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Mitochondrial genomes can sustain mutations that are simultaneously
detrimental to individual fitness and yet, can proliferate within individuals
owing to a replicative advantage. We analysed the fitness effects and population
dynamics of a mitochondrial genome containing a novel 499 bp deletion in the
cytochrome b(1) (ctb-1) gene (Actb-1) encoding the cytochrome b of complex Il in
Caenorhabditis elegans. Actb-1 reached a high heteroplasmic frequency of 96% in
one experimental line during a mutation accumulation experiment and was
linked to additional spontaneous mutations in nd5 and tRNA-Asn. The Actb-
1 mutant mitotype imposed a significant fitness cost including a 65% and
52% reduction in productivity and competitive fitness, respectively, relative
to individuals bearing wild-type (WT) mitochondria. Deletion-bearing
worms were rapidly purged within a few generations when competed against
WT mitochondrial DNA (mtDNA) bearing worms in experimental popu-
lations. By contrast, the Actb-1 mitotype was able to persist in large
populations comprising heteroplasmic individuals only, although the average
intracellular frequency of Actb-1 exhibited a slow decline owing to competition
among individuals bearing different frequencies of the heteroplasmy. Within
experimental lines subjected to severe population bottlenecks (1 = 1), the rela-
tive intracellular frequency of Actb-1 increased, which is a hallmark of selfish
drive. A positive correlation between Actb-1 and WT mtDNA copy-number
suggests a mechanism that increases total mtDNA per se, and does not discern
the Actb-1 mitotype from the WT mtDNA. This study demonstrates the selfish
nature of the Actb-1 mitotype, given its transmission advantage and substantial
fitness load for the host, and highlights the importance of population size for
the population dynamics of selfish mtDNA.

This article is part of the theme issue ‘Linking the mitochondrial
genotype to phenotype: a complex endeavour’.

1. Introduction

Across the eukaryotic branches on the tree of life, there exists significant
variation in the number of protein-coding genes in the genomes of mitochon-
dria, ranging from three to 66 [1,2]. However, most animal species typically
contain the same 13 protein-coding mitochondrial genes, a small fraction of
their complete protein-coding capacity. In spite of this limited protein-coding
capacity, mitochondria may have had disproportionate effects on eukaryotes,
starting with their origin and influencing major aspects of their subsequent
evolution, from speciation [3-5] and evolution of sex [6,7] to adaptation to
different environments [8-10] and senescence [11,12].

The population biology of mitochondria can be described as nested hierar-
chies, and competition, random genetic drift and natural selection can operate
at different levels of organization [13]. Thus, competition can take place between
species, between populations and individuals of the same species (intraspecific),
between the cells of an individual and between molecules of mitochondrial DNA
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(mtDNA) within a cell. Eukaryotic cells, depending on the
species and the stage of development, can harbour from one
to hundreds of thousands of mitochondria, and each mito-
chondrion can contain multiple copies of the mitochondrial
genome. Hence, a cell with multiple copies of mtDNA can
possess different genotypes (mitotypes or haplotypes) owing
to spontaneously occurring mtDNA mutations or partial
biparental transmission, a condition referred to as hetero-
plasmy [14-17]. While the ratio of different types of mtDNAs
in a heteroplasmic population may fluctuate, usually one
mitotype predominates in frequency with other mitotypes
observed at low frequencies. Hence, a mutant mitochondrial
genome may have minimal effect on the physiology of
the cell and the individual when its copy-number is low
in the cell. In such instances, the organismal phenotype is
thought to be determined by the predominant mtDNA variant
[15]. The forces of genetic drift and selection operating within
cells can increase the copy-number of a mutant mitotype to a
degree that it starts affecting the physiology and fitness of the
cell and the individual, which are usually detrimental and
likely to result in selection against the mutation. While most
detrimental heteroplasmic mutations are removed from popu-
lations either by genetic drift, selection or by cells targeting
defective mitochondria for degradation (mitophagy) [18],
they sometimes increase in frequency and reach fixation.
Indeed, heteroplasmy has been implicated in mitochondrial
diseases associated with senescence, infertility and cancer in
animals [16,19-24].

Because selection can operate on different levels of organiz-
ation, it can also operate in opposing directions at different
levels. In addition to the creation of a heteroplasmic state,
mtDNA mutations may also give rise to variants that can
be described as ‘selfish’ or “parasitic’ mtDNA molecules that
possess a transmission advantage over their wild-type (WT,
henceforth) counterparts despite being neutral or detrimental
to organismal fitness [25-27]. A mitochondrial mutation can
increase the fitness of a DNA molecule within cells and yet be
detrimental at the level of individuals, contributing to genetic
conflict. The potential of mitochondria to incur mutations that
result in such genetic conflict is well recognized [28-30]. Not
only can there be selection within cells that is opposed by selec-
tion between individuals, but because mitochondria are usually
uniparentally inherited, mutations can arise that are beneficial
to the sex that transmits its mitochondria to the next generation
to the disadvantage of the opposite sex. Examples of the latter
category include the multiple varieties of cytoplasmic male
sterility mutations that are commonly observed in the mitochon-
drial genomes of flowering plants [31]. Such selfish mtDNA
molecules, originating owing to mutations, commence at a
low frequency but can rapidly exceed the frequency of the WT
mtDNA within the cytoplasm, if their spread is left unabated.

Recent research has demonstrated that deletion-bearing
mtDNA molecules often bear the signature of selfish genetic
elements. Large-deletion bearing mtDNA molecules resulting
in a petite mutant phenotype in small experimental populations
of the yeast Saccharomyces cerevisine were among the first to be
described as selfish mtDNA elements, and were often observed
to replicate along with the WT mtDNA in a state of hetero-
plasmy [32-34]. These petite mutations in yeast are one of
the best characterized examples of within-cell selection for
deleterious mitochondrial mutations, and are thought to gain
a transmission advantage owing to faster replication.
Additionally, germline mtDNA deletions that are transmitted

to progeny have also been reported in humans [35] and nema-
todes [36,37]. Deletions of mitochondrial genes in the
nematode genus Caenorhabditis exhibit patterns that are consist-
ent with selfishness in that they are strongly detrimental to the
individual, and yet, reach high intracellular frequency and per-
sist over long periods in populations [26,36,38,39]. In the first
documented case of a selfish mitochondrial deletion (uaDf5)
in Caenorhabditis elegans, close to 25% (11 genes) of the mito-
chondrial genome was eliminated during mutagenesis,
including atp6, ctb-1, nd1 and nd2 [36]. The uaDf5 deletion per-
sisted in laboratory populations despite significant negative
consequences for fitness-related traits. Additionally, natural
populations of Caenorhabditis briggsae were found to harbour
a heteroplasmic mitochondrial deletion that included a portion
of nd5 [26,37]. The nd5 deletion-bearing mitochondrial gen-
omes exist in a heteroplasmic state at 30-40% frequency
within C. briggsae. As was the case of the large deletion in C. ele-
gans, these deletions are detrimental to fitness. In both C.
elegans and C. briggsae, the negative effects on individual fitness
are countered by transmission advantage of the mitochondria
that harbour the deletions. mtDNA deletions are thought to be
functionally recessive, with a phenotype manifesting beyond a
high threshold level of heteroplasmy (greater than or equal to
60%) [4041], although there can be considerable variation in
the phenotypic onset of mtDNA genetic defects [42]. Intrigu-
ingly, a small percentage of normal mtDNA (2-27%) can
have a disproportionately large ameliorative effect on the phe-
notype despite a high frequency of the heteroplasmic mtDNA
deletion [43].

The reduced ability of populations to rid themselves of
strongly deleterious mitochondrial mutations by natural
selection can give rise to compensatory mutations, either in
nuclear or other mitochondrial genes, that mitigate the effects
of the original mutations. An important mechanistic ques-
tion regarding large-scale heteroplasmic mtDNA deletions
is whether they are indeed propagating as selfish genetic
elements, a designation that is met if the said elements
fulfil two key criteria, namely: (i) possess a transmission
advantage relative to other DNA encoded in the genome of
the organism, and (ii) are neutral or detrimental with respect
to organismal fitness [25]. Caenorhabditis elegans provides an
attractive multicellular system to understand the evolution-
ary dynamics of mitochondrial mutations in real time and
the mechanisms by which deleterious mutations are main-
tained in populations. To that end, we have begun to
investigate mitochondrial mutations, including mtDNA
deletions, that arose spontaneously and reached high fre-
quencies in a mutation accumulation (MA) experiment in
C. elegans [44]. One MA line (line 1G) was found to harbour
five heteroplasmic mtDNA mutations relative to the ancestral
control, of which three exceeded frequencies of 50%. Of these,
a 499 bp frameshift deletion in the cytochrome b(1) (ctb-1, hen-
ceforth) gene had reached a frequency of 96%. For simplicity,
we refer to this mutant mtDNA genome as Actb-1-bearing
mtDNA given that (i) the large ctb-1 deletion had the highest
frequency among all of the detected mtDNA heteroplasmies
within this line, and (i) the ctb-1 deletion serves as a con-
venient, easily detectable marker for mutant mtDNA within
this experimental line. Herein we analyse the fitness conse-
quences of this mutant Actb-1 mtDNA genome, the timing
of its origin and its population dynamics that enable its evol-
utionary persistence in populations despite a significant
fitness cost.



