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Mutation is the source of genetic variation and fuels biological evolution. Many mutations first arise as DNA replication
errors. These errors subsequently evade correction by cellular DNA repair, for example, by the well-known DNA mismatch
repair (MMR) mechanism. Here, we determine the genome-wide effects of MMR on mutation. We first identify almost 2000
mutations accumulated over five generations in eight MMR-deficient mutation accumulation (MA) lines of the model plant
species, Arabidopsis thaliana. We then show that MMR deficiency greatly increases the frequency of both smaller-scale inser-
tions and deletions (indels) and of single-nucleotide variant (SNV) mutations. Most indels involve A or T nucleotides and
occur preferentially in homopolymeric (poly A or poly T) genomic stretches. In addition, we find that the likelihood of
occurrence of indels in homopolymeric stretches is strongly related to stretch length, and that this relationship causes ul-
trahigh localized mutation rates in specific homopolymeric stretch regions. For SNVs, we show that MMR deficiency both
increases their frequency and changes their molecular mutational spectrum, causing further enhancement of the GC to AT
bias characteristic of organisms with normal MMR function. Our final genome-wide analyses show that MMR deficiency
disproportionately increases the numbers of SNVs in genes, rather than in nongenic regions of the genome. This latter ob-
servation indicates that MMR preferentially protects genes from mutation and has important consequences for understand-

ing the evolution of genomes during both natural selection and human tumor growth.

[Supplemental material is available for this article.]

Spontaneous mutation is the source of the genetic variation that
enables the biological evolution of organisms. Spontaneous muta-
tions may have deleterious, neutral, or advantageous effects on the
relative selective fitness of organisms, and precise knowledge of
mutational rates, molecular classes, and genomic distributions is
essential if we are to understand how evolution works. However,
until recently, knowledge of mutational processes was obscured
by the difficulties inherent in observing sufficient numbers of mu-
tations to be able to meaningfully discern their rates, patterns, and
distributions throughout the genome.

Most spontaneous mutations likely arise from errors of DNA
replication (Kunz et al. 1998; Stuart et al. 2000). Eukaryotic organ-
isms have evolved sequential processes for enhancing the accurate
replication of the genome and for repairing DNA replication errors.
First, most DNA-replicating DNA polymerase enzyme activities
strongly disfavor mismatch formation. Second, the few mismatch-
es that do occur are corrected by the proofreading function of the
polymerase during replication. Third, the tiny minority of mis-
matches that escape proofreading are repaired by the mismatch re-
pair (MMR) mechanism (Kunkel and Erie 2015). The majority of
spontaneous mutations are therefore thought to be replication
errors that have evaded these sequential repair mechanisms. As
expected, MMR-deficient mutant organisms exhibit elevated mu-
tation rates (e.g., Schaaper 1993; Earley and Crouse 1998; Buer-
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meyer et al. 1999; Harfe and Jinks-Robertson 2000a; Hoffman
et al. 2004). However, until recently, even this elevated rate was in-
sufficient to generate enough mutations for robust determination
of the frequencies, molecular spectra, and genomic distribution
patterns of spontaneous mutations in MMR-deficient organisms.

Many previous studies have used mutation accumulation
(MA) lines to study spontaneous mutations in diverse species
(e.g., Baer et al. 2005; Haag-Liautard et al. 2007; Keightley et al.
2009; Ossowski et al. 2010; Denver et al. 2012; Ness et al. 2012;
Rutter et al. 2012; Zhu et al. 2014). Here, we combine use of MA
lines with whole-genome sequencing (WGS) to analyze spontane-
ous mutations arising in the genomes of MMR-deficient
Arabidopsis thaliana plants. These MA lines were propagated via
single-seed descent, allowing the accumulation of spontaneous
mutations generation by generation. Because each line passes
through a tight (single-seed) bottleneck at each generation, only
strongly deleterious mutations are lost, whereas others (weakly
deleterious, neutral and advantageous) accumulate over time.
Our study enabled the capture, to our knowledge, of the most mu-
tations so far analyzed in MMR-deficient organisms. Our resulting
analyses enabled us to advance understanding of the process of
spontaneous mutation and of the roles played by MMR in reduc-
ing spontaneous mutation rates.

© 2018 Belfield et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publication
date (see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it
is available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/by-
nc/4.0/.
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Genome-wide effects of plant MMR deficiency

Results

Whole-genome sequencing of MMR-deficient Atmsh2-1 MA lines
and overview of detected mutations

