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Genetic variation originates from several types of spontaneous mutation, including single-nucleotide substitutions, short
insertions and deletions (indels), and larger structural changes. Structural mutations (SMs) drive genome evolution and
are thought to play major roles in evolutionary adaptation, speciation, and genetic disease, including cancers.
Sequencing of mutation accumulation (MA) lines has provided estimates of rates and spectra of single-nucleotide and indel
mutations in many species, yet the rate of new SMs is largely unknown. Here, we use long-read sequencing to determine the
full mutation spectrum in MA lines derived from two strains (CC-1952 and CC-2931) of the green alga Chlamydomonas
reinhardtii. The SM rate is highly variable between strains and between MA lines, and SMs represent a substantial proportion
of all mutations in both strains (CC-1952 6%; CC-293112%). The SM spectra differ considerably between the two strains,
with almost all inversions and translocations occurring in CC-2931 MA lines. This variation is associated with heterogeneity
in the number and type of active transposable elements (TEs), which comprise major proportions of SMs in both strains
(CCH1952 22%; CC-2931 38%). In CC-2931, a Crypton and a previously undescribed type of DNA element have caused
71% of chromosomal rearrangements, whereas in CC-1952, a Dualen LINE is associated with 87% of duplications. Other
SMs, notably large duplications in CC-293], are likely products of various double-strand break repair pathways. Our results
show that diverse types of SMs occur at substantial rates, and support prominent roles for SMs and TEs in evolution.

[Supplemental material is available for this article.]

Since the development of the modern synthesis in evolutionary
biology, the existence of chromosomal changes visualized in cyto-
genetic studies led to the hypothesis that structural mutations
(SMs) could be an important source of variation, leading to evolu-
tionary change by natural selection (Dobzhansky and Epling 1948;
McClintock 1950; Ohno 1970). All genetic variation has its origin
in new mutations, and efforts to estimate the rate of mutations
started early in the twentieth century by analysis of mutation accu-
mulation (MA) experiments, in which spontaneous mutations are
allowed to accumulate in lines of small effective population size
where natural selection is ineffective (Muller 1928; Bateman
1959; Mukai 1964). The advent of whole-genome sequencing
technology led to the possibility of directly estimating the rate,
spectra, and genomic distribution of mutations by sequencing
MA lines and, later, by the sequencing of parents and their off-
spring. Although studies of these kinds have been performed in
many species (Halligan and Keightley 2009; Yoder and Tiley
2021), the short-read sequencing technology that has been ap-
plied reliably detects only single-nucleotide mutations (SNMs)
and short insertions and deletions (indels), and little is known
about the rates at which SMs occur de novo.

SMs include larger indels (often defined as those >50 bp), du-
plications, transposable element (TE) insertions and excisions, and
chromosomal rearrangements, such as inversions and transloca-
tions. Such large structural changes are expected to have larger fit-
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ness effects than SNMs and indels, and the structural variation that
arises from SMs has been implicated in many evolutionary phe-
nomena. For example, duplications provide the raw material for
gene family evolution via processes that include neo- and subfunc-
tionalization (Kuzmin et al. 2022). Inversions may result in
recombination suppression, and the subsequent evolutionary
divergence of ancestral and inverted haplotypes has been implicat-
ed in local adaptation, speciation, and sex chromosome evolution
(Kirkpatrick and Barton 2006; Kirkpatrick 2010). Inversions may
also give rise to “supergenes,” which preserve the linkage of multi-
ple coadapted loci and can underlie complex phenotypes (Joron
etal. 2011; Kiipper et al. 2016). Translocations and other major re-
arrangements can similarly suppress recombination and may
directly cause reproductive isolation (Faria and Navarro 2010;
Potter et al. 2017), and deletions have also been linked to genomic
differentiation during speciation (Zhang et al. 2022).
Appreciation for the diverse evolutionary roles of TEs is ever
increasing. TE insertions in functional sequences can drive rapid
phenotypic adaptation (van’t Hof et al. 2016), and TEs can contrib-
ute substantially to regulatory sequences over evolutionary time-
scales (Chuong et al. 2017; Zhao et al. 2018). TE activity has
been linked to diverse phenomena, including genome size evolu-
tion (Gregory 2005), genomic “turnover” (gain and loss of DNA)
(Kapusta et al. 2017), and speciation (Ricci et al. 2018; Tusso
et al. 2022). TEs may also mediate large deletions, duplications,
and chromosomal rearrangements (Gray 2000), either directly as
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a by-product of their transposition machinery (e.g., as in the
classic Ac/Ds system in maize) (Zhang et al. 2009) or by nonallelic
homologous recombination between interspersed TE copies
(Konkel and Batzer 2010).

Aside from their evolutionary importance, SMs are generally
associated with deleterious effects and have been implicated in
several human diseases and cancers (Inaki and Liu 2012;
Weischenfeldt et al. 2013). Finally, SMs are also likely to become
increasingly relevant in applied fields, such as selective breeding
in agriculture, because structural variation has been associated
with commercially important traits (Jayakodi et al. 2020; Song
et al. 2020).

Increasing our understanding of the evolutionary importance
of structural variation requires better knowledge of the rates at
which the various types of SMs occur. Some studies have used
short-read sequencing to estimate rates for particular SMs, often
limited to deletions and duplications (Katju and Bergthorsson
2013; Konrad et al. 2018; Belyeu et al. 2021; Ho and Schaack
2021; Villalba de la Pena et al. 2022) but also to TE insertions
and excisions (Adrion et al. 2017; Ho et al. 2021). Although results
were complex and variable, SMs have been observed to occur at
nonnegligible rates relative to other mutations, and heterogeneity
in SM rates among genotypes was often present. Recently, advanc-
es in long-read sequencing technology have led to substantial im-
provements in the ability to assemble near-complete eukaryotic
genomes and have stimulated the development of bioinformatic
tools for the discovery of structural variation (Rhoads and Au
2015; Jain et al. 2018; Mahmoud et al. 2019; Miga et al. 2020; De
Coster et al. 2021). These advances now enable the study of the
complete spectra of SMs in MA lines. The single-celled green alga
Chlamydomonas reinhardtii is an excellent model for mutation re-
search because its relatively large genome (~111 Mb) and short
generation time (~2.5 generations per day) enable the rapid accu-
mulation of large numbers of new mutations in a short time, and
the species has been used to explore diverse genomic properties of
mutations (Ness et al. 2012; Sung et al. 2012; Lopez-Cortegano
et al. 2021; Bondel et al. 2022). Here, we use Pacific Biosciences
(PacBio) HiFi to identify SMs in replicate MA lines of two divergent
strains of C. reinhardtii generated in a previous study (Morgan et al.
2014). We aim to characterize the full spectra of SMs in C. reinhard-
tii to compare the rates of SMs to the rates of SNMs and indels and
to investigate interstrain heterogeneity in SM rates and spectra.

