward transitions, toward
sites in TEs, toward pericentromeric/centromeric regions,
and toward methylated cytosines; (3) patterns of mutational
distribution along the genome play a large role in contribut-
ing to patterns of genetic variation found in natural popula-
tions. We conclude that incorporating the observed genomic
patterns of mutations into analyses of natural patterns of
variation enhances our understanding of how natural vari-
ants have been maintained, and how populations respond to
selection (Bailey and Bataillon 2016).
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