The A. thaliana Atmsh2-1 mutant is MMR-deficient (Hoffman et al.
2004). We first used Atmsh2-1 to establish multiple independent
MMR-deficient A. thaliana MA lines. In brief, eight independent
Atmsh2-1 MA lines were selected for further analysis (Fig. 1A;
Methods; Supplemental Methods). We then compared mutations
accumulated in the genomes of MA lines homozygous for the wild-
type (WT) AtMSH2 allele with those accumulated in the genomes
of these eight initially isogenic Atmsh2-1 MA lines (Methods;
Supplemental Methods). WGS was performed on genomic DNA
extracted from the single generation 0 (GO) Atmsh2-1 Ancestor
plant (Fig. 1A) and from single generation 5 (GS5) plants from the
eight Atmsh2-1 MA lines shown in Supplemental Table 1
(Methods; Supplemental Methods). At least 3 Gb of 125-bp
paired-end Illumina sequencing reads were generated for each ge-
nomic DNA sample, equating to 27.7-27.8 million raw sequencing
reads per sample. Following alignment to the TAIR10 Arabidopsis
thaliana reference genome sequence (Methods; Supplemental
Methods), we obtained between 23.3- and 26.0-fold aligned cover-
age for each sample, with 117.6-118.7 million sites from the 119.1
million bp reference genome passing the quality requirements in
each sample (Supplemental Table 1). Using previously described
computational mutation-detection methods (Belfield et al. 2012;
Jiang et al. 2014), we identified a total of 8711 new homozygous
mutations in the G5 Atmsh2-1 MA line genomes (Table 1A; Fig.
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Figure 1. Establishment of MMR-deficient A. thaliana mutation accumu-
lation (MA) lines and overview of mutations identified. (A) Steps in the gen-
eration of MA lines: (1) preparation of Generation 0 (GO0) Atmsh2-1
Ancestor; (2) determination of Atmsh2-1 Ancestor whole-genome se-
quence; (3) creation of independent MA lines by self-pollination of
Atmsh2-1 Ancestor and subsequent single-seed descent; (4) recovery of
40 fifth generation (G5) MA line plants; and (5) determination of whole-
genome sequence of eight G5 MA line plant samples. (B) Overview of total
mutations accumulated in all eight G5 Atmsh2-1 MA line plant samples.
Deletions are 1-5 bp in size; insertions are 1-3 bp in size; SNVs are sin-
gle-nucleotide variants (single-nucleotide substitutions).

1B; Methods; Supplemental Methods). These new mutations
were not present in the GO Atmsh2-1 Ancestor genome (in either
heterozygous or homozygous state) and had therefore arisen dur-
ing the five generations of propagation of the G5 Atmsh2-1 MA
lines. Among these 8711 new mutations, 3961 were small-scale de-
letions (a maximum of 5 bp), 702 were small-scale insertions (a
maximum of 3 bp), and 4048 were single-nucleotide variants (sin-
gle-nucleotide substitution variants; SNVs) (Fig. 1B). Thus, SNVs
(46.5%) were the most frequent mutation in the MMR-deficient
MA lines, closely followed by deletions (45.5%), with insertions
being relatively infrequent (8.1%), and deletions being approxi-
mately sixfold more frequent than insertions. The frequencies of
insertion, deletion, and SNV mutations did not obviously differ
between the eight Atmsh2-1 MA lines or between each of the 5§
A. thaliana chromosomes (Table 1A; Supplemental Fig. 1).

Because our bioinformatics approaches had detected no new
insertions/deletions (indels) >5 bp, we validated our findings us-
ing the independent GATK HaplotypeCaller (Van der Auwera
et al. 2013; Methods; Supplemental Methods). This independent
analysis confirmed the absence of any large indels of >5 bp. In ad-
dition, because our use of average data coverage analysis methods
revealed no detectable large-scale copy number variants (CNVs;
minimum length 1000 bp) (Methods; Supplemental Methods),
we conclude that the vast majority of the mutations accumulating
in MMR-deficient A. thaliana are SNVs and small-scale indels of siz-
es as defined above.

MMR deficiency confers a >1000-fold increase in the frequency
of small-scale indel mutations

We next found that the frequencies of new indel mutations in G5
Atmsh2-1 MA line samples was more than three orders of magni-
tude greater than in WT controls (116.6 mutations per Atmsh2-1
MA line per generation versus 0.08 or 0.11 in WT lines, Jiang
et al. 2014 and Ossowski et al. 2010, respectively) (Fig. 2A;
Supplemental Methods). The vast majority of indels affected only
single bases (95.4%; 4447 of 4663 total indels) (Fig. 2B,C), with
1-bp deletions being the most frequent (81.9%; 3817 of 4663)
(Fig. 2B). Larger deletions (2-5 bp) became progressively less fre-
quent with increasing deletion size (Fig. 2B). The largest indel ob-
served was a single 5-bp deletion (Fig. 2B). Similarly, 1-bp insertion
mutations were the most frequent insertion mutation (89.7%; 630
of all 702 insertions) (Fig. 2C) and, along with 2-bp insertions, ac-
counted for 99.4% of total insertions observed (Fig. 2C).

Of all indels identified in Atmsh2-1 MA lines, most (95.8%,
4466 of 4663) involved A or T nucleotides, either as A or T mono-
nucleotides (1-bp indels), or as AA or TT dinucleotides (2-bp indels)
(Fig. 2D). In addition, most indels were located predominantly
within homopolymeric repeat sequences. For example, of the
4663 indels identified, 1924 (~100% of total 1925) 1-bp A dele-
tions were in homopolymeric A stretches (AAAA, etc.) of >4-bp
length, and 1847 (~100% of total 1850) 1-bp T deletions were in
homopolymeric T stretches of >4-bp length. In addition, 313 (of
total 314) 1-bp A insertions were in homopolymeric A stretches
of >4-bp length, whereas 284 (of total 287) 1-bp T insertions
were in homopolymeric T stretches of >4-bp length. Similarly,
with respect to dinucleotide indels, 44 (of total 44) AA deletions
were in homopolymeric A stretches of >4-bp length, and 35 (of to-
tal 35) TT deletions were in homopolymeric T stretches of >4-bp
length. Thus, the genomes of MMR-deficient A. thaliana plants
are particularly prone to the accumulation of indel mutations in
homopolymeric A or T repeat sequence regions.
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Table 1. Mutations detected in Atmsh2-1 MA line plants

(A) Number of mutations in each category

Atmsh2-1 MA line

MA-1 MA-4 MA-5 MA-8 MA-9 MA-11 MA-13 MA-15 Total
SNV 669 536 681 404 404 411 415 528 4048
Deletion 617 543 487 644 361 398 390 521 3961
Insertion 139 97 97 89 62 62 62 94 702
Total mutations 1425 1176 1265 1137 827 871 867 1143 8711
(B) Number of SNVs in each category and mutation rates Atmsh2-1 MA line