Results

SM detection

We performed PacBio HiFi or continuous long-read (CLR) sequenc-
ing of MA lines of the C. reinhardtii strains CC-1952 (N=4 MA
lines, all HiFi) and CC-2931 (N=8, six HiFi and two CLR). These
geographically distinct strains were selected on the basis of their
relatively low (CC-1952, overall u=4.05 x 107'° per site per gener-
ation) and high (CC-2931, u=15.6 x 107'°) SNM and indel rates in
the MA lines (Ness et al. 2015), which had been maintained for ap-
proximately 1050 generations by single-cell descent (Morgan et al.
2014). To perform strain-specific detection of SMs, we first pro-
duced near-complete reference assemblies for the two ancestral
strains. The 17 C. reinhardtii chromosomes were assembled into to-
tals of 50 and 39 contigs with N50s of 4.25 and 3.81 Mb, for CC-
1952 and CC-2931, respectively (Supplemental Fig. SI1;
Supplemental Table S1). We subsequently defined ~98% of each
~111 Mb ancestor genome as “callable” (i.e., sites where SMs could

be called with high confidence; see Methods). This represents a
substantial increase over the ~71% obtained in our previous study
using short-read technology (Supplemental Fig. S2; Ness et al.
2015). We sequenced MA lines at sufficient depth of coverage to
produce highly contiguous assemblies (Supplemental Fig. S1;
Supplemental Table S1), enabling us to call SMs using three ap-
proaches: directly from MA line PacBio read alignments against
the appropriate ancestral reference using Sniffles (Sedlazeck et al.
2018), from MA line PacBio assembly alignments against the refer-
ence using MUM&Co (O’Donnell and Fischer 2020), and from
Cactus pangenomes using vg (Garrison et al. 2018; Armstrong
et al. 2020). Sniffles and MUM&Co were run individually for
each MA line, whereas all MA lines and the ancestor for each strain
were analyzed collectively with vg from a single Cactus alignment.
We subsequently collated and manually curated all variant calls
using a combination of read visualization and mapping approach-
es (Fig. 1A).

We classified our curated data set of SMs (a total of 120 in CC-
1952 and 443 in CC-2931; Supplemental Dataset S1) into eight
categories: expansions and contractions of tandemly repeated se-
quence (e.g., in microsatellites or satellite DNA, collectively termed
tandem repeat mutations [TRMs]), duplications, deletions, inser-
tions and excisions of mobile elements, and inversions and trans-
locations (Fig. 1B). The different callers varied substantially in their
ability to identify different SM types (Fig. 1C). Only 19.2% of SMs
were called by all three tools, highlighting the importance of com-
bining approaches. vg was most successful overall, calling 79.4% of
SMs and 22.4% uniquely, although it called only 20.0% of inver-
sions and translocations. MUM&Co called only 16.7% of TRMs,
although it identified 64.5% of SMs in other categories.
Sniffles called 47.2% of SMs and was generally outperformed by
the assembly-based approaches, although it was superior in identi-
fying duplications (calling 62.7% of duplications and 39.0%
uniquely). The assembly-based methods failed to call duplications
>30kb (i.e., longer than the reads) because they were generally col-
lapsed and absent in the assemblies. We also called 7.3% of SMs
manually from alignment files and read visualization, most of
which were TE insertions located at the breakpoints of other com-
plex SMs (e.g., inversions and translocations).

The three approaches also differed markedly in the propor-
tions of rejected calls (i.e., variants that could not be classified as
genuine SMs), and all three returned more rejected calls than con-
firmed SMs (reaching 3x as many for vg) (Supplemental Fig. S3).
Rejected calls generally fell in three categories: calls made within
regions that we had defined as uncallable, which were not consid-
ered further; MUM&Co or vg calls that received assembly support
but not read support (i.e., “valid” calls introduced by assembly er-
rors); or calls that received support from neither assemblies nor
reads (unsupported variants). Considering the ratio of rejected
calls to confirmed SMs in CC-2931, Sniffles performed best
(1.14), followed by MUM&Co (1.81) and vg (3.42). However, these
ratios varied considerably depending on the type and sequence
context of the rejected call. All categories of rejected calls were as-
sociated with repetitive sequence (Supplemental Fig. S4).
Uncallable regions correspond to the most repetitive regions of
the genome, generally long satellite arrays, including some centro-
meric and subtelomeric regions (Supplemental Dataset S2).
Although they contain only ~2% of sites, a substantial proportion
of all variant calls were made in these regions (26.4%). Although
we expect that the majority of calls in the uncallable regions
were false positives, the enrichment of these regions for tandem re-
peats may have led to an underestimation in the rates of
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Structural mutation (SM) detection. (A) Flowchart of the SM calling pipeline. Steps are organized from top to bottom in four stages: genome

assembly, mapping and alignment, SM calling, and SM curation. The software used in each step is shown in red text, and file formats are in blue text.