2. Methods

(a) Identification of Actb-1-bearing mtDNA in a
spontaneous mutation accumulation experiment

A 499 bp deletion in the mitochondrial ctb-1 gene originated in one
replicate line (1G) of a long-term C. elegans spontaneous MA exper-
iment with varying population sizes [44—46]. The MA experiment
was conducted over 409 consecutive MA generations. Line 1G was
one of twenty replicate MA lines that were propagated via single
hermaphrodite descent each generation (1 =1) and had reached
MA generation 346 when submitted for genome sequencing. The
lower MA generation number (generation 346) was owing to fre-
quent backups during the course of the MA experiment,
presumably because of the build-up of a mutation load leading
to reduced fitness relative to the ancestor. Following the termin-
ation of the MA experiment, whole-genome sequencing of all
35 MA lines and their ancestral pre-MA control was conducted
via Illumina paired-ends sequencing and all mtDNA mutations
across the 35 MA lines were identified [44]. MA line 1G was
found to harbour five heteroplasmic mtDNA mutations relative
to the ancestral control: (i) a G — T substitution in the tRNA-Asn
gene (frequency 13%), (ii) a 499 bp frameshift deletion in the
ctb-1 gene (frequency 96%), (iii) a single T insertion in a homopo-
lymeric run within the nd5 gene [(T)s — (T)g, frequency 3%], (iv) an
insertion of a T pair in a homopolymeric run within the nd5 gene
[(T)g = (T)p; frequency 70%], and (v) a C — T nonsynonymous
substitution (Thr — Ile) in the nd5 gene (frequency 94%). Owing
to the presence of three high-frequency (greater than or equal to
70%) heteroplasmic mtDNA mutations in line 1G, it is likely that
the majority of mtDNA molecules within this lineage harbour
more than one of these heteroplasmic mtDNA variants. Given
that the ctb-1 deletion is the heteroplasmy with the highest fre-
quency and is easily genotyped by polymerase chain reaction
(PCR), we refer to the mutant mitotypes as Actb-1-bearing
mtDNA or Actb-1 mitotype for the sake of simplicity.

(b) Timing the spontaneous origins of multiple
heteroplasmies in mutation accumulation line 1G

An immense advantage of C. elegans as a model system for
experimental evolution studies is the species’ ability to survive
long-term cryogenic storage at —86°C. During the course of the
spontaneous MA experiment, the MA lines had been cryogeni-
cally preserved at regular time-intervals. In addition to the
pre-MA ancestral control, we thawed stocks of line 1G frozen
at nine additional time-intervals, namely MA generations 25,
51, 72, 96, 137, 157, 221, 300 and 346, and isolated genomic
DNA from L4 larvae using a previously described supplemental
nematode protocol with a Puregene Genomic DNA Tissue Kit
[44]. These genomic DNA samples were initially screened for
the frequency of Actb-1 via droplet digital PCR (ddPCR, hence-
forth). The sequence context of the other mtDNA mutations in
line 1G were not suitable for designing reliable ddPCR probes
and the frequency of these mutations was estimated from peak
heights in chromatograms generated by Sanger sequencing.

(c) Droplet digital polymerase chain reaction to
estimate the frequency of Actb-7 and mtDNA

copy-number
We used ddPCR to determine the frequency of the Actb-1 mitotype,
and the relative copy-number of Actb-1 and WT mtDNA. Werefer to
the mitochondrial alleles present in the ancestral control of our MA
lines as WT alleles in this study. Bio-Rad ddPCR probes targeted a
sequence within the ctb-1 deletion, a region of cox-1,and a conserved
region of the second exon of actin-2 (electronic supplementary

material, table S1). To determine the degree of heteroplasmy, a n

single L4 worm was lysed in 5 pl worm lysis buffer (90 l 10x
PCR buffer +10 pl 10 mg ml™" proteinase K). The single worm
lysate was diluted 1:5 in molecular grade water and 2.2 pl of the
diluted worm lysate was added to 19.8 pl of ddPCR master mix,
which included both ctb-1 and cox-1 Bio-Rad Digital PCR assays
in a single multiplexed PCR reaction. In an adjacent well, the
actin-2 Bio-Rad Digital PCR assay was performed on the same
single worm lysate to measure the concentration of nuclear genomes
in the sample. The fluorescin (FAM) probe in the ctb-1 assay only
hybridizes to the WT mtDNA whereas the hexachlorofluorescin
(HEX) probe in the cox-1 assay hybridizes to both Actb-1 and WT
mtDNA in the sample. Heteroplasmic frequency was determined
by subtracting the concentration (copies ul™") of WT mtDNA in
the sample from the total mtDNA concentration and dividing it
by the total (f(AmtDNA)=[total mtDNA concentration — WT
mtDNA concentration] /total mtDNA concentration). This quantity
was then compared to the nuclear DNA concentration to determine
relative mtDNA copy-number per cell. Droplets were generated
using the BioRad Automated Droplet Generator. Droplet gener-
ation was considered successful if more than 7000 droplets were
generated. Subsequently, the PCR droplets were read on a BioRad
QX200 Droplet Reader and droplet distribution was analysed by
the automated threshold setting in QuaNTISOFT and inspected visu-
ally. The FAM probe used for the ctb-1 WT is slightly more
efficient than the HEX probe used for cox-1. As a result, when C. ele-
gans N2 DNA is used as a template for these ddPCR reactions, the
heteroplasmic Actb-1 are negative (—0.099, s.d.=0.028). This is
owing to the fact that the heteroplasmy frequency was calculated
by subtracting the frequency of ctb-1 WT from that of cox-1.

(d) Estimating the frequencies of heteroplasmic
mutations in nd5 and tRNA-Asn

The intracellular frequencies of nd5 and tRNA-Asn mutations were
determined from Sanger sequencing. The following primers
were used to sequence the region of nd5 that contained three
previously detected mutations: forward, 5'-TCATCTTCATCTTGG
GAGGATTT-3 and reverse, 5-GTGTCCTCAAGGCTACCACC-3'.
The peak heights at heteroplasmic sites were measured from
sequencing chromatograms using IMAGE]. For the nd5 nonsynon-
ymous mutation at mtDNA:12304, the height of the mutant
allele peak T, and the height of the WT allele peak C,, were
used to estimate the frequency of mtDNA containing the
nonsynonymous mutation as follows:

Tmut

f(nonsynonymous) = Tt Co

The same approach was used to calculate the frequency of
the tRNA-Asn base substitution at mtDNA:1679.

For the Tg— Ty frameshift mutation at mtDNA:11 778, the
heteroplasmy frequency was determined from the average of
two sites. The sequence context at the boundaries at the end
of the homopolymeric run and the downstream nucleotides is
TAG and we used the first T + A and A + G in the chromatograms
to determine the frequency as follows:

((To/(A1 +To)) + (A2/ (A2 + G1)))
2 P

where Ty is the T in the first double peak, A; is the A in the first
double peak, A; is the A in the second double peak and G; is the
G in the second double peak. When the (T)g — (T);( insertion is
present in addition to the Tg — Ty insertion, the following calcu-
lations were performed to calculate the frequencies of both
(T)g— (T)9 and (T )g — (T');o mutations as follows:

f(Ts — To) =

A

Ts = Tg) = ——F7—
fTs — To) A1G1 T
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and

T1o

T, Ty) =—7——
f(Tg — Tp) AT GiTy

where A, G and Ty are the corresponding bases in the first triple
peak downstream of the insertion.

A forward primer (5-GGTGTTACAGGGGCAACATT-3')
within the region that is deleted in ctb-1 and a reverse primer
(5'-GTGTCCTCAAGGCTACCACC-3') downstream of the nd5
missense mutation amplified a 7470 bp region of the non-deletion
bearing mtDNA to test if any of the nd5 mutations were associated
with the WT ctb-1. PCR was performed using Promega GoTaq
Long PCR reagents. Gel purified (QIAEXII Gel Extraction Kit)
PCR products were used to reamplify the nd5 region (forward
primer: 5'-TCATCTTCATCTTGGGAGGATTT-3/, reverse primer:
5'-GTGTCCTCAAGGCTACCACC-3') for sequencing. Similarly,
a forward primer (5'-ATCAATTGCCCAAAGGGGAGT-3')
upstream of the tRNA-Asn mutation and a reverse primer
(5'-TGGCCCTCAAATTGGAATAA-3') within the ctb-1 deletion
amplified a 3435 bp region to test if the tRNA-Asn mutation was
associated with the WT ctb-1. Gel purified PCR products were
sequenced using the tRNA-Asn forward primer and a tRNA-Asn
reverse primer. DNA sequencing of nd5 and tRNA-Asn was
done on 1G worms sampled at every time point during the original
MA experiment, and at the beginning and termination (generation
75) of the experimental evolution in large populations. Sanger
sequencing was performed by Eton Biosciences.