MA-1 MA-4 MA-5 MA-8 MA-9 MA-11 MA-13 MA-15 Total
AT-G:C 46 65 51 71 40 57 41 40 411
G:C->AT 545 393 550 259 318 311 301 408 3085
AT-CG 12 12 10 16 8 5 13 12 88
AT-TA 12 13 11 10 8 9 16 11 90
G:.C-TA 38 35 28 35 24 18 29 33 240
G:C-C:G 16 18 31 13 6 15 11 24 134
Total SNVs 669 536 681 404 404 415 411 528 4048
Mutation rate (x10~7) 1.3 9.1 11.5 6.8 6.8 7.0 7.0 8.9 8.5
Standard error (x1077) 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.4 0.1

Indel incidence in MMR-deficient plants displays a bell-shaped
curve relationship with homopolymeric region length

We also found that the likelihood of an indel mutation occurring
within a homopolymeric repeat region in MMR-deficient plants is
related to the length of that region (for homopolymer repeat re-
gion length distributions for the A. thaliana genome, see
Supplemental Fig. 2A,B; see also Fig. 2E,F; Supplemental Fig. 2C-
E). In particular, the frequencies of single-base A and T indels
found in homopolymeric repeat regions display a bell-shaped dis-
tribution curve with respect to repeat region length (Fig. 2E,F).
These frequencies rise with increasing mononucleotide repeat se-
quence length, peak at lengths of ~11-13 nt, and then fall with
further increases in repeat sequence length (Fig. 2E,F). We also ob-
tained independent visual validation of these bell-shaped distribu-
tions using Integrative Genomics Viewer (IGV) (Robinson et al.
2011; Supplemental Methods). In consequence of these observa-
tions, single-base A or T deletions are particularly likely to occur
in lengths of 11-14 bp homopolymeric A or T repeat sequence re-
gions, whereas single-base A or T insertions are particularly likely
to occur in lengths of 10-15 bp homopolymeric A or T repeat se-
quence regions (for normalized data, see Fig. 2E,F; for non-normal-
ized data, see Supplemental Fig. 2D,E). In addition, 2-bp A or T (AA
or TT) dinucleotide deletions were also found to be located primar-
ily in longer homopolymeric A or T repeat sequence regions (13-15
bp) (Supplemental Fig. 2C).

Single-base C or G indels occurred much less frequently than
single-base A or T indels and accounted for only ~1.5% of the total
indels (71 of 4663) (Fig. 2D) detected in G5 Atmsh2-1 MA lines. As
with single-base A or T indels, a disproportionate number of single-
base C or G indels were located within homopolymeric stretches
(Supplemental Fig. 3A-D). For example, 83% (59 of 71) of all sin-
gle-base C or G indels (32 deletions and 27 insertions) were in ho-
mopolymeric C or G stretches of >4-bp length. However, the
distribution of frequencies of single-base C or G indels in homo-
polymeric repeat regions, unlike that for single-base A or T indels
(Fig. 2E,F), was not obviously bell-shaped (Supplemental Fig. 3C,
D), although this may have been because of the relative infrequen-
cy of these types of mutation.

Homopolymeric repeat sequences are mainly located in the
noncoding DNA of the A. thaliana genome. We therefore deter-
mined the genomic distribution of indels identified in G5

Atmsh2-1 MA line samples. Accordingly, indels were found to be
most frequent in noncoding regions of the genome, to be especial-
ly prevalent in intergenic regions (67%) and in introns (18%), and
to be less so in protein-encoding sequences (~2% in coding se-
quence [CDS]) (Fig. 2G).

MMR deficiency confers a ~170-fold increase in the frequency
of single-nucleotide variant (SNV) mutations

We identified 4048 new SNVs in the eight G5 MMR-deficient
Atmsh2-1 MA line sample plants (Table 1A; Fig. 1B). SNVs were
the largest single category of mutations, i.e., 46.5% versus 45.5%
(3961) deletions and 8.1% (702) insertions (Fig. 1B). We estimated
an overall MMR-deficient A. thaliana SNV mutation rate of 8.5 x
1077 per site per generation (Table 1B; Supplemental Methods), al-
though this may be an underestimate due to the limited number of
MA line generations (Hoffman et al. 2004; Ossowski et al. 2010;
Jiang et al 2014). Nevertheless, this estimated MMR-deficient
SNV mutation rate is between 132- and 204-fold higher than rates
observed in MMR-proficient A. thaliana MA lines, that is, 6.5 x
1077 (Ossowski et al. 2010) and 4.2 x 10~° (Jiang et al. 2014), and
indicates that MMR plays a major role in maintaining A. thaliana
genome integrity.

Previous studies have shown that mutations arising in WT
Arabidopsis MA lines exhibit a GC-to-AT mutation bias and conse-
quently have a higher than expected (by chance) transition/trans-
version (Ti/Tv) ratio of 2.4-2.7 (Fig. 3A; Ossowski et al. 2010; Jiang
et al. 2014). Our observations indicate that this mutational bias is
enhanced by MMR deficiency, with the overall rate of transitions
(GC-to-AT and AT-to-GC) increasing from 73.2% in WT MA lines
(Ossowski et al. 2010) to 87.5% in Atmsh2-1 MA lines (Fig. 3B).
This is due to a ~16% higher preponderance of GC-to-AT muta-
tions in MMR-deficient Atmsh2-1 MA lines (81.4%) versus those
in MMR-proficient WT MA lines (65.5%) (Ossowski et al. 2010).
In consequence, the Ti/Tv ratio rises to about 7.0 in MMR-deficient
Atmsh2-1 MA lines (Fig. 3C), 2.6-fold higher than is observed in
MMR-proficient WT MA lines (Fig. 3A; Ossowski et al. 2010).