“Manual” indicates variants that were curated directly from alignment files.

x1” indicates that each data set (reads or assemblies) was analyzed individ-

ually; “xN” indicates that all MA lines for a given strain were analyzed collectively. (B) Schematics illustrating the eight different types of SM called. The
ancestral state is shown above; the mutated state, below. (C) Intersection of the number of curated SMs identified by each calling method across all MA
lines (for the two strains, CC-1952 and CC-2931, combined). In vertical bars, the numbers of SMs are colored by SM type. Horizontal bars (in gray)

show the total numbers of SMs called by each method.

expansions and contractions in our analysis. Considering callable
regions, tandem repeats of all lengths were a major source of both
assembly errors and unsupported variants. After excluding all tan-
dem repeats, the ratio of unsupported variants to confirmed SMs
improved for all callers, falling from 0.21 to 0.17 for MUM&Co
and from 0.91 to 0.20 for vg, although substantial proportions of
calls attributed to assembly errors remained (Supplemental Fig.
S3). Consequently, although our results show that aligners and
callers are capable of detecting SMs in tandemly repeated regions
(expansions and contractions) (Fig. 1C), attempting to do so risks
introducing many false positives in fully automated pipelines.
Rejected calls are further discussed in the Supplemental Material.

Rates and spectra of SMs

The rates and spectra of SMs were markedly different between the
two strains (Fig. 2A,B). CC-2931 MA lines experienced ~85% more
SMs than CC-1952 MA lines, and overall SM rates were signifi-
cantly different between the strains (usym (cc-1952)=2.58 x 10710
and psm (cc-2931)=4.30 x 10710 per site per generation; W-test, P=
4x107%). However, the within-strain variance in pgy among MA

lines was ~12% higher than between them (ANOVA test, F=
10.8, P=8x1073). In terms of the number of bases affected, CC-
2931 MA lines experienced larger SMs than CC-1952 MA lines
and also experienced a greater variety of SM types (Fig. 2A). We ob-
served only three SMs >20 kb in CC-1952 MA lines, whereas almost
all large chromosomal rearrangements were found in CC-2931;
that is, there were 1.75 inversions (median ~243 kb) and 2.50
translocations per CC-2931 MA line (collectively 4.05 x 10~ rear-
rangements per genome per generation) (Supplemental Fig. S5),
compared with a single 5.2-kb inversion in the CC-1952 MA lines.
Deletions were also rare in CC-1952 (less than one per MA line on
average), as were mobile excisions, explained by a relatively low
frequency of active cut-and-paste DNA transposons (see below).
Although there were clear differences between the strains,
some SM properties were shared by CC-1952 and CC-2931.
TRMs were the most common category of SMs <3 kb in length in
both strains (representing 60.8% and 35.0% of SMs in CC-1952
and CC-2931, respectively) and occurred at similar rates in the
two strains (median WTRM (CC-1952) = 1.68 x 10_10, UTRM (CC-2931)=
1.60 x 1071%; W-test, P=0.93). Mobile insertions dominated the
spectra of SMs >3 kb in length (representing 21.7% and 37.9% of
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Figure 2. Spectra and rates of SMs. (A) Mean number of SMs by type (in colors) and length (in kilobases, rounded to 0.5 kb) per MA line. A total of five

uncharacterized rearrangements of unknown length in CC-2931 MA lines are excluded. (B) The SM rate per site per generation (u, on a log ¢ scale) is plot-
ted as open points and boxplots for different types of SMs. Data points represent individual MA lines. Supplemental Figure S5 provides an analogous plot
showing per genome per generation SM rates. (C) Mutation rates for different mutation types across the CC-1952 and CC-2931 MA lines, after excluding
mutations in tandem repeat annotations. Only lines sequenced by PacBio HiFi are included. The percentage at the top of the bar indicates the proportion of

SMs relative to all mutation types (SMs, SNMs, and indels).

all SMs in CC-1952 and CC-2931, respectively), although the me-
dian rate of mobile insertions was ~2.5x higher in CC-2931 (14.08
x 107! per site and generation) than in CC-1952 (5.15x 1071,
Duplications were also relatively common in both strains (12.5%
and 9.9% of all SMs in CC-1952 and CC-2931, respectively),
although duplications in CC-1952 (median length 0.9 kb) were
significantly shorter than in CC-2931 (median length 12.9 kb;
W-test, P=3 x 10~°). Duplications were more frequent than dele-
tions in both strains (W-test, P<1.5 x 1072) and also significantly
longerin CC-2931 (median length, 12.9 kb vs. 1.7 kb, respectively;
W-test, P=1.81 x 1072). Across all SM types, we found a bias toward
increasing genome size: CC-2931 MA lines gained 171.7 bp, and
CC-1952 MA lines gained 50.4 bp, per generation, on average.
After excluding TEs, the rate of genome size expansion fell by ap-
proximately half in CC-2931 and approached zero in CC-1952,
highlighting the role of TEs in driving genome size expansion in
C. reinhardtii MA lines.

In addition to identifying SMs, we used the PacBio HiFi reads
to call SNMs and indels <50 bp in length. This analysis suggested
that SMs represent ~6% of the total mutations in CC-1952 and
~12% in CC-2931. However, most mutations affecting short
lengths of sequence were called in tandem repeats (~60%).
Given the uncertainty of variant calling in these sequences, we re-
calculated mutation rates, excluding these regions. This had a mi-
nor effect on the relative contributions of SMs to the total rate (Fig.
2C). We did not find a significant correlation between gy and ei-

ther SNM or indel mutation rates among MA lines in either strain.
Disregarding covariance terms between SM, SNM, and indel muta-
tion rates, variance in usy explained 4.3% of total variance attrib-
uted to the total mutation rate in CC-1952 and 9.7% in CC-2931.
Hence, our results suggest that SMs, including those that could
have functional consequences, occur at a rate approximately 10-
fold lower than the rate of SNMs and indels combined, yet their
rates of occurrence are highly variable between strains. The broad-
er improvements to short mutation detection brought by PacBio
HiFi sequencing are briefly discussed in the Supplemental
Material.