(e) Sequestering the Actb-T-bearing mtDNA in a wild-
type background

In order to assess the fitness effects and population dynamics of
Actb-1-bearing mtDNA relative to WT mtDNA, we first isolated
the mitochondria of line 1G in a WT nuclear background, free
of other nuclear mutations that arose in line 1G during the MA
procedure. This was accomplished by crossing 1G hermaphro-
dites to males belonging to a line bearing a mutation in the
nuclear fog-2 gene. In WT C. elegans, hermaphrodites have two
X chromosomes and males have one X chromosome. The fog-2
gene functions in a pathway responsible for sperm production
in hermaphrodites. Hence, a fog-2 loss-of-function [fog-2(If)]
mutation turns XX individuals that would have been hermaphro-
dites into functional females only capable of reproduction via
outcrossing with males. After two generations of crosses to
males of the mutant fog-2 strain, XX individuals were rendered
homozygous for the fog-2(If) and therefore incapable of self-
fertilizing. This conversion of XX selfing hermaphrodites into
obligate outcrossing females facilitated subsequent outcrossing
with males bearing a WT nuclear genome. Commencing with
the F; generation, females with Actb-I-bearing mtDNA were
subjected to 11 additional generations of backcrosses to fog-2(If)
males with a WT (non-MA) nuclear background during which
the contribution of the nuclear DNA of the MA line was reduced
by half in each generation (electronic supplementary material,
figure S1). Finally, backcrossed females with Actb-1-bearing
mtDNA were backcrossed with WT N2 males in the last two gen-
erations (generations 14 and 15), thereby replacing the WT fog-2
allele in the females and restoring them to functional hermaphro-
dites with the ability to self-fertilize. After 15 generations, the
proportion of the nuclear DNA from the original 1G line is
estimated to be 0.5" of the total nuclear DNA, or approximately
3 x 107°, which virtually removes all other nuclear mutations that
arose during MA. This backcrossing experiment yielded six repli-
cate lines comprising worms with the Actb-I-bearing mtDNA
from line 1G in a WT nuclear background. These six lines
(1G.C, 1G.L, 1GM, 1GN, 1G.T and 1G.U) were cryogenically
preserved at —80°C.

(f) Assays for four fitness-related traits

The fitness effects of Actb-1-bearing mtDNA from line 1G were
assayed in the six 1G lines harbouring the mutant DNA in a WT
nuclear background relative to WT N2 controls. Frozen stocks of
the six experimental WT backcrossed 1G lines (1G.C, 1G.L,
1G.M, 1G.N, 1G.T and 1G.U) and the N2 control line were
thawed and one and three individuals, respectively, were selected
and expanded into 15 replicates to establish within-line replication
(n =90 and 45 worms for the 1G and N2 lines, respectively). The 15
Actb-1-bearing hermaphrodites from each of the generated 1G
lines (n=90) were assayed for four fitness-related traits (pro-
ductivity, survivorship to adulthood, developmental time and
longevity) and compared to WT N2 nematodes (n=45) using
standard C. elegans protocols [45-47]. These 135 lines (90 Actb-1-
bearing and 45 N2 control) were then maintained by transferring
single L4 (fourth larval stage) hermaphrodite individuals for two
additional generations to remove environmental effects (maternal
and grandmaternal). A single third-generation descendant from
each thawed replicate was subsequently employed in the actual
fitness assay. For logistic purposes, the fitness assays were per-
formed in three rounds, each with two of the Actb-1-bearing
bearing lines (1 =30) and an ancestral N2 control (n=15). All
assays were performed under benign laboratory conditions at
20°C, an optimal temperature for C. elegans growth. A schematic
of the design of the four fitness assays is presented in the electronic
supplementary material, figure S2.

To assay survivorship to adulthood (also referred to as
survivorship), 10 L1 (first larval stage) progeny of each third-
generation hermaphrodite were randomly selected upon hatching
and isolated on a separate 35 mm nematode growth medium
(NGM) Petri dish seeded with an Escherichia coli OP50 lawn; then
36 h after isolation, the number of individuals surviving past the
L4 larval stage to reach adulthood were quantified. Survivorship
values can range from 0 to 1, and were calculated by dividing the
number of adult worms by the number of L1 larvae originally
sequestered [45,46].

To measure productivity, a single worm, a full sibling of the
10 individuals assayed for survivorship, was randomly selected
as an L4 larva and transferred to a new 35 mm NGM Petri dish
seeded with an E. coli OP50 lawn. Every 24 h + 30 min thereafter,
each hermaphrodite being assayed was transferred to a fresh
Petri dish over 8 days after reaching the L4 (last) larval stage. Trans-
fers were terminated if the worm was found dead prior to the
completion of these 8 days. Following each daily transfer of the
assayed individuals, plates with eggs were placed at 20°C for an
additional 24 h period to enable hatching. To enable progeny
counts, the plates were then stored at 4°C to kill the progeny
larvae. Progeny were counted by staining the agar pad and
E. coli lawn with a 0.075% water dilution of toluidine blue,
which rendered the dead worms transparent and visible on the
contrasting purple background for the approximately 2-5min
period required for counting. Productivity was calculated as the
total number of progeny produced; non-reproductive individuals
were scored as having zero productivity [45,46].

The single worm assayed for productivity above was
additionally used to measure developmental time. Following its
sequestration as a lone L4 larva onto a seeded Petri dish, the
worm was visually inspected under a dissecting scope every 2 h.
The hermaphrodite was determined to be an adult hermaphrodite
if it had: (i) undergone its L4 larval moult, (ii) had a developed
vulva, and (iii) displayed at least one developed egg in the
uterus. Developmental time was calculated as the number of
hours it took a newly-hatched L1 larva to reach adulthood [47].

We measured longevity (number of days) on the same worm
that was assayed for productivity and developmental time. After
day 8 of egg laying, the worms were transferred to a new 35 mm
NGM plate seeded with OP50 for a longevity assay. Each day
thereafter, these nematodes that had largely ceased egg production

Y/106L0T :SLE g 20 Y “subil “Jyd  qisi/jeuinol/biobuiysigndAiaposjefo H



were visualized under the dissecting scope until mortality. A
nematode was determined to be dead if it was no longer locomot-
ing, did not respond to gently tapping the plate or agar, did not
respond to gentle prodding of the tail with a pick and had no phar-
yngeal activity. Longevity was measured as the total number of
days from a newly-hatched L1 larva to mortality.

Relative fitness values for three traits (productivity, survivor-
ship to adulthood and longevity) were generated by assigning
the mean absolute fitness value of the WT N2 control a value
of 1 (n =45). Fitness measures for these three traits were standar-
dizing by dividing a replicate line’s observed fitness value by the
mean fitness value of the WT N2 control to yield relative fitness
values. Developmental rate was expressed as the inverse of the
relative developmental time.

(g) Competition experiments

Stocks of five experimental replicate C. elegans lines bearing the
Actb-1 mtDNA in a WT nuclear background (1G.C, 1G.L, 1G.N,
1G.T and 1G.U) were thawed along with WT N2 worms.
Worms were picked from each thaw and placed on separate
60 mm NGM plates with E. coli OP50 seed. A single worm
from the progeny of each thaw was transferred for two gener-
ations to remove potential freezer effects. The F; generation
worms were used to initiate an experimental evolution study
to investigate the population dynamics of Actb-1-bearing lines
under competitive and non-competitive conditions.