SNVs occur preferentially in particular sequence contexts

in MMR-deficient A. thaliana

Using motif-detection algorithms, we next determined if SNVs ac-
cumulating in MMR-deficient MA lines occur in preferred
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Figure 2. Characterization of indel mutations in MMR-deficient A. thaliana. (A) Frequency of indels (in-
sertions and deletions) in G5 Atmsh2-1 MA line samples compared with that in wild-type (WT) controls
(WT1 data from Ossowski et al. 2010; WT2 data from Jiang et al. 2014). Error bars indicate SEM (too small
to be clearly visible in WT1 and WT2). (B,C) Length distributions (in bps) of indels in G5 Atmsh2-1 MAline
samples: (B) deletions; (C) insertions. (D) Comparison of different classes of 1- and 2-bp indels accumu-
lated in G5 Atmsh2-1 MA line samples. (E,F) Frequency of single-base A or T deletions (E) or A or T inser-
tions (F) in different length categories of homopolymeric A or T repeat regions (values normalized by the
number of each length category of homopolymeric A or T repeat region in the A. thaliana genome)
(Supplemental Fig. 2A,B). Dotted lines indicate moving average trends. (G) Genomic distribution of
indels in G5 Atmsh2-1 MA line samples. (CDS) coding sequence; (UTR) untranslated region; (TE) trans-
posable element; (Other) noncoding RNAs and pseudogenes. Error bars in E-G indicate SEM (from eight
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different Atmsh2-1 MA biological replicates) (Supplemental Table 4).

sequence contexts. Taking all GC-to-AT transitions (81.4% of
MMR-deficient SNVs) (Fig. 3B,C), we first determined that there
was no asymmetry between the flanking sequences (—10 bp to
—1 bp and +1 bp to +10 bp) of C-to-T and reverse complemented

G-to-A transition sites (P-values ranging
from 0.74-1, XZ test). Next, we compared
the distribution of bases flanking all C-
to-T transition sites (and flanking all re-
verse complemented G-to-A to C-to-T
transition sites) to the distribution of bas-
es flanking all C sites (and the reverse
complement G sites) in TAIR1O0. In brief,
we extracted from TAIR10 the —10 bp
and +10 bp DNA sequences flanking
each of the 1470 C residues (total C-to-
T transition sites) and 1807 G residues
(total G-to-A transition sites reverse com-
plemented to C-to-T sites) at which tran-
sition mutations were detected (Fig. 4A).
The positional flanking nucleotide resi-
due distributions thus obtained for these
transition mutation sites were then com-
pared with the equivalent distributions
for all C and all reverse complemented
G sites in the TAIR10 A. thaliana genome
(Fig. 4B). This comparison revealed
strong enrichment for A (47% versus the
expected 29%) and G (36% versus the ex-
pected 17%) residues immediately 5’ to
the mutated C (P-value=0, x> test) (Fig.
4A,B). An additional significant, although
smaller, enrichment for A (41% versus the
expected 35%) and G (19% versus the ex-
pected 13%) residues immediately 3’ to
the mutated C was also detected (P-value
<1.6x107'°, x> test) (Fig. 4A,B). Thus,
the most frequent SNVs (GC-to-AT transi-
tions) in MMR-defective A. thaliana are
more prevalent in some flanking se-
quence contexts than in others.

Interestingly, these sequence con-
text biases for SNVs in MMR-defective
MA lines are not as prominent for SNVs
in WT MMR-proficient MA lines. We as-
sayed the flanking sequence of 85 GC-
to-AT mutations identified in WT MA
lines: 47 from Ossowski et al. (2010),
and 38 from Jiang et al. (2014). The flank-
ing sequences immediately 5’ and 3’ of
the GC-to-AT mutation sites in WT MA
lines do not exhibit significant residue
enrichment (P-values >0.1, Fisher’s exact
test) (Fig. 4C). The possible significance
of these observations is discussed subse-
quently (Discussion).

Localized microclustering of new
mutations in MMR-deficient lines
is relatively rare

We next sought to determine if we could
detect deviations of mutation distribu-

tion from the null hypothesis expectation of random distribution
throughout the genome, focusing first on the possibility of local-
ized microclustering of mutations. Essentially, we determined
whether the mutations detected in the eight MMR-deficient MA
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Figure 3. Comparisons of SNV mutational spectra in WT and MMR-de-
ficient A. thaliana. (A) Mutation spectrum and Ti/Tv ratio in MMR-profi-
cient WT MA lines (data from Ossowski et al. 2010). (B) Relative
percentage of transitions versus transversions in G5 Atmsh2-1 MA line
plants versus that seen in MMR-proficient WT MA lines (WT data from
Ossowski et al. 2010). (C) Mutation spectrum and Ti/Tv ratio of SNVs de-
tected in MMR-deficient G5 Atmsh2-1 MA line plants. Error bars (A-C) in-
dicate SEM from five (WT data) or eight (MMR-deficient data) biological
replicates (in some cases, too small to be clearly visible).

lines were all random independent events or, alternatively, if there
was any evidence of nonrandom spatial clustering (for details, see
Supplemental Methods). Although we found evidence supporting
the relatively infrequent occurrence of genomic regional cluster-
ing of mutations, we concluded that the genomic distribution of
the vast majority of mutations in MMR-deficient MA lines is not
detectably different from the random expectation when assayed
by clustering analysis.