Genomic distribution of SMs

To explore the distribution of SMs across the genome and, in par-
ticular, their distribution relative to functional sequences, we gen-
erated ~20 Gb of RNA-seq data for the CC-2931 ancestor and
annotated coding sequences, introns, and untranslated regions
(UTRs). Because >70% of genes are separated by <1 kb in the com-
pact C. reinhardtii genome, we divided intergenic regions into
“proximal” (within 500 bp of a gene) and “distal” sequences
(>500 bp from a gene), the latter category largely capturing long,
highly repetitive intergenic regions, including the centromeres
and subtelomeres. We then used two approaches to compare the
observed distribution of SM coordinates to the expected distribu-
tion based on random sampling. First, we considered the entire
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span of each SM. Second, we considered the specific coordinates of
the SM breakpoints. Although the former approach takes into ac-
count the wider possible effects of mutation (e.g., the duplication
of entire genes), the latter approach explores whether the break-
points of SMs were enriched relative to any particular genomics
features.

When considering the whole length of duplications, dele-
tions, and inversions, these mutations intersected with genomic
annotations, as expected under a random distribution (Fig. 3A).
As aresult, their proportions of overlap with each functional anno-
tation resembled the actual proportion of the corresponding anno-
tation in the genome. This included coding sequences, suggesting
that many of these SMs could have large fitness effects.
Furthermore, the breakpoints of duplications and deletions were
also distributed randomly (Fig. 3B). These results are consistent
with a near absence of selection in our MA experiment, as expected
for populations subject to regular bottlenecks. As detailed below,
mobile insertions were underrepresented in coding sequences
and introns and were enriched in 5’ UTRs and intergenic sequenc-
es (Fig. 3B). The coordinates of inversion and translocation break-
points had qualitatively similar distributions, a result that we
attribute to the association of these rearrangements with TEs (see
below).

Active TEs

With the exception of one putative mobile satellite in CC-2931, all
mobile elements were TEs. We found that the two strains differed
markedly in the number and diversity of active TE families. There
were 12 active TE families from seven subclasses in CC-2931 and
only three active families from two subclasses in CC-1952. We
also observed considerable heterogeneity in insertion rates among
MA lines and among TE families (Figs. 2B, 4A).

The most active retrotransposons in CC-2931 were an auton-
omous (Chlamys-9_cRei) and nonautonomous (Chlamys-N4_cRei)
pair of Penelope-like elements (PLEs), which generally caused very
short insertions of median length 128 bp as a consequence of 5
truncation. All Chlamys insertions were intronic, a pattern that is
broadly consistent with the underlying distribution of their (C),
microsatellite target (Fig. 4B,C; Craig et al. 2021b). The remaining
CC-2931 TEs comprised various types of DNA transposons. The

cut-and-paste DD(E/D) transposons EnSpm-3_cRei (autonomous)
and EnSpm-N3_cRei (nonautonomous) were active in all lines.
EnSpm insertions were significantly enriched in intergenic regions
distant from genes, although unlike other TE families, they were
not underrepresented in coding sequences (Fig. 4C). Consistent
with a higher efficiency of nonautonomous transposons relative
to their longer autonomous counterparts (Han et al. 2013), we ob-
served a net increase in copies of EnSpm-N3_cRei (i.e., three ances-
tral copies compared with a mean of 3.6 copies in the MA lines)
and a net decrease in copies of EnSpm-3_cRei (i.e., three ancestral
copies compared to a mean of 2.4 copies in the MA lines). The in-
crease in EnSpm-N3_cRei copies is presumably a consequence of
transposition occurring during DNA replication (Feschotte and
Pritham 2007). It should be noted that the estimated number of
EnSpm insertions is a minimum estimate (Fig. 4A) because several
cut-and-paste transpositions may have occurred during MA that
were not captured.

We observed 12 insertions of copy-and-paste Helitrons, includ-
ing the particularly long 20.4-kb autonomous Helitron2-7_cRei
(Fig. 4B). We also observed an unusual pair of copy-and-paste trans-
posons, the autonomous Replitron-1 and nonautonomous
Replitron-N1, which are the founding elements of a new group of
eukaryotic transposons named Replitrons that will be described
elsewhere (Craig 2022). Like Helitrons, Replitron-1 encodes an
HUH endonuclease of the Rep class, although it features only
one catalytic tyrosine (i.e., Y1 rather than Y2) in the Rep domain
and does not feature a C-terminal helicase domain (Fig. 4B). The
Replitrons inserted upstream of “RG” target sequences (R indicat-
ing purine), causing variable length target site duplications.
Replitron-N1 was the second most active TE, causing insertions in
all lines and a maximum of 22 insertions in L13 (Fig. 3B).
Replitron-1 and Replitron-N1 insertions were significantly underrep-
resented within coding sequence and introns (Fig. 4C).

We observed two families of autonomous Cryptons, includ-
ing CryptonF-1_cRei, which was the most active TE in CC-2931.
To our knowledge, these are the first observations of active
Cryptons. Goodwin et al. (2003) proposed a model of Crypton
insertion via site-specific recombination between a short donor
sequence at one terminus and a near-identical target sequence
at the integration site, catalyzed by the Crypton-encoded
tyrosine recombinase. Our data were consistent with this model,

because CryptonF-1_cRei terminates in

the motif “CACCG” and targeted
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Figure 3.

the mutations have two breakpoints (except for mobile insertions).