For each of the five experimental lines (1G.C, 1G.L, 1G.N, 1G.T
and 1G.U), we established two populations, one competitive
and one non-competed control. Hence, the competition exper-
iment comprised 10 populations in total (five competition and
five non-competed controls) (electronic supplementary material,
figure S3). Each competition population was initiated by adding
50 L4 hermaphrodites from a Actb-1-bearing experimental line
and 50 L4 worms from the WT N2 stock onto a 100 mm
NGM plate seeded with an E. coli OP50 lawn (1 ml), for a total
population size of n=100 worms with Actb-1 and WT mtDNA
bearing worms in equal frequencies. In addition, we established
five non-competed control populations by transferring 50 L4 her-
maphrodites from a Actb-1 bearing experimental line in isolation
onto a fresh 100 mm NGM plate. In summary, the first generation
(generation 0 in electronic supplementary material, figure S3) of
the competition lines comprised an equal ratio of Actb-1 mtDNA:
WT mtDNA worms whereas the non-competed control lines
were established with 100% Actb-1 mtDNA worms. A standard
C. elegans bleaching protocol was used to synchronize the evolving
populations at the first larval stage (L1) of each generation and
ensure that adult worms from a previous generation did not
continue to contribute to the gene pool across multiple gener-
ations. Four days after L4 worms were placed onto a fresh plate
to establish a new generation, each plate was bleached with a
30% bleach and 15% 5M NaOH solution. Bleaching killed living
worms but rendered eggs unharmed. The eggs that survived the
bleach were re-plated onto new 100 mm NGM plates with OP50
to establish the next generation. The competition experiment
was conducted over 16 consecutive generations (electronic
supplementary material, figure S3).

To determine the population frequencies of the Actb-1-bearing
and WT mtDNA haplotypes on each plate in each generation, we
randomly selected 30 L4 worms for genotyping from each of the 10
experimental plates (five competition and five non-competed con-
trols). The worms were added to worm lysis buffer (10x PCR
buffer and proteinase K) and the digests were used in single-
worm PCR with cytb-1 primers to assess the presence/absence of
the Actb-1 mitotype. The ctb-1 forward and reverse primers are
5-TAGCATTTTCAACAGTGCAG-3 and 5'-CGCAAAATTG CAT-
AACTCAAAT-3, respectively. The expected WT and Actb-1 PCR
products are 661 and 162 bp in length, respectively. The PCR

products were run on a 1% agarose gel (100 ml 1x tris-acetate-
EDTA; 1 g RA agarose; 1 pul GelRed) at 105 V for 30 min.

In addition, large populations that were established from
replicate lines 1G.C, 1G.N, 1G.T and 1G.U were maintained on
100 mm NGM plates seeded with an E. coli OP50 lawn (1 ml)
for 75 generations and maintained in the same manner as that
outlined for the competed and non-competed lines. At gener-
ations 0, 30 and 75, a random sample of 15 individuals were
used to determine the frequency of Actb-1 and relative mtDNA
copy-number in individual worms by ddPCR. The frequency
results were analysed in a two-way ANOVA after arcsine trans-
formation. The Pearson correlation coefficient between relative
copy-numbers of Actb-1 and WT ctb-1 were calculated for these
15 individuals per line at each of the three time-points.

(h) Estimating the relative fitness of Actb-1 bearing
mtDNA from competition experiments

The composite relative fitness, w, of the Actb-1 mitotype was cal-
culated from its average frequency pooled across the competition
experiments comprising the five replicate lines across gener-
ations. First, the log of the ratio (p/q) in each generation t was
calculated, where, p equals the average frequency of the Actb-1
mitotype, and g equals the average frequency of the WT ctb-1
allele. The log ratio of p/q was mapped as a function of gener-
ation and linear regression was performed on the data. The
slope of the regression line, b, equals log(w). Hence, the relative
fitness, w, was calculated as 10° where b represents the slope of
the log(p/q); over t generations.

(i) Role of selfish drive versus genetic drift in the
proliferation of the Actb-7 mitotype within
individuals

To test if the Actb-1 mitotype’s rapid increase in frequency was
owing to selfish drive or genetic drift, we first performed direc-
tional selection for a lower frequency of Actb-1. From each of
the populations at generation 75 (1G.C, 1G.N, 1G.T and 1G.U),
five L4 hermaphrodites were transferred to individual 35 mm
NGM plates seeded with OP50. After allowing 2 days for
egg-laying, these adult (parent) nematodes were subsequently
genotyped by single-worm PCR using primers for ctb-1. Five pro-
geny of one parent per line that produced the strongest WT PCR
product were used to establish the next generation. After five
rounds of selection for a Actb-1 PCR product of reduced intensity,
the offspring of a single individual from line 1G.T with a low fre-
quency of the Actb-1 mitotype (37%) were used to establish 25
lines that were propagated by picking a single L4 hermaphrodite
at random in each generation to establish the next generation.
After six generations of propagating 25 lines by single-progeny
descent, single-worm ddPCR was used to determine the
frequency of the Actb-1 mitotype.

3. Results

(a) Appearance and proliferation of the Actb-1
mitotype as a heteroplasmy during mutation
accumulation

A 499 bp frameshift deletion in ctb-1 arose during a spontaneous
MA experiment in C. elegans and was detected via whole-
genome sequencing at the termination of the MA experiment
(figure 1a) [44]. The frequency of the deletion within individuals
of this particular MA line (1G) was estimated to be 96%. The del-
etion encompassed approximately 45% of the ctb-1 gene
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Figure 1. Identification and location of the ctb-1 deletion in MA line 1G.
(@) A 499 bp frameshift mtDNA deletion in ctb-T (Actb-7) occurred spon-
taneously in a C elegans spontaneous mutation accumulation line, 1G,
and was detected via whole-genome sequencing [44]. The figure shows
the read depth from Illumina whole genome sequencing mapped to the
ctb-1 region of the C. elegans mitochondrial genome in line 1G. The read
depth inside the deletion is only 4% of the read depth of the sequences
immediately flanking the deletion, suggesting that the frequency of the
Actb-1 mitotype is 96% within this MA line. (b) A map of the C elegans
mitochondrial genome (adapted from [48]), illustrating the location, extent
and the sequence context of Actb-1. The protein-coding sequence of the
ctb-1 gene spans 1110 bp (protein length 370 aa). (Online version in colour.)

(figure 1b). Hence, not only does this Actb-1 allele have the
potential to result in a truncated protein product with no
residual function, it may also generate frameshifted transcripts
leading to altered proteins. Specifically, this Actb-1 allele is pre-
dicted to produce a 106 aa peptide, whereas the original WT
CTB-1 protein comprised 370 aa, owing to the introduction of
a stop codon downstream of the deleted segment.

We screened previously cryopreserved stocks of MA line
1G at several time-intervals of the MA experiment via PCR
and ddPCR to determine: (i) the approximate timing of
origin of the Actb-1 mitotype, and (ii) the change in its fre-
quency within line 1G during the course of the MA
experiment. The Actb-1 mitotype was not detected in worms
at MA generation 25, but was present at 7% frequency by
MA generation 51. Its frequency rose rapidly until it had
reached 90% by MA generation 91. Following MA generation
91 and until MA generation 364, its frequency remained
high, fluctuating between 80% and 98% (figure 2).

(b) Additional high-frequency mtDNA mutations in
mutation accumulation line 1G originated after Actb-1

Following the origin of the Actb-1 allele in line 1G, an insertion
of a single T nucleotide in nd5 was detected in 26% frequency in

—@— Actb-1
+ nd5 nonsynonymous
- nds frameshift (T)g — (T),

A\ nds frameshift (T)y — (T),,

frequency of heteroplasmy

0.2

0 50 100 150 200 250 300 350 400

mutation accumulation (MA) generation of line 1G
Figure 2. Frequency trajectories of four spontaneous mtDNA mutations that
arose in MA line 1G during the course of the MA experiment. The vertical axis
represents the intracellular frequency of individual mtDNA mutations as esti-
mated by ddPCR (Actb-7) or Sanger sequencing. The horizontal axis
represents the number of generations since the start of the MA experiment.
(Online version in colour.)

a run of 8Ts at location 11 778 by MA generation 90 and sub-
sequently reaching a frequency of 81% by MA generation 137
(figure 2). This single T insertion in nd5 remained in high fre-
quency at MA generations 157 and 221, with an estimated
frequency of 78% at both time-points. However, when a
second T insertion had appeared at the same site by MA gen-
eration 300, the single T mutation declined in frequency until
it had been largely replaced by the double T insertion. The
combined frequencies of the single and double T insertion at
this site were 86% and 92% in MA generations 300 and 346,
respectively. In addition to these insertions, a nonsynonymous
mutation in #d5 had reached a frequency of 38% by generation
137 (figure 2). This mutation also reached high frequency and
fluctuated around 90% from generation 222 until the end
of the MA experiment. Based on their high frequencies, it
seemed likely that these mutations were on the same molecule
as the Actb-1 mutant allele and not linked to the low frequency
ctb-1 WT mtDNA. We tested this assumption by first perform-
ing PCR with one primer within the deleted ctb-1 sequence and
a reverse primer downstream of the nd5 mutations, followed
by Sanger sequencing of nd5. The PCR product only contained
sequence from the ctb-1 WT allele. At each time-point analysed
in the MA experiment, and in each experimental population
established with the mtDNA from MA line 1G, the ctb-1 WT
allele is associated with the nd5 WT allele. Similarly, the nd5
mutations were associated with the Actb-1 mutant allele and
we found no evidence of recombination between the ctb-1
WT and Actb-1 molecules. In addition to these mutations that
persisted in the mtDNA genome of line 1G until the end of
the MA experiment, a T insertion at site 11 722 within the nd5
gene was detected at 41% frequency in MA generation 137
but subsequently went extinct (figure 2). A single nucleotide
insertion at this site occurred in multiple independent lines
during the original MA experiment, suggesting that it is a
mutational hotspot [44]. The intracellular frequencies of the
nd5 mutations in this study were primarily assessed via
Sanger sequencing, but their frequencies can be compared to
those previously obtained by whole-genome Illumina sequen-
cing from the end of the MA experiment [44]. The single and
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Table 1. Fitness of Actb-T-bearing mtDNA in a wild-type (WT) nuclear background relative to control worms of the laboratory strain, N2, bearing WT mtDNA.  [JJgl}
(Fifteen replicates each of three N2 control and six experimental Actb-7-bearing (16.C=1G.U) lines were assayed. Estimates of the mean phenotype for four