MMR deficiency reduces disparities between pericentromeric
and nonpericentromeric chromosomal regional mutation rates

We next examined the chromosomal distribution of SNVs and
indels in MMR-deficient plants. A previous study suggests that
the SNV mutation rate is higher in pericentromeric (e.g., within
~3.0x10° bp of each centromere) than in nonpericentromeric
chromosomal regions, with 44.1% more SNVs in pericentromeric
(versus nonpericentromeric) WT chromosomal regions (1.147 ver-
sus 0.796 SNVs/Mb, respectively) (Ossowski et al. 2010). Thus, in
WT plants, mutations appear to be unevenly spread within chro-
mosomes. In contrast, we found only 5.9% more SNVs in pericen-
tromeric (versus nonpericentromeric) chromosomal regions of
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Figure 4. Flanking sequence bias at SNV sites in MMR-deficient A. thali-
ana. Nucleotide flanking sequences 10 bases upstream (5’) and down-
stream (3) from each mutated site are shown as stacked columns and
sequence logos (Schneider and Stephens 1990; Crooks et al. 2004). (A)
Combined 1470 C-to-T and 1807 reverse complemented G-to-A to C-
to-T mutations in G5 Atmsh2-1 MA line samples. (B) The haploid flanking
sequence composition for all C and reverse complemented G sites in the
TAIR10 A. thaliana reference genome. (C) The combined flanking sequenc-
es at sites of spontaneous C-to-T and reverse complemented G-to-A to C-
to-T transition site mutations identified in WT (MMR-proficient) A. thaliana
MA lines (Ossowski et al. 2010; Jiang et al. 2014). Sequence logos showing
graphical representations of the relative frequencies of individual nucleo-
tide residues with respect to position within the flanking sequences are
shown as stacked letters, along with the number of sites (combined C
and reverse complemented G-to-A to C-to-T sites) considered (shown as
N). The letters in each stack are ordered from most (top) to least (bottom)
frequent. The overall height of each stack indicates the sequence conserva-
tion at that position (measured in bits), whereas the height of each letter
within the stack indicates the relative frequency of each nucleotide (A, T,
C, or G) at that position (Crooks et al. 2004).
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Atmsh2-1 MA lines (35.7 versus 33.7 SNVs/Mb, respectively). Thus,
MMR deficiency significantly reduces the difference between the
relative proportions of SNVs in pericentromeric versus nonperi-
centromeric chromosomal regions (P-value 5.2 x 10712, »2 test).

We next discovered additional disparities between the rela-
tive proportions of indels in pericentromeric versus nonpericen-
tromeric chromosomal regions. In WT plants, and in contrast to
the relative distribution of SNVs, indels are more frequent in non-
pericentromeric than in pericentromeric chromosomal regions
(136.0% more indels in nonpericentromeric versus pericentro-
meric regions; 0.157 versus 0.067 indels/Mb, respectively).
However, in MMR-deficient Atmsh2-1 MA lines, there are only
80.2% more indels in nonpericentromeric regions versus pericen-
tromeric regions (41.2 versus 22.9 indels/Mb, respectively; P-value
4.3 x 1073, %% test). We conclude that MMR deficiency reduces the
disparities in incidence of SNVs and indels between nonpericen-
tromeric and pericentromeric chromosomal regions, and in WT
plants, MMR function contributes to those disparities.

MMR deficiency increases the relative frequency of SNVs
within genes

Because nonpericentromeric DNA is relatively gene-rich (and peri-
centromeric DNA relatively gene-poor) (The Arabidopsis Genome
Initiative 2000), we next specifically determined the effect of MMR
deficiency on the incidence of SNVs in genes. To do this, we first
separated the A. thaliana genome sequence into distinct coding
DNA sequence (CDS), intron, intergenic, untranslated regions
(UTRs; 5" and 3'), transposable element (TE), and “other” category
regions (Fig. 5, gray bars). We next determined the relative fre-
quencies of SNVs accumulated in each genomic regional category,
using data from MMR-proficient (WT) (Fig. 5, orange bars) and
MMR-deficient (Atmsh2-1) (Fig. 5, blue bars) MA line samples.
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Figure 5. Genome-wide distribution of SNV mutations in WT and
Atmsh2-1 A. thaliana MA lines. Gray bars show the relative distribution of
A. thaliana reference genome annotation categories (expressed as a per-
centage of the total genome): (CDS) coding DNA sequence; (UTRs) un-
translated regions; (TE) transposable element; (Other) noncoding RNAs
and pseudogenes. Orange bars show relative distribution (%) of SNVs in
WT MA lines between different genomic annotation categories; data
from Ossowski et al. (2010) and Jiang et al. (2014) were averaged for
each genomic annotation category. Blue bars show relative distribution
(%) of SNVs in MMR-deficient Atmsh2-1 MA lines between different geno-
mic annotation categories. Number (N) of WT SNVs from Ossowski et al.
(2010), N=98; from Jiang et al. (2014), N=44. Number of Atmsh2-1
SNVs, N=4048.