SM genomic distribution. (A) Overlap of SMs with genome annotations. Colored vertical
bars represent the overlap between different functional annotations (in colors) and types of SM. The ex-
pected overlap was then estimated after the sampling of randomly distributed SMs of the same length,
using 1000 replicates. Closed circles represent the median expected overlap of SMs with functional an-
notations, and error bars represent the corresponding 95% confidence intervals. (B) Distribution of SM
breakpoint coordinates (start and end) relative to genomic annotations. The expected overlap of SM
breakpoint coordinates with functional annotation was estimated as in panel A, that is, from random
sampling of genomic coordinates. Note that the number of observations is twice that in panel A because

& e & mal intergenic sequences and 5’ UTRs.
In contrast to CC-2931, only the
LINE retrotransposon Dualen-4b_cRei was
active in multiple CC-1952 MA lines,
and the number of insertions ranged
from four insertions in MA line 1 (L1) to
nine in L15 (Fig. 4A). This family was
also active in CC-2931, but it only caused
one insertion in L11 (not shown in
Fig. 4A). We also observed two cut-and-
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A Mutation accumulation line strains, we also observed no “deletions”
CcC-2931 L1 L2 L6 L9 L11 L13 L14 L15 of LTR elements (i.e., formation of solo
Chlamys-9(3) / 1 I LTRs by homologous recombination).
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Number of insertions autonomous nonaUtonomous MA lines (Pearson’s product-moment
B correlation, t;o=2.64, r=0.64, P=0.02).
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Rep (Y2) PHD  Hel this pattern involved truncated copies
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of both Replitron-N1 and CryptonF-1_cRei
at a single breakpoint. We also attributed
a far smaller number of SMs to homolo-
TAGTG gy-mediated double-strand break (DSB)
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Figure 4. Active TEs. (A) Number of insertions per TE family per MA line. Families with less than two
insertions per strain are not shown. TE subclasses are shown in colors (red: PLE; yellow: LINE; blue:
Helitron; purple: Replitron; orange: Crypton; green: DD(E/D) transposon). Autonomous (darker colors)
and nonautonomous (lighter colors) families putatively relying on the same transposition machinery are
grouped. The prefix of each TE name denotes the superfamily. Numbers in parentheses and bold indicate
the number of ancestral copies of each TE family. (B) Schematics of active TE families (to scale). Terminal
inverted or direct repeats are shown by gray arrows, terminal sequences are shown above the main TE
bodies (solid black lines), and insertion targets are shown next to black arrows. Coding sequence and in-
trons of genes are shown by blocks and connecting lines, with domains colored. (RT) reverse transcrip-
tase; (GIY-YIG) GIY-YIG endonuclease; (RNH) Ribonuclease H; (APE) apurinic/apyrimidinic endonuclease-
like endonuclease; (RLE) restriction-like endonuclease; (JCP) Josephin-related cysteine protease; (Rep)
replication protein (HUH endonuclease); (Hel) helicase; (PHD) plant homeodomain finger; (DDE) DDE
transposase; (YR) tyrosine recombinase; (GCR1_C) DNA-binding domain. (C) Distribution of specific
TE family insertions relative to genomic annotations in CC-2931. Autonomous and nonautonomous pairs
were considered together. Error bars show the expectation based on the random sampling of TE inser-
tions, with 1000 replicates per TE insertion (see Fig. 3). Here, the sampling process was adjusted for the

genomic distribution of family-specific target sequences (see panel B).

paste DD(E/D) transposons in CC-1952 MA lines: a single exci-
sion and a single insertion of a P element (P-2_cRei) in L1,
and an excision of a giant single-copy 31.7-kb Zisupton DNA
transposon (Zisupton-3_cRei) in L3, resulting in its extinction
from the genome.

Incidentally, we did not observe any gene retrocopy events in
either CC-1952 or CC-2931, presumably because of an absence of
active polyadenylated LINEs (e.g., LI elements in mammals)
(Kaessmann et al. 2009) and autonomous LTRs (Tan et al. 2016).
Although LTR elements are abundant in the genomes of both

Chlamys

EsUTR
R

repair mechanisms (Table 2). These are
described in more detail below.

Translocations mediated by
Replitron-1 and Replitron-N1 generally fea-
tured breakpoints coinciding precisely
with the right end of the transposons
and were frequently repaired so that
one of the derived chromosomes had
two elements in a tail-to-tail arrange-
ment. For example, this outcome was
observed in a reciprocal translocation
between Chromosomes 14 and 17 in
CC-2931 L9 (Fig. 5A). Although we do
not yet understand the transposition
mechanism of these newly discovered
TEs, the presence of target site dupli-
cations suggests that they may cause
DSBs, and their simultaneous inser-
tion at different genomic regions could
lead to aberrant repair and rearrange-
ments. CryptonF-1_cRei-mediated rear-
rangements were associated with both
insertions and excisions. For example,
CC-2931 L11 experienced a reciprocal
translocation between Chromosomes 9
and 11, involving insertions at each
breakpoint (Fig. 5B). Other events in-
volved only one CryptonF-1_cRei insertion, although in all cases
weobserved a “CAYCG” target site at the breakpoint without inser-
tion. Notably, the high insertion rates of both CryptonF-1_cRei and
Replitrons in CC-2931 L13 (Fig. 4A) resulted in a highly derived
karyotype in this line (Supplemental Fig. S6A). This included a
cluster of nonreciprocal translocations involving four chromo-
somes, mediated by three Replitron-N1 and one Replitron-1 inser-
tions that may have occurred simultaneously.

CryptonF-1_cRei was associated with six inversions on
Chromosome 16 in different MA lines (Fig. 5C). In the CC-2931

EnSpm Replitron
M intergenic (proximal)

[l intergenic (distal)
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Table 1. Proportion of SMs associated with TEs in MA lines of two C. reinhardtii strains

Strain SM % associated with TEs (count/total) TE families (count)
CC-1952 Deletion 33.3(1/3) Dualen-4b_cRei (1)
Duplication 86.7 (13/15) Dualen-4b_cRei (13)
Inversion 0 (0/1) NA
Translocation NA NA
CC-2931 Deletion 13.3 (2/15) CryptonF-1_cRei (2)
Duplication 2.27 (1/44) Dualen-4b_cRei (1)
Inversion 64.3 (9/14) CryptonF-1_cRei (8); Replitron-1/Replitron-N1 (1)

Translocation 75.0 (15/20)

CryptonF-1c_Rei (8); Replitron-1/Replitron-N1 (8)

Note that one translocation involved both CryptonF-1_cRei and Replitron-N1, so the number of TEs does not always match the number of TE-mediated SMs.

ancestor, Chromosome 16 features two CryptonF-1_cRei copies in
opposite orientation separated by ~233 kb. However, we did not
observe this ancestral state in any of the eight MA lines. The
~233-kb region was inverted in four MA lines, with either none,
one, or both of the copies excised. In L2 and L14, longer inversions
were mediated between one of the CryptonF-1_cRei copies and in-
dependent “CAYCG” target sites elsewhere on the chromosome.
Overall, there were seven different mutated states relative to the
ancestor (Fig. 5C), evidencing the hypermutability of Crypton ac-
tivity. The presence of target sites at each breakpoint in both inver-
sions and translocations may suggest a role for the site-specific
recombination activity of the Crypton tyrosine recombinase en-
zyme in mediating rearrangements.