ﬁjness traits are provided for the WT N2 control (Zy; onyor; three lines each with 15 replicates, n=45) and the six 1G-derived, Actb-7 bearing lines
(Z Actb—1 bearing line 16; 1 = 90). Mean fitness values across n = 15 replicates for individual control and experimental lines are also provided (three N2 control and

six Actb-1-bearing lines).)

fitness-related trait

productivity survivorship to adulthood developmental time (hours) longevity (days)
72 control 31131 0.990 45.89 15.51
Z Actb—1 bearing lne 16 108.73 0.907 52.21 12.56
72 control 1 294.93 0.980 51.67 15.13
212 control 2 326.33 1.000 42.27 17.93
22 contol 3 312,67 1.000 873 1347
Z Actb—1 bearing lne 16.C 91.73 0.873 51.73 12.07
Z Adt—1 bearing line 16.L 96.87 0.947 57.29 13.13
Z Actb—1 bearing lne 1G.M 87.00 0.953 58.14 13.07
Z A1 bearing lne 1G.N 85.80 0.760 4857 11.00
Z Actb—1 hearing lne 16.T 169.93 0.953 46.80 12.40
Z A1 bearing lne 16.0 121.07 0.953 51.20 13.67

double T insertions were estimated to be at 14% and 78% fre-
quency by Sanger sequencing, respectively, but at 3% and
70% by Illumina sequencing. The nonsynonymous ndb
mutant allele was estimated at 91% and 94% frequency by
Sanger and Illumina sequencing, respectively. In addition to
mutations in ctb-1 and nd5, whole-genome sequencing of MA
lines had identified a tRNA-Asn mutation with 13% frequency
in line 1G [44]. Based on Sanger sequencing, this mutation was
in 8% frequency at the end of the MA experiment, and at 5% at
MA generation 300. There is no evidence of this mutation prior
to MA generation 300. Sanger sequencing of PCR products
from the WT ctb-1 molecule, which used a reverse primer to
the deleted region in ctb-1 and a forward primer upstream of
tRNA-Asn, only yielded a WT tRNA-Asn sequence. We con-
clude that the Actb-1 mutant allele is linked to other
mutations in nd5 and tRNA-Asn, which arose sequentially
after the original ctb-1 deletion, and there is no evidence
of recombination between any of these mutations in the
mitochondrial genome of line 1G or its derivatives.

() Actb-T-bearing mtDNA engender a significant

fitness cost

In order to test the fitness effects of Actb-1-bearing mtDNA
relative to WT mtDNA, the mutant mitochondria were
sequestered in a WT N2 genetic background, free of other
nuclear mutations that arose during MA within line 1G (elec-
tronic supplementary material, figure S1). Four fitness traits,
namely productivity, survivorship to adulthood, longevity
and developmental time were measured in six lines (1G.C,
1GL, 1GM, 1GN, 1GT 1G.U) harbouring the Actb-1
mtDNA from line 1G in a WT N2 nuclear background (elec-
tronic supplementary material, figure S2; table 1). The Actb-1
bearing worms varied significantly from the WT mtDNA
lines with respect to all of the four fitness traits assayed
(figure 3; electronic supplementary material, table S2).

Actb-1 bearing lines exhibited a significant decline in pro-
ductivity relative to the WT N2 control (figure 3; Wilcoxon
rank sum, z=8.88, d.f. =1, p <0.0001). The mean productivity
of 109 offspring per hermaphrodite in Actb-1 bearing lines is
only 35% of the 311 offspring produced by the WT N2 con-
trol. Mean relative productivity of the Actb-1 bearing lines
ranged from 28% (lines 1G.M and 1G.N) to 55% (line 1G.T)
of the average WT productivity. There was no significant
difference in the mean productivity of the six individual
1G lines bearing the Actb-1 mitotype (table 1; Wilcoxon/
Kruskal-Wallis, y3 =8.47, p=0.13).

Actb-1 bearing lines exhibited a significant decline in sur-
vivorship to adulthood relative to the N2 control (figure 3;
Wilcoxon rank sum, z=4.11, d.f. =1, p <0.0001). The mean
survivorship of Actb-1 bearing and N2 control worms is
90% and 99%, respectively. Hence, Actb-1 bearing worms
have a relative mean survivorship of 92% (8% mean decline)
compared to WT worms. Mean survivorship of the Actb-1
bearing lines ranged from 77% (line 1G.N) to 96% (lines
1G.L, 1G.M, 1G.T and 1G.U) of the average WT survivorship.
There was a significant difference in the mean survivorship
of the six individual 1G lines bearing the Actb-I mito-
type (table 1; Wilcoxon/Kruskal-Wallis, Zé =1279, p=
0.026), with lines 1G.C and 1G.N in particular having
lowered survivorship of 77-88% relative to the N2 control.

There was a significant reduction in the developmental rate
of Actb-1 bearing lines versus the N2 control (figure 3; Wilcoxon
rank sum, z=5.1, d.f.=1, p<0.0001). Actb-1 bearing worms
took, on average, 6.3 h longer than WT to lay their first ferti-
lized egg, representing an average 13.7% increase in the time
taken to reach reproductive maturity. Actb-1 bearing lines
took 2-27% longer relative to the N2 control to reach reproduc-
tive maturity. There was a significant difference in the mean
developmental time of the six individual 1G lines bear-
ing the Actb-1 mitotype (table 1; Wilcoxon/Kruskal-Wallis,
23=34.19, p <0.0001).

~
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Figure 3. Relative trait means of Actb-7 bearing 1G replicate lines and the
WT N2 control. Mean fitness values for each of the four traits were measured
across six 1G lines (orange), each with 15 replicates where possible (n = 87 or
90) and three N2 control lines (grey), each with 15 replicates (n = 45). Phe-
notypic assays were conducted for four fitness-related traits, namely
productivity, survivorship to adulthood, developmental rate and longevity.
For simplicity, the mean relative fitness value for each of the four traits in
the WT N2 control was scaled to a value of 1. All of the lines bearing
the Actb-1 mtDNA perform significantly worse than the WT N2 line.
**p <0.01, **p <0.0001. Error bars represent one standard error.
(Online version in colour.)

The longevity of Actb-1 bearing lines was significantly
lower than that of the N2 control (figure 3; Wilcoxon rank
sum, z=2.54, d.f. =1, p=0.011). On average, the lifespan of
Actb-1 bearing worms was approximately 3 days shorter rela-
tive to the N2 control, representing an average 19% decrease
in the former. The mean longevity of Actb-1 bearing lines
ranged from 71-88% of the N2 control's mean longevity.
However, there was no significant difference in the mean
longevity of the six individual 1G lines bearing the Actb-1
mitotype (table 1; Wilcoxon/Kruskal-Wallis, )(é:l.42, p=
0.92).