We found that the relative frequency (proportion of total) of
SNVs in genic regions (CDS, introns, UTRs) was significantly in-
creased in MMR-deficient genomes (with respect to WT genomes;
P-value=6.3 x 107°, Fisher’s exact test; 95% confidence interval
(CI)=1[2.16, 8.53]). In contrast, the relative frequency of SNVs in
nongenic regions (intergenic, TE) was significantly reduced (P-val-
ue=1.66 x 107*, Fisher’s exact test; 95% CI=[0.10, 0.43]) (Fig. 5).
In addition, the relative distribution of SNVs between different ge-
nomic category regions in MMR-deficient genomes (Fig. 5, blue
bars) closely mirrored the relative distribution of the genome as a
whole between those different categories (Fig. 5, gray bars), where-
as that of SNVs in WT genomes (Fig. 5, orange bars) did not. This
latter observation suggests that SNVs are distributed more or less at
random throughout MMR-deficient genomes, but are less random-
ly distributed in WT genomes. A particular feature of the WT distri-
bution is that genic regions accumulated relatively fewer SNVs
than would have been expected if those SNVs had been randomly
distributed throughout the genome. In essence, our observations
suggest that MMR preferentially protects the integrity of genic re-
gions of the genome.

Discussion

MMR deficiency increases the frequency of spontaneous
mutations in A. thaliana

Mutations are alterations in genomic DNA sequence that first re-
sult from errors in DNA replication or damage due to endogenous
organismal and exogenous environmental factors (e.g., Jiang et al.
2011, 2014; Belfield et al. 2012). These alterations subsequently
evade MMR and other DNA repair mechanisms, and thus become
the mutations that fuel both evolution and tumor progression.
Previous genetic studies have revealed the role of MMR in reducing
spontaneous mutation rates. For example, in MMR-deficient mu-
tant yeast the frequency of GC to AT transitions is elevated, and
the frequency of small insertions/deletions (indels) is also in-
creased (Lang et al. 2013; Serero et al. 2014; Zhu et al. 2014).
Here, we have exploited an MMR-deficient mutant (Atmsh2-1) of
the model angiosperm plant A. thaliana that lacks the core MSH2
subunit of the MMR complex, and thus lacks MMR function
(Hoffman et al. 2004). Our mutation accumulation (MA) line stud-
ies (Fig. 1A) have confirmed that MMR-deficient plants exhibit an
increased frequency of spontaneous mutation (for an overall sur-
vey of recovered mutations, see Fig. 1B). Our relatively large muta-
tion sample size (8711 mutations) (Table 1A; Fig. 1B) has enabled
further insights into the nature of spontaneous mutation and the
specific roles of MMR in reducing mutation frequencies.

Single base pair indels are the most frequent category of mutation
in MMR-deficient A. thaliana

As described above, MMR deficiency does not detectably increase
the frequency of large-scale indels or copy number variants
(CNVs) in A. thaliana (Fig. 2B,C; Supplemental Fig. 4A-E; Supple-
mental Methods). In contrast, MMR deficiency confers over three
orders of magnitude increase in the frequency of small-scale indels
in A. thaliana (Fig. 2A). In other species, MMR deficiency also in-
creases the frequency of small indels, albeit to a lesser extent. For
example, in MMR-deficient human tumors there is an ~170-fold
increase in small indels (<5 bp) versus MMR-proficient tumors
(Zhao et al. 2014), whereas in MMR-deficient Escherichia coli there
is an ~15-fold increase (Lee et al. 2012). In yeast (Saccharomyces
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cerevisiae), studies have been hampered by the infrequency of
small indels in WT controls, but suggest that although indels
are relatively rare in WT yeast, their frequencies are detectably ele-
vated in MMR-deficient yeast (Lang et al. 2013; Lujan et al. 2014;
Serero et al. 2014; Zhu et al. 2014). We conclude that MMR defi-
ciency causes an elevation in the frequency of small indels in A.
thaliana, an elevation perhaps greater than that seen so far in other
organisms.

The predominant mutations found in MMR-deficient A. thali-
ana MA lines were single base pair (1-bp) indels, making up 51% of
total mutations (4447 of 8711). Of these, 98% were indels at A or T
sites (4376 of 4447). This predominance of 1-bp indels is likely a
general characteristic of MMR deficiency. For example, in MMR-
deficient E. coli, 1-bp indels were also found to be the most fre-
quent indel (97%, 297 of 306) (Lee et al. 2012).

Homopolymeric stretches are particularly prone
to indel mutation

As described above, 51% (4447 of 8711) of MMR-deficient A. thali-
ana mutations were 1-bp indels. Of these, 98% (4376 of 4447) were
A or T indels located almost exclusively (>99%) (Supplemental Fig.
2D,E) in homopolymeric stretches. Similarly, all 577 1-bp Aor T
indels detected in MMR-deficient yeast were located within homo-
polymeric tracts (Serero et al. 2014). Furthermore, the likelihood of
occurrence of an indel in MMR-deficient A. thaliana increases with
increasing size of homopolymeric stretch from 4 to ~12 nt, and
then falls with further size increase (Fig. 2E,F; Supplemental Fig.
2D,E; Supplemental Methods). A similar bell-shaped curve was pre-
viously reported for indel incidence in homopolymeric stretches
in MMR-deficient yeast, although it was also suggested that this
shape could reflect a decreased ability to detect indels in longer re-
peats (Lang et al. 2013). However, Illumina 125-bp paired-end read
sequencing (the present paper) likely improves the detection of
mutations in longer homopolymeric stretches (versus 100 bp sin-
gle-end reads) (Lang et al. 2013). Furthermore, visual inspections
using IGV (Robinson et al. 2011) confirmed that our bioinformatic
analyses had not failed to detect indels in longer homopolymeric
runs (Supplemental Methods). We conclude that the frequencies
of indels in MMR-deficient A. thaliana do indeed first rise and
then fall with increasing homopolymeric run length, and that
this observation suggests the involvement of DNA repair processes
other than MMR in maintaining the integrity of longer homopol-
ymeric stretches.