Finally, we observed duplications associated with the LINE
Dualen-4b_cRei, which was most active in CC-1952 (Fig. 4A) but
also caused a single insertion and associated duplication in one
CC-2931 MA line. More than half of the Dualen-4b_cRei insertions
were associated with duplications >50 bp, which represented 87%
of duplications in CC-1952 (Table 1). These duplications (of medi-
an length 900 bp) (Supplemental Fig. S7) resembled the variable
length target site duplications that flank insertions of non-LTR el-
ements (LINEs and PLEs); that is, the duplicated sequence flanked
either side of the Dualen insertions. Such target site duplications
are caused by resolution of the DNA nicks introduced during inser-
tion, the distance between cleavage sites corresponding to the tar-
get site duplication length. These putative Dualen-4b_cRei target
site duplications are considerably longer than other large target
site duplications reported previously, that is, the 126-bp target
site duplications observed in R9 LINEs of rotifers (Gladyshev and
Arkhipova 2009). Active Dualens have not previously been ob-
served, and exceptionally long target site duplications are possibly
mediated by the dual action of RLE and APE endonucleases (Fig.
4B), which are uniquely present together in the Dualen clade
(Kojima and Fujiwara 2005).

Homology-mediated SMs

We next attempted to identify homology-based DSB repair mech-
anisms that may have mediated the remaining SMs. These includ-

ed most deletions and duplications in CC-2931 (Table 2). Many
mechanisms associated with SMs involve DSB repair, which typi-
cally proceeds via two distinct pathways: homologous recombina-
tion and canonical nonhomologous end joining. Homologous
recombination can induce SMs via recombination between inter-
spersed paralogous sequences, that is, nonallelic homologous re-
combination. Nonhomologous end joining can also mediate
SMs. For example, two DSBs that are present on the same chromo-
some could be repaired aberrantly, yielding a deletion or an inver-
sion, or two DSBs that are present on different chromosomes could
yield a translocation. Several other DSB repair pathways that in-
volve varying lengths of homology tracts also exist (So et al.
2017). For example, microhomology-mediated end joining re-
quires ~1-16 bp of sequence homology, and single-strand anneal-
ing requires macrohomology >30 bp. Both mechanisms generate
deletions at single DSBs because they involve DNA end resection,
whereby homology is revealed at DNA ends when degraded to sin-
gle-strand sequences, and this is followed by deletion of any se-
quence overhanging the homology tract (Sfeir and Symington
2015).

We found evidence of macrohomology (>30 bp) in only ~5%
of duplication events, one event in CC-1952 and two in CC-2931
(Table 2; Supplemental Fig. S8). These duplications could poten-
tially have been caused by nonallelic homologous recombination.
In all these cases, the paralogous sequence did not feature TEs. We
found no evidence of macrohomology-mediated deletions, sug-
gesting little role for the single-strand annealing repair pathway
causing SMs. In contrast, we identified microhomologies in 28%
of deletions, four in CC-2931 and one in CC-1952 (Table 2;
Supplemental Fig. S9). One of these deletions (in CC-2931 L6),
was flanked by several clustered SNMs and indels (Supplemental
Fig. S10), a phenomenon that has been observed flanking DSBs re-
paired by microhomology-mediated end joining (Sinha et al.
2017). Although similar hypermutability was not observed flank-
ing the other microhomology-associated deletions, these deletions
were generally shorter than deletions showing no evidence of ho-
mology (median length, 225 bp vs. 2,945 bp; W-test, P=3.77 x
1072). This is consistent with the involvement of DNA end resec-
tion in microhomology-mediated end joining.

Table 2. Proportion of SMs associated with homology-based mechanisms in MA lines of two C. reinhardtii strains

Strain SM % with macrohomology (count/total) % with microhomology (count/total)
CC-1952 Deletion 0(0/3) 33.3(1/3)

Duplication 6.7 (1/15) 0 (0/15)
CC-2931 Deletion 0(0/15) 26.7 (4/15)

Duplication 4.5 (2/44) 6.8 (3/44)
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Figure 5. Genomic rearrangements mediated by TEs. Translocations in CC-2931 MA lines 9 (A)and 11
(B). The ancestor chromosomes are represented on the right half of each Circos plot (Krzywinski et al.
2009), whereas the MA line chromosomes (as contigs) are on the /eft. Chromosome numbers are given
for the ancestor, and derived chromosomes (denoted by “der”) are provided for the MA lines based on
centromere annotation (dark gray regions). Scale is in megabases. CF-1 indicates CryptonF-1_cRei inser-
tions; Rep-NT indicates Replitron-N1. The direction of the arrows indicates the left to right orientation of
the TE sequence. (C) CryptonF-1_cRei (CF-1)-mediated inversions on Chromosome 16 in CC-2931 MA
lines. Ancestor and MA line genomes are shown from top to bottom. The dark gray region represents
the centromere, and the orange blocks represent inversions. The purple region in L13 shows a
Replitron-NT-mediated translocation with Chromosome 9. Gray arrows indicate the orientation of
CryptonF-1_cRei from left to right, and “X" indicates Cryptonf-1_cRei excisions.