(d) Rapid extinction of Actb-1 when competed with
wild-type mtDNA

A competition assay was performed to test the fitness of the
Actb-1 mitotype in the replicate 1G lines when in competition
with the WT N2 mtDNA. Five replicate 1G lines with the
Actb-1-bearing mtDNA in a WT nuclear background (1G.C,
1G.L, 1G.N, 1G.T, 1G.U) were competed against WT N2
worms in a mixed population commencing with equal frequen-
cies of deletion-bearing and WT mtDNA worms (electronic
supplementary material, figure S3). All five competition popu-
lations showed a steep decline in the frequency and rapid
extinction of Actb-I mtDNA across successive generations of
competition with worms bearing WT mitochondria (figure 4a).
The frequency of Actb-1 bearing worms had fallen below levels
of detection in all populations by the eighth generation
(figure 4a). The competition experiment was continued until
generation 16, with 30 individuals sampled from each popu-
lation in every generation, but no individuals were detected
as harbouring the Actb-1 mitotype from generations 9-16.
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Figure 4. Evolutionary dynamics of Actb-1 mtDNA under competitive
conditions. (a) Population-level frequencies of the Actb-7 mtDNA hetero-
plasmy in five 1G replicate lines under non-competed (grey lines) versus
competitive conditions (coloured lines). In competitive assay populations
established with equal ratios of Actb-7 and WT mtDNA bearing worms
(50 Actb-1 bearing 1G hermaphrodites+50 WT mtDNA-bearing N2 hermaph-
rodites), the population dynamics of the Actb-T mitotype displays a steep
decline in frequency with time. The Actb-T mtDNA heteroplasmy remains
in high frequency (approx. 1.0) within each replicate line across generations
under noncompetitive (control) conditions. In general, there is a significant
reduction in the frequency of the Actb-7 mitotype from 0.5 to less than
0.2 within two generations under competitive conditions, and eventual
loss (undetectable via PCR) from the population between generations 3-8.
The Actb-T mitotype remained undetected between generations 9-16.
(b) A linear regression of the change in log[f(Actb-1/WT mtDNA)] with
time (generations). The single data point for each generation represents
the average values of the Actb-7 mutant mitotype and WT mtDNA across
five independent replicates of line 16 (16.C, 1G.L, 1G.N, 1G.T and 1G.U).
The relative fitness, w, of the Actb-7 mutant mitotype was calculated
from the slope of the regression line and estimated to be 0.48, implicating
a large deleterious fitness cost of the ctb-1 deletion bearing mtDNA and its
gradual eradication in large competitive populations via purifying selection.
(Online version in colour.)

The five replicate Actb-1 bearing 1G lines were also used
to establish large populations that were maintained in paral-
lel to the competition experiment, but without any WT N2
worms. In these non-competed populations, the Actb-1 was
never observed to go extinct (figure 4a). This suggests that
the decline in the population frequency and eventual loss of
Actb-1 under competitive conditions was owing to the sub-
stantially lower fitness of Actb-1 bearing worms relative
to WT, and not because of the loss of the Actb-1 mitotype
within worms that contained the deletion at the beginning
of the experiment.
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Figure 5. A box plot of the Actb-7 frequency across time in non-competed large populations of lines 1G.C, 1G.N, 1G.T and 1G.U. The average frequency of Actb-7 is
93.4%, 93.2% and 74.0% at generation 0, 30 and 75, respectively. (Online version in colour.)

The relative fitness reduction associated with the Actb-1
mitotype was also calculated from its average frequency
pooled across the five replicate competition populations across
generations. First, the log of the ratio (p/g) in each generation
t was calculated, where, p and g equal the average frequency
of the Actb-1 and WT ctb-1 mitotype, respectively. The log
ratio of p/q was mapped as a function of generation and
linear regression was performed on the data (figure 4b). The
slope of the regression line, b, was determined to be —0.3174,
which yielded a relative fitness (w) value of 0.4815. Hence, the
overall competitive fitness of Actb-1 bearing worms is only
48% of worms with WT mitochondria. A negative selection
coefficient of approximately 0.52 (52%) represents an extremely
significant fitness cost for Actb-1 bearing worms.

(e) Frequency of Actb-1 declines with time in large

populations
Four Actb-1 bearing lines (1G.C., 1G.N, 1G.T and 1G.U) were
maintained as large populations for 75 generations. The initial
average frequency of the heteroplasmic Actb-1 in these worms
was 93.4% (figure 5). There was a slight, but significant, differ-
ence in the frequency of the heteroplasmic Actb-1 between the
lines at the beginning of their evolution in large populations
(ANOVA, F=11.07, p <0.0001). At the lower end of the spec-
trum, 1G.U and 1G.T had the Actb-1 mitotype in 91 and 92%
frequency, respectively. At the higher end of the spectrum,
the Actb-1 mitotype in 1G.C and 1G.N was at 95 and 96%
frequency, respectively. We additionally determined the fre-
quencies of four additional heteroplasmies in these four
1G-derived lines after their mutant mtDNA genomes were
sequestered in a WT nuclear background. The single T inser-
tion heteroplasmy in nd5 in these experimental lines at the
start of this experiment ranged from 13% to 24% with an aver-
age frequency of 20%. The frequency of the double T insertion
heteroplasmy in nd5 in these experimental lines ranged from

67% to 74% with an average frequency of 70%. The combined
frequencies the single and double T insertions at this site
ranged from 87% to 93% with an average of 90%. The fre-
quency of the nonsynonymous mutation heteroplasmy in nd5
ranged from 83% to 91% with an average frequency of 86%.
Lastly, the base substitution in tRNA-Asn ranged from 0% to
17% with an average of 11% across the 1G-derived lines.

In the absence of worms homoplasmic for WT mtDNA,
the frequency of Actb-1 within lines initially appeared to be
stable at high frequency. After 30 generations at large popu-
lation size, the average frequency in all four lines remained
above 90%, with an average of 93%. However, by generation
75, the average frequency of the heteroplasmic Actb-1 mito-
type had declined to 74% (two-way ANOVA, generation
effect: F=85.49, p <0.0001). In addition to the decline in the
average frequency of the heteroplasmic Actb-1 mitotype in
these populations, there was an increase in the variation in fre-
quency of Actb-1 between individuals within lines. The
standard deviation in the frequency of Actb-1 within the four
populations at the beginning (generation 0) ranged from
1.3% to 3.8%, with an average of 2.7%. By generation 30, the
average within-population standard deviation had increased
slightly to 4.8% but was 14.8% by generation 75. The gradual
increase in the within-population variation might explain
why the frequency of the strongly deleterious Actb-1 mitotype
declines very slowly at first. The efficiency of selection was
probably impeded in the early generations of these populations
because there was insufficient variation in the frequency of
Actb-1 between individuals and hence, insufficient variation
in fitness. As the population-level variation increased with
time, so did the variation in fitness and subsequently, the
reduction of Actb-1 mitotypes.

The frequencies of the three additional heteroplasmies
in nd5 (single T insertion, double T insertion and non-
synonymous mutation) showed similar decline as the Actb-1
mutant after propagation at large population sizes over 75
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Figure 6. A box plot of the relative mtDNA copy-number across time in non-competed large populations of lines 16.C, 1G.N, 1G.T and 1G.U as determined by
ddPCR. The relative mtDNA copy-number for WT N2 mtDNA is displayed for reference. (Online version in colour.)

generations. The average frequency of the nonsynonymous
mutation declined to 70% and the combined frequency of
the single and double T insertions was estimated to be at
77%. Interestingly, the frequency of the double TT insertion
exhibited the greatest decline to 57%, whereas the frequency
of the single T insertion was virtually unchanged at 20%.
In addition, the low frequency tRNA-Asn mutant went extinct
in each of the four large populations.

(f) mtDNA copy-number was elevated in some, but
not all Actb-1 bearing lines

Previous work has shown that the mtDNA copy-number is
frequently elevated in individuals that are heteroplasmic for
a mitochondrial gene deletion [36,49,50]. This increase in
mtDNA copy-number is probably the result of compensatory
mechanisms that cells resort to when their respirational
demands are not being met [50]. After backcrossing the
Actb-1 mitochondrial genome into a WT nuclear background,
four independently backcrossed lines were tested for mtDNA
copy-number. Immediately following the backcrossing
regime, two of these lines, 1G.C and 1G.N, had elevated
mtDNA copies compared to control lines with WT mito-
chondria (generation 0; figure 6; one-way ANOVA: F=6.25,
p=0.0003). The average mtDNA copy-number increase for
lines 1G.C and 1G.N was 60% and 47%, respectively. By con-
trast, the total mtDNA copy-number was not elevated in lines
1G.T and 1G.U relative to WT mitochondria. Lines 1G.T and
1G.U also had a slightly lower frequency of Actb-1, but per-
haps more importantly, they had almost two times (1.93x)
higher frequency of the WT mitochondrial genome. On aver-
age, lines 1G.T and 1G.U also appeared to perform better in
the fitness-related traits assays (table 1).

There was no significant change in mtDNA copy-number
in the large populations by generation 30 (two-way ANOVA,
generation effect: F=1.17, p=0.28). However, by generation
75, the total mtDNA copy-number in lines 1G.C and 1G.N
had declined to WT levels. At that stage in the experiment,
all four populations that were established as independently

WT-backcrossed replicates of the original 1G line had total
mtDNA copy-numbers indistinguishable from N2 worms
with  WT mitochondrial genomes (Tukey-Kramer HSD:
ancestral control versus 1G.C, p=0.27; ancestral control
versus 1G.N, p=1.0; ancestral control versus 1G.T, p=0.64;
ancestral control versus 1G.U, p=1.0). The reduction in
total mtDNA copy-number within these four replicate 1G
lines with time could be an adaptation if the cost of increas-
ing the total number of mitochondria is greater than the
benefit from increasing the copy-number of WT mtDNA.