We conclude that the likelihood of an indel mutation occur-
ring at any one particular individual homopolymeric repeat region
in the genome of MMR-deficient plants is strongly dependent
upon the length of that region. In further analysis of the likely con-
sequences of this phenomenon (Fig. 2D), we observed 410 single-
base A deletions and 40 single-base A insertions (i.e., 450 indels in
total) in homopolymeric A repeat regions of 11-bp length
(Supplemental Fig. 2D,E). Given that there are only 3547 11-bp ho-
mopolymeric A repeat regions in the entire A. thaliana genome
(Supplemental Fig. 2A), each 11-bp region therefore had a 12.7%
chance of sustaining and becoming homozygous for an A indel
mutation during the 40 (8 x 5) generations assayed in our studies.
This represents an extremely high regionally localized mutation
frequency, and leads to the prediction that MMR deficiency might
be associated with a high prevalence of particular mutant pheno-
types associated with genes in the vicinity of homopolymeric
stretches. Such highly localized ultrahigh mutation rates in the vi-
cinity of particular genes might explain why MMR deficiency is es-

pecially associated with susceptibility to particular types of human
cancer, such as hereditary nonpolyposis colorectal cancer
(Wimmer and Kratz 2010).

MMR deficiency increases the frequency and changes the
molecular spectrum of single-nucleotide variant (SNV) mutations

We found that MMR deficiency increases both the frequency of A.
thaliana SNVs by at least two orders of magnitude (Fig. 2A) and
substantially increases the Ti/Tv ratio (Fig. 3A,C). Increases in
SNV frequency due to MMR deficiency are seen in both E. coli (ap-
proximately a 100- to 200-fold increase) (Marinus 2010; Lee et al.
2012) and in yeast (~23-fold) (Serero et al. 2014). Although it is
clear that MMR plays prominent roles in the maintenance of ge-
nome integrity, it remains unclear why MMR deficiency should
have such varying magnitude of effect on SNV frequency in differ-
ent species. Similarly, and again for unknown reasons, the effect of
MMR deficiency on Ti/Tv ratio also varies between different spe-
cies (Lee et al. 2012; Lang et al. 2013; Serero et al. 2014). Thus, al-
though MMR deficiency increases SNV frequency and alters the
molecular mutational spectrum in all organisms tested, there are
unexplained species-specific differences in the consequences of
lack of MMR function.

C:G positions with 5’ flanking A or G and/or 3’ flanking A or
G residues are more prone to SNV mutation in MMR-deficient A.
thaliana than are other C:G positions (Fig. 4A,B). Since MMR-defi-
cient SNVs are essentially uncorrected polymerase errors, this ob-
servation suggests that polymerase proofreading activity fails
more frequently at these prone sites than at others. Intriguingly,
SNVs from WT MMR-proficient A. thaliana do not display these
same biases (Fig. 4C). If MMR had an equal propensity to correct
mismatches in all contexts, it would be expected that, although
the overall frequencies of SNVs would be changed, there would
be no site bias differences between WT and MMR-deficient plants.
Perhaps MMR has coevolved with the polymerase to preferentially
correct replication errors in the sequence contexts where the poly-
merase tends to leave them.

MMR deficiency reduces chromosomal regional bias
in mutation incidence

Our discovery of localized ultrahigh mutation frequencies in spe-
cific homopolymeric regions prompted us to further analyze the
relative extent to which new mutations are spread at random
throughout the genome. Focusing first on a relatively fine-scaled
level of analysis, our large sample size (8711 mutations) (Table
1A; Fig. 1B) enabled us to determine the extent to which mutations
accumulating in MMR-deficient A. thaliana exhibit localized re-
gional clustering. Although we identified some cases of localized
clustering (Supplemental Methods), we also found that the vast
majority of mutations are distributed throughout the genome in
a pattern that is not significantly different from the random expec-
tation. Nevertheless, the 197 clusters that we did identify had P-
values ranging from 2.36 x 107'® to 9.94 x 10~® (Supplemental
Table 2), suggesting that the mutations within these clusters
were not independent but were instead concerted in time by
mechanism (Roberts et al. 2012). For example, clusters consisting
of two or more mutations each separated by less than 10 bp from
their nearest neighbor (such as the five-mutation cluster in line
MA-S) (Supplemental Methods; Supplemental Table 2) have previ-
ously been categorized as “complex” and are likely to originate
from translesion synthesis (TLS) past a single DNA lesion (Harfe
and Jinks-Robertson 2000b; Roberts et al. 2012). However,
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clustered mutations that are potentially related by mechanism
constitute only a minor fraction of the mutations accumulating
in MMR-deficient A. thaliana MA lines.

Next, turning our attention to broader-scale levels of analysis,
we found that WT disparities in mutation frequency between peri-
centromeric and nonpericentromeric genomic regions were great-
ly reduced by MMR deficiency. Thus, lack of MMR function
increases the extent to which new mutations are randomly distrib-
uted throughout the genome, and MMR function (in WT plants)
differentially protects particular genomic regions from mutation.