We also found three duplications in CC-2931 that had five,
three, and two nucleotides of sequence homology between their
respective breakpoints. Although these duplications are consistent
with microhomology-mediated mechanisms, the presence of such
short stretches of homology might also be explained by chance.
Finally, we found no evidence of either micro- or macrohomology
at the breakpoints of the inversions and translocations not associ-
ated with active TEs. However, we did observe short deletions at
several inversion and translocation breakpoints, which is consis-
tent with repair via nonhomologous end joining. Notably, 40%
of non-TE-associated inversions and translocations occurred in a
single CC-2931 line, L15 (one inversion and three translocations)
(Supplemental Fig. S6B).

Tandem repeat mutations

Tandemly repeated sequences are known to be hypermutable and
evolve via mechanisms that include replication slippage and un-
equal exchange (Lower et al. 2018). As mentioned above, unlike
most other SMs, TRMs (grouping expansions and contractions
>50 bp) occurred at similar rates in the CC-2931 and CC-1952 MA
lines. This could be owing to the independent underlying mecha-

mechanisms such as unequal exchange
rather than by active transposition.
Subtelomeres feature a unique satellite
called Sultan, and we observed expansions
and contractions of the Sultan monomer
within the same subtelomere, as hypothe-
sized by Chaux-Jukic et al. (2021). A small
number of TRMs involved the expansion
or contraction of tandemly repeated
gene families. Examples included 5S ribo-
somal RNA arrays and clusters of the large
Chlamydomonas-specific NCL gene family
on Chromosome 15, which encode RNA-
binding proteins and appear to be experiencing rapid and ongoing
evolution in C. reinhardtii (Boulouis et al. 2015).

Finally, we observed one example of a “mobile” satellite,
which caused four insertions ranging from ~0.5 to >21 kb in
length in three different CC-2931 MA lines. This satellite, MSAT-
11_cRei, consists of a ~1.9-kb monomer and does not feature any
characteristics typical of a TE. We have recently observed mobile
insertions of MSAT-11_cRei in other C. reinhardtii strains (CC-
1690 and CC-4532) (Craig et al. 2022). Although the mechanisms
mediating satellite dissemination are not well understood, the
phenomenon has been observed in other species and may be an
important mechanism of satellite evolution (Ruiz-Ruano et al.
2016).

Whole-chromosome duplication and terminal deletions

We explored the possibility of whole-chromosome duplications
using a genome coverage analysis and found evidence for one
whole-chromosome duplication in CC-2931 L15 (Supplemental
Fig. S11), which gives an estimated rate of 1.2 x 10™* per genome
per generation in the CC-2931 genotype. The existence of the
duplication is supported by nearly 2x coverage of both the
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PacBio and Illumina reads relative to their median whole-genome
coverage. Furthermore, we identified “heterozygous” mutations of
all types along this chromosome, which presumably accumulated
after the chromosome duplication event. One example of a hetero-
zygous SM is a reciprocal translocation between one copy of the
duplicated Chromosome 1 and the single copy of Chromosome
11 (Supplemental Fig. S11). Aneuploidy events, such as chromo-
some gain, can likely be attributed to chromosome segregation er-
rors and are generally expected to be deleterious (Krasovec et al.
2022), although they can also facilitate adaptation in some in-
stances (Gilchrist and Stelkens 2019). We did not observe chromo-
some loss, which would be lethal. However, we did observe the
deletion of a chromosome terminus in two MA lines (CC-1952
L1S and CC-2931 L1), followed by de novo telomere addition
(i.e., “telomere healing”) (Supplemental Fig. S12). These events re-
sulted in terminal deletions of 94 kb and 163 kb, in CC-1952 L15
and CC-2931 L1, respectively.

Discussion

In total, we identified 563 SMs in 12 MA lines that were derived
from the C. reinhardtii strains CC-1952 and CC-2931. To our
knowledge, these are the first direct estimates of the rates and spec-
tra of de novo SMs based on long-read sequencing of MA lines. In
agreement with previous results on the rates of SNMs and indels in
C. reinhardtii (Ness et al. 2015), SM rates and spectra vary greatly be-
tween MA lines and strains. Furthermore, SMs represented a sub-
stantial proportion of the overall genomic mutation rate in both
strains and affected far higher proportions of the genome at the
per base level than SNMs and indels.

Calling SMs from long reads and assemblies

De novo mutations are inherently rare events, and highly accurate
methods are therefore required for their detection. Our ability to
detect SMs was aided by major advances in long-read sequencing
technology, long-read and whole-genome aligners, and structural
variant callers. Nonetheless, our results show that the detection of
structural variants remains much more challenging than the
detection of shorter variants, making it necessary to use a combi-
nation of approaches. Because there was only a partial overlap be-
tween variants identified by different callers, it is possible that
some SMs were undetected in our study. Although a read-based cal-
ler (Sniffles) was required for the identification of many variants,
especially duplications, this approach failed to detect the full range
of SMs. We found that the pangenome approach implemented by
Cactus and vg was particularly successful, calling ~80% of all curat-
ed SMs.

However, in all cases, our results show that structural variant
callers are likely to yield high rates of false positives, even when the
samples analyzed are nearly isogenic, as in our experiment.
Although we were able to detect many genuine SMs in tandem re-
peats, we found that these regions were responsible for the major-
ity of false-positive calls. Accurately calling SMs in tandem repeats
may therefore require specific alignment and variant calling tools
to be developed, and given that manual curation of variants is un-
likely to be manageable in larger and more complex genomes than
that of C. reinhardtii, masking of tandem repeats may be appropri-
ate in automated analyses. The substantial contribution of assem-
bly errors to rejected calls may also warrant the use of multiple
assemblers in variant calling, or the development of methods
that combine assembly-based structural variant detection with

read-based verification. Overall, we recommend sequencing sam-
ples with sufficient coverage to enable de novo assembly, followed
by both assembly and read-based SM or variant calling. If possible,
manual verification with visualization tools such as IGV should
also be performed.