(g) Strength of correlation between Actb-7 and wild-
type mtDNA copy-number weakened with time

There is a significant positive correlation between Actb-1 and
WT mtDNA copy-number (r = 0.42, p = 0.001; figure 7a). This
correlation may stem from two principal sources. The first
source of this correlation could be the compensatory pro-
cesses that increase mtDNA copy-number in response to
mitochondrial dysfunction. In the event of a severe reduction
of mitochondrial functions, such as would accompany a loss-
of-function mutation in the mitochondrial genome, the cells
might increase the replication of mtDNA indiscriminately,
resulting in an increased copy-number of both normal and
defective mtDNA genomes. The second potential source is
experimental variation that could affect the numbers of
mutant and WT mtDNA in the same manner. Although we
made every effort to sample individual worms at the same
stage of development, it is possible that there existed some
experimental variation in the developmental stage of the
worms at the time of analysis, which in turn resulted in vari-
ation in mtDNA copy-number and a positive correlation
between mutant and WT mtDNA copy-number. The
coefficient of variation (CV) for Actb-1 and WT mtDNA copy-
number across both populations and generations was 0.62
and 1.15, respectively. Calculating the CV separately within
particular generations or populations does not change this
conclusion. This suggests that the variation in Actb-1 mtDNA
copy-number was no greater than expected when its higher

Y/106L0T :SLE g 20 Y “subil “Jyd  qisi/jeuinol/biobuiysigndAiaposjefo E



~
Q
=

70

< 60 |

< 60 fod .

% 50 o

7 40 @og)oo °

< 307 e % G

2 20 | %% 00 IGN

= oY) ® 00 .

kS| 10_9“ edo — G

& ° —1G.U
0 R ——_

0 1 2 3 4 5 6
relative WT N2 mtDNA

—~
S
~

correlation between

1.0
<
z 1G.C
g 08 IG.N
E 0.6 == |G.T

= |G.U
Z
E 04
Z 0.2 8
g 0 ; ; :
X
< 0.2 ®
< 04
0 20 40 60 80
generation

Figure 7. Relationship between the copy-number of Actb-7 and WT mtDNA. (a) A scatterplot of the relationship between relative copy-number of Actb-7 and WT
mtDNA at generation 0 in large populations. The plot combines ddPCR results for lines 1G.C, 1G.N, 1G.T and 1G.U. There is a significant correlation between Actb-1
and WT mtDNA copy-number at generation 0 (r=0.42, p=10.001). (b) Individual correlation coefficients between Actb-7 and WT mtDNA copy-number as a
function of time (number of generations) for non-competed populations of 1G.C, 1G.N, 1G.T and 1G.U. The strength of the correlation between Actb-7 and
WT mtDNA copy number declines with time (r=—0.69, p = 0.013). (Online version in colour.)

average copy-number was taken into account. Furthermore,
we find no evidence that the variation in Actb-1 mtDNA con-
tributes disproportionally to the variation in total mtDNA
copy-number as has been previously suggested [49].

Within the four Actb-1 bearing lines that were evolved at
large population size for 75 generations, the strength of the cor-
relation between Actb-1 and WT copy-number declined with
time (r = —0.69, p = 0.013) and had all but disappeared by gen-
eration 75 (figure 7b). If the correlation between Actb-1 and WT
mtDNA copy-number is primarily an artefact of an asynchro-
nous developmental stage of the worm (second explanation
suggested in the preceding paragraph), it should exert a similar
effect at both generations 0 and 75, which was not observed.
The weakening of the correlation with time is, however, consist-
ent with our first hypothesis in the preceding paragraph that
the reduction in total mtDNA copy-number is owing to adap-
tive mutations, presumably in the nuclear genome, that disable
or reduce the compensatory increase in mtDNA replication in
response to mitochondrial dysfunction. Alternatively, by gen-
eration 75, the frequency of Actb-1 may have fallen below the
levels that would trigger a compensatory increase in mtDNA
copy-number. However, at that stage in the evolution of
these heteroplasmic Actb-1 populations, the Actb-1 mitotype
was still present in high frequency, 74% on average, and the
number of WT mtDNA genomes was only a quarter of
the numbers observed in homoplasmic WT worms.

(h) Actb-1 is selfish

We conducted five generations of artificial selection for a
reduction in the frequency of Actb-1. The average heteroplasmy
levels in eight worms that were descended from population
1G.T was 40%, with a range from 23 to 65%. We chose the des-
cendants of an individual with a Actb-1 frequency of 37%,
which was the closest to the mean, to establish 25 independent
replicate lines. These 25 lines were maintained by single-pro-
geny descent each generation to maximize the strength of
genetic drift and minimize the efficacy of natural selection at
the inter-individual level. If the intra-individual population
dynamics of the Actb-1 mitotype are dominated by genetic
drift, the changes in its frequency should be random. If there
is selection against the Actb-1 mitotype, its frequency should
decline. Conversely, if the Actb-1 mitotype has a transmission
advantage despite its severe fitness cost at the individual
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Figure 8. The distribution of the frequency of Actb-7 mtDNA in 25 lines after
six generations of bottlenecking via single progeny descent. All 25 lines were
descended from an individual with a Actb-7 frequency of 37%, indicated by
the dashed vertical line. The frequency of Actb-7 mtDNA exhibited a rapid
and significant increase (average 54%) under this regime of minimal selection
between individuals.

level, its frequency should increase. After only six generations
of single individual bottlenecks, there existed considerable
variation between the 25 lines, with the frequency of Actb-1
ranging from 23 to 81% (figure 8). However, only one of the
25 lines (4%) had a reduced Actb-1 frequency. The average fre-
quency of Actb-1 rose to 54%, a significant increase from the
original 37% (Student’s: t=5.9, p<0.0001). Assuming that
the change in Actb-1 frequency over time stems from changes
in the germline frequency of heteroplasmy rather than fluctu-
ations in Actb-1 in the somatic tissue, we conclude that Actb-1
has a transmission advantage over WT mitochondria despite
engendering a severe fitness cost at the individual level.

4. Discussion

A spontaneous MA study in C. elegans with varying effective
population sizes revealed that mitochondrial mutations pre-
dicted to be strongly deleterious reached high frequency
within individual MA lines [44]. The focal mitochondrial
mutations reached a higher frequency in MA lines with the
most severe population bottlenecks (1 =1 individual) relative
to larger-sized MA lines (=10 and 100 individuals),

Y/106L0T :SLE g 20 Y “subil “Jyd  qisi/jeuinol/biobuiysigndAiaposjefo E



consistent with their detrimental effects on fitness. Specifically,
two n=1 MA lines (of a total 20 lines) possessed high-
frequency mtDNA heteroplasmies comprising deletions of
protein-coding or tRNA genes. In general, random genetic
drift is assumed to be the major evolutionary force enabling
the increase in frequency and/or fixation of deleterious
mutations. This is especially pertinent in MA experiments,
which typically involve passaging populations through
severe genetic bottlenecks in order to maximize the effects of
genetic drift. In the case of mitochondrial deletions, there is
evidence that they can have a transmission advantage despite
their serious consequences for the reproductive success of their
hosts [33,36,37,51-53]. However, the mechanisms that main-
tain deleterious mitochondrial mutations in populations are
still poorly understood.