MMR preferentially protects genes from SNV mutations

We next determined if the differential regional mutation pro-
tection provided by A. thaliana MMR distinguishes genes from
nongenic regions of the genome. We found that the relative fre-
quency (proportion of total) of SNVs in genic regions (CDS, intron,
and UTRYs) is significantly increased (relative to WT) in MMR-defi-
cient A. thaliana, whereas that of nongenic regions (intergenic, TE)
is reduced (Fig. 5). Although it is possible that MMR is less effective
in repairing the low sequence complexity stretches typical of inter-
genic regions, thus causing MMR to be inherently less efficient in
such regions, our observations also suggest that MMR may have
evolved to preferentially protect genes from the potentially delete-
rious effects of spontaneous mutation. For example, if mutations
arose randomly throughout the A. thaliana genome (and were
not lethal), 28.0% of mutations would be expected to occur in
the protein coding DNA sequence (CDS) regions of genes
(TAIR10 reference genome statistics) (Fig. 5; Methods). In marked
contrast, only 11.1% of mutations detected in WT MMR-proficient
A. thaliana (Ossowski et al. 2010; Jiang et al. 2014) occur in CDS re-
gions, whereas 29.2% of total mutations were detected in CDS re-
gions of MMR-deficient plants (Fig. 5). Thus, the distribution of
mutations in MMR-deficient plants is in rough accord with the
random expectation, whereas that in WT is not. These differences
in mutation distribution may relate to the possibility that al-
though the vast majority of mutations in MMR-deficient plants
are likely to be replication-error mutations, DNA damage muta-
tions are likely to comprise a greater proportion of the mutations
in WT plants. Nevertheless, our observations suggest that the
MMR mechanism plays a major role in protecting gene sequence
from mutations and are consistent with the recent demonstration
from analysis of genomic DNA sequences of human tumor cell
lines that MMR preferentially protects gene-rich early replicating
euchromatin versus late-replicating heterochromatin from muta-
tion (Supek and Lehner 2015). It is therefore likely that DNA mis-
match repair preferentially protects genes from replication-error
mutations in diverse organisms, thus impacting the mutational
processes that fuel biological evolution.

Methods

Plant materials and growth conditions

MMR-deficient Arabidopsis thaliana mutation accumulation (MA)
lines were developed as described in Supplemental Methods. All
plants were grown in controlled environment conditions with a
16-h light/8-h dark photoperiod at 22°C (irradiance 120 umol
m~Zsec™h).

Diagnostic PCR analyses of Atmsh2-1 backcrosses

To identify plants heterozygous for Atmsh2-1 generated during
sequential backcrossing to WT (Supplemental Methods), we ex-

tracted leaf DNA using a Plant DNeasy Mini kit (Qiagen) and
then performed diagnostic polymerase chain reactions (PCRs). At
each generation, a single plant heterozygous for Atmsh2-1 was
identified and used for further backcrossing. We used the same di-
agnostic PCR primer sequences (5’ to 3'): MSH2_For, AGGAG
CTGTCAAAAGGAGCTC; MSH2_Rev, TCACCACGATGATGTCAA
GAG; and Salk_ LB, TGGTTCACGTAGTGGGCCATCG (Supple-
mental Fig. 5) to identify a single FS plant that was homozygous
for Atmsh2-1. This plant was designated “Atmsh2-1 Ancestor”
(Fig. 1A).

DNA extraction and genome sequencing

Genomic DNA was extracted from the leaves of the Atmsh2-1
Ancestor and of eight individual Atmsh2-1 G5 MA line representa-
tive plants (MA-1, MA-4, MA-5, MA-8, MA-9, MA-11, MA-13, and
MA-15) (Results; Fig. 1A; Supplemental Table 4) using a Plant
DNeasy Mini kit (Qiagen). DNA samples were sequenced using
125-bp paired-end Illumina technology according to the manufac-
turer’s instructions at the BGI, China.

Detection of DNA sequence and copy-number variants (CNVs)

Computational bioinformatic mutation-detection was as previ-
ously described (Belfield et al. 2012; Jiang et al. 2014; Supple-
mental Methods). BAM files generated for each sample were used
to detect putative CNV regions, using our own scripts
(Supplemental Methods).

Calculation of Ti/Tv ratios

The numbers of transition and transversion base substitutions
were first normalized with respect to the base content (GC/AT con-
tent; 36%/64%, respectively) of the A. thaliana Columbia-0 ge-
nome sequence. Ti/Tv ratios were then calculated as previously
described (Ossowski et al. 2010; Belfield et al. 2012).

Flanking sequence motif detection

A custom Linux shell script (see Custom computational script 1:
Flanking sequence motif detection Linux shell script in
Supplemental Methods) was used to capture from TAIR10 (forward
strand) the 10-bp 5’ and 3’ sequences flanking all sites subject to
GC-to-AT mutations in the G5 Atmsh2-1 MA line samples.
Sequences flanking G mutation sites were reverse complemented
and merged with the sequences flanking C mutation sites. The
merged data was used for subsequent analyses. Flanking sequence
motifs were detected in Excel and displayed as stacked columns
(Fig. 4A-C). To create graphical representations of the frequency
biases in flanking nucleotides, we generated stacked sequence lo-
gos using WebLogo 2.8.2 (http://weblogo.berkeley.edu/logo.cgi)
(Fig. 4A-C; Schneider and Stephens 1990; Crooks et al. 2004).

Reference genome statistics

To calculate the proportion of the A. thaliana TAIR10 reference ge-
nome predicted to comprise CDSs, we first used a script in R (R
Core Team 2015) (see Custom computational script 2: Small-scale
indel mutations in homopolymeric nucleotide repeat sequence
script in Supplemental Methods) to calculate the number of nucle-
otides annotated on Chromosomes 1-5 as CDSs and divided this
number by the total number of reference genome nucleotides
(119,146,348 bp) (Supplemental Table 3).
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Data access

The Illumina DNA sequencing data files from this study have been
submitted to the NCBI Sequence Read Archive (SRA; http://www.
ncbi.nlm.nih.gov/sra) under accession number SRP107171.
Sanger sequencing trace files are in the European Nucleotide
Archive (ENA; https://www.ebi.ac.uk/ena) under accession
number ERP104636. Custom Linux shell and R scripts used in
this study are included in Custom computational scripts in
Supplemental Methods.
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