Mechanisms underlying SM and between-strain heterogeneity of
rates and spectra

Excluding expansions and contractions of tandem repeats, ~79%
of SMs were associated with TEs. Of these, 84% were TE insertions
and excisions, which therefore formed major components of the
SM spectra in both strains. The remaining 16% of TE-associated
SMs included most inversions and translocations in CC-2931
and almost all of the duplications in CC-1952. The C. reinhardtii ge-
nome contains more than 200 diverse TE families, almost all of
which show evidence of recent activity (Craig 2021). However,
none of the three TEs implicated in causing rearrangements or du-
plications have previously been observed as active elements. Two
of these active elements, Cryptons (Goodwin et al. 2003) and
Dualen LINEs (Kojima and Fujiwara 2005), were first described
from multicopy repeats in genetic and genomic data, whereas
the active Replitrons found here have not been described
previously.

Beyond TEs, we found little role for homology-based mecha-
nisms of DSB repair, with the possible exception of the microho-
mology-mediated end joining pathway, which putatively caused
deletions of moderate lengths. This is in contrast to SM studies
in yeast, in which nonallelic homologous recombination has
been shown to be the predominant mechanism mediating dele-
tions, duplications, and rearrangements (Sui et al. 2020).
Similarly, 10%-20% of de novo SMs in humans are thought to
be mediated by nonallelic homologous recombination (Parks
et al. 2015). Instead of homology-based mechanisms, the nonho-
mologous end joining repair pathway may have been involved in
many of the SMs, particularly those not mediated by TEs. This is
consistent with the very low rates of homologous recombination
observed in C. reinhardtii under vegetative growth, where the spe-
cies is haploid and nonhomologous end joining is the dominant
DSB repair pathway (Ferenczi et al. 2021). The relative rates at
which species repair DSBs via either nonhomologous end joining
or homologous recombination have been implicated in many as-
pects of genome evolution, such as the evolution of base composi-
tion (Weissman et al. 2019) and intron density (Farlow et al. 2011),
and it is likely that variation in the activity of DSB repair pathways
also leads to substantial variation in SM spectra among species.

We found substantial variation in the rates of SNMs and
indels between the CC-1952 and CC-2931 strains, both in our pre-
vious analysis with Illumina sequencing (Ness et al. 2015) and in
the reanalysis reported herein using PacBio HiFi. There is substan-
tial nucleotide diversity among C. reinhardtii strains (Flowers et al.
2015; Craig et al. 2019), and some of the within-species variation
in mutation rates that we have observed may be caused by the pres-
ence of mutator alleles in certain strains. Consistent with our find-
ings for SNM and short indel mutations, the SM rate in CC-1952
MA lines was significantly lower than in CC-2931. Furthermore,
the SM spectra differed substantially between the strains. In partic-
ular, CC-2931 has a higher overall rate of transposition than CC-
1952, involving a more diverse array of TEs. TE suppression is
not well understood in C. reinhardtii but likely occurs at transcrip-
tional and post-transcriptional levels (van Dijk et al. 2006) via
mechanisms including repressive histone modifications (Jeong
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et al. 2002; Zhang et al. 2002) and RNA interference (Casas-
Mollano et al. 2008). Because the CC-2931 and CC-1952 genomes
both harbor many more potentially active TE families than we ob-
served to be active in our study, we infer that all but a few families
are silenced effectively. TE suppression may differ between CC-
2931 and CC-1952 owing to genetic variation in genes involved
in silencing pathways. Alternatively, environmental factors could
impact TE activity. Almost nothing is known about local adapta-
tion in C. reinhardtii, although natural isolates differ in their
growth rates under laboratory conditions (Morgan et al. 2014;
Kraemer et al. 2017). CC-1952 and CC-2931 were sampled
~1600 km apart, from Minnesota and North Carolina, respective-
ly, and they may differ in the extent of their adaptation to the
highly artificial laboratory environment. Such differences could
potentially cause stress-related interactions with transposition,
which can result in TE activation or repression (Horvéith et al.
2017).

In addition to a higher rate of transposition, CC-2931 MA
lines also appear to have experienced a higher rate of DSBs than
CC-1952 MA lines, which may explain the higher rates of duplica-
tions, deletions, and rearrangements in MA lines of this strain,
even after TE-mediated SMs have been accounted for. DSBs are
generally considered to be the most mutagenic DNA lesions (So
et al. 2017) and are induced by intrinsic cellular factors (e.g., repli-
cative and oxidative stresses) and by exogenous sources (e.g., mu-
tagens). The rate of DSBs in C. reinhardtii is, however, not well
understood, and differences between the strains could arise from
genetic or environmental factors. Overall, we infer that the CC-
2931 genome appears to be less stable than that of CC-1952, al-
though the reasons for this are currently obscure.

Evolutionary implications of high and variable rates of SM

Population-level long-read sequencing projects have generally
found that structural variants are common but segregate at low fre-
quencies, implying that most are strongly deleterious
(Chakraborty et al. 2019; Weissensteiner et al. 2020). Although
we have not explored the relationship between SMs and fitness,
the genomic distribution of SMs, in many cases overlapping cod-
ing sequences, suggests that many have large fitness effects. In
contrast, a growing body of evidence suggests that coding sequenc-
es are less mutable than intergenic sequences with respect to SNMs
and indels (Lee et al. 2012; Krasovec et al. 2017; Belfield et al. 2018;
Lopez-Cortegano et al. 2021; Monroe et al. 2022). We also found a
substantial number of tandem repeat expansions and contractions
in genic regions, a class of mutations that has been implicated as a
major source of human genetic disease (Hannan 2018).
Furthermore, the genomic distribution of TE insertions was not
random. Considering the most active elements in CC-2931,
Replitron insertions were enriched in intergenic sequences distant
from genes, whereas CryptonF-1_cRei insertions were overrepre-
sented in 5 UTRs and gene proximal intergenic regions. Similar in-
sertion biases in other TE families are well documented, and for
example, P elements in Drosophila and Mu elements in maize
show biases toward transcription start sites of highly expressed
genes (Zhang et al. 2020). Gene proximal TE insertions can have
important effects on gene expression, via the disruption of regula-
tory sequences, regional effects of transcriptional silencing, or the
deposition of new regulatory