In this study, we focused on one of several previously ident-
ified spontaneous mitochondrial deletions in our C. elegans MA
lines [44], namely a high-frequency deletion in the ctb-1 gene of
MA line 1G referred to as the Actb-1 mitotype. As previously
mentioned, the mtDNA genomes of line 1G also possessed
two additional high-frequency heteroplasmies in addition to
Actb-1, namely a nonsynonymous base substitution and a fra-
meshift mutation in the mtDNA gene, nd5. The primary
objective of this study was to determine if this mutant mito-
type, which contains all three high-frequency heteroplasmic
mutations including Actb-1 in addition to two low frequency
mutations, is a selfish genetic element. We found no evidence
for recombination between any of the mutations, given that
the WT ctb-1 was always associated with the WT alleles of
both nd5 and tRNA-Asn. For reasons explained earlier, we
refer to this mutant mitotype as Actb-1 or Actb-1-bearing
mtDNA. To qualify as a selfish genetic element, a particular
mitotype should have negative or neutral effects on fitness in
conjunction with a transmission advantage over other mito-
chondrial genotypes. A previous whole genome sequencing
analysis of MA line 1G (in which the Actb-1 deletion originated)
suggested that at the termination of the MA experiment, an
unprecedented 96% of the mtDNA genomes within individ-
uals of this line contained this deletion [44]. This mutation
frequency seemed extraordinarily high and is likely to be
severely deleterious given that approximately 50% of the
coding sequence was deleted while simultaneously altering
the reading frame of the coding sequence downstream of the
deletion. For comparison, two other mitochondrial deletions,
uaDf5 and mptDf1, that were discovered in laboratory strains
of C. elegans, are frequently in 60-80% frequency [36,49].
Herein, we demonstrate that in high frequency, the Actb-1 mito-
type is indeed severely deleterious for each of four assayed
fitness-related traits. In this respect, the Actb-1 mitotype is simi-
lar to deletions uaDf5 and mptDf1 that have been previously
described in C. elegans, resulting in delayed development,
reduced productivity, shorter lifespan and lowered survivor-
ship to adulthood [36,38,49]. Furthermore, Actb-1 bearing
worms are rapidly driven to extinction when competed against
WT worms. However, we are unable to delineate the specific
contribution of each of the five linked mutations comprising
the Actb-1 mitotype to the composite 52% fitness decline.
Indeed, one or more mutations may in fact be compensatory
in nature. Irrespective, this compensatory role, if present,
does not preclude or offset the substantial fitness cost to the
worms bearing this mitotype.

Given that C. elegans is amenable to long-term cryopreser-
vation, we were offered a unique opportunity to retroactively

screen stocks of line 1G frozen at several time-intervals m

during the progression of the MA experiment and thereby
determine the approximate timing of the origin of Actb-1 and
reconstruct its population trajectory over approximately 364
generations of experimental evolution. Actb-1 first appeared
between MA generations 25 and 50, and already existed at a
7% frequency by generation 51. Its rapid proliferation within
line 1G is evident by its occurrence at 90% frequency by gener-
ation 90. Subsequently, mutations at two different sites in nd5
also reach high frequency. Given the strongly negative fitness
effects associated with this mitotype, combined with the
extreme genetic drift that dominates in MA experiments,
such a rapid rise could, in principle, be owing to either
random drift within the germline of this MA line, or a trans-
mission advantage of the mutant mitochondrial genome.
Although the frequency of Actb-1 declined under directional
selection, its frequency increased once again when selection
for its reduction was relaxed. If genetic drift within the germ-
line was the primary reason for the initial rapid proliferation
of the Actb-1 mitotype in the original MA experiment, we
expect the frequency of Actb-1 to change at random, with no
significant net increase or decrease after we relaxed selection
for lower abundance. Instead, our results suggest that the
Actb-1 mitotype has a replication or transmission advantage
over WT mitochondria. Hence, our data demonstrating (i)
strongly deleterious fitness consequences of the Actb-1
mitotype, and (i) its transmission advantage over WT
mitochondria, together qualify it as a selfish genetic element.

The importance of large population size for the contain-
ment of selfish mtDNA has been noted in different species,
including yeast [33] and C. briggsae [54]. In large populations,
selection between individuals results in lower abundance of
selfish mtDNA. Conversely, at small population size, selection
within individuals results in greater abundance of selfish
mtDNA. In our experiments comprising large, non-competed
populations of the derivatives of line 1G over the course of
75 generations, the frequency of Actb-1 initially exhibited a
very slight decline but the rate of decline accelerated with
time. In the initial stages of the experiment, when the frequency
of Actb-1 was near its maximum whereas that of the WT was
near its minimum, the variation in the numbers of mutant
and WT mitochondria generated each generation probably
did not translate into large differences in fitness between indi-
viduals. Increasing variation in the frequencies of Actb-1 and
WT mtDNA with time concomitantly increases variation in fit-
ness, resulting in greater efficiency of selection for individuals
with reduced abundance of Actb-1. Furthermore, as the fre-
quencies of Actb-1 and WT become more equal, random
partitioning of mitochondria into eggs generates greater vari-
ation in the numbers of Actb-1 and WT within individuals
than when Actb-1 was high. Subsequently, this engenders
greater variation in fitness. It is currently unclear if Actb-1
would have reached an equilibrium frequency owing to the
opposing forces of individual and within-individual selection,
or if it would continue to decline until the Actb-1 mitotype
became extinct. If there is a real threshold level below which
detrimental mitochondria are selectively neutral, Actb-1
might also persist in the populations until it is eventually lost
by genetic drift.

An upregulation of mtDNA copy-number has been
suggested to play a role in the proliferation of mutant mito-
chondrial genomes [49,50]. Although we observe an increase
in mtDNA copy-number in some replicate lines of 1G, this



was not apparent in other lines that contained the same Actb-1
deletion in high frequency. There was a correlation between
mutant and WT mtDNA quantity, which can be interpreted
as the result of a nonspecific increase in mtDNA. That is, the
mechanisms responsible for an increase in mtDNA do not dis-
criminate between Actb-1 and WT and generically increase total
mtDNA copy-number. This interpretation is also supported by
comparing the variation in the copy-numbers of Actb-1 and WT
mtDNA. If the increase in mtDNA is preferentially for the Actb-1
mtDNA while WT mtDNA was tightly regulated, we would
expect greater variation in Actb-1 mtDNA between individuals
and lines, as Actb-1 mtDNA would increase disproportio-
nately. Although Actb-1 mtDNA did indeed exhibit greater
variation, we found no significant differences in the CV
between Actb-1 and WT mtDNA. It appears that this greater
variation in Actb-1 is a function of a greater average number
of Actb-1 than WT mtDNA per individual.

Within the large, non-competed populations of line 1G
replicates evolved for 75 generations, there was selection for a
lower frequency of the Actb-1 mitotype, but also an opportu-
nity for compensatory evolution to mitigate the deleterious
consequences of Actb-1. During evolution in these large popu-
lations, the total mtDNA copy-number dropped to levels that
are typical of the WT N2 control. Furthermore, the correlations
between Actb-1 and WT mtDNA were no longer significant after
75 generations, even though the average frequency of Actb-1
remained fairly high, at 74%. It is possible that the frequency
of the Actb-1 mitotype had dropped to levels that did not stimu-
late a compensatory increase in mtDNA copy-number.
However, it is also possible that the lack of compensatory
increase in mtDNA is itself adaptive. For example, the increased
investment in mitochondria may be too costly and generate too
little return on the investment, so that an increase in mtDNA
copy-number instead contributes to the fitness cost of the
Actb-1 mitotype.

Mitochondrial mutations contribute to a multitude of age-
related and degenerative diseases and understanding the per-
sistence and proliferation of deleterious mtDNA variants
could provide new ways to target and treat their debilitating
effects [55-57]. Furthermore, the sources of genetic conflict
between the nuclear and mitochondrial genomes also have
implications for the evolution of organellar genomes and
the evolutionary history of eukaryotes. A key question
remaining to be answered pertains to the mechanism by
which mitochondrial deletions can have a competitive advan-
tage within cells. One distinct feature of mitochondria is that
they have highly reduced genome sizes, perhaps in order to
increase their replication rate [58-60]. It had been proposed
that deletion-bearing mtDNA molecules gain a selfish

transmission advantage because they replicate more rapidly [ 13 |

owing to their smaller size [61]. The experimental evidence
for the hypothesis that shorter mitochondrial genomes are
faster replicators is mixed. Some studies have demonstrated
that shorter mitochondrial genomes can replicate more
rapidly than larger, WT mtDNA genomes within the same
cell [62,63]. Likewise, in vivo experiments in mouse neurons
suggested that mitochondrial genomes with large deletions
accumulate faster than genomes with small deletions [64].
This proposed characteristic of mitochondrial genomes
could provide a transmission advantage for the Actb-1 mito-
type because they replicate more rapidly owing to their
smaller size. However, a recent study in C. elegans found no
empirical support for this ‘small-genome’ hypothesis [49]
given that mtDNA heteroplasmies involving point mutations
and smaller deletions show clonal expansion at a rate similar
to that of large deletion-bearing mitochondria [65]. Rather,
recent work in C. elegans suggest that mutant mtDNA
molecules ‘hijack’ endogenous pathways of mitonuclear
signalling to wupregulate the mitochondrial unfolded
protein response pathway to facilitate an increase in their
copy-number [49,50].

Levels of mitochondrial heteroplasmy are the product of
mutation and selection at different levels of organization.
To address questions about replicative advantage of different
mtDNA variants within individuals, it is imperative that one
eliminate sources of confounding factors, such as selection
between individuals. Experiments on the population
dynamics of selfish mtDNA have revealed that their abun-
dance can be very sensitive to population size [54]. One of
the advantages of using single individual bottlenecks to
study the dynamics of mitochondrial mutations is the near
absence of selection between individuals, which can reveal
the relative contributions of selection and drift within the
germline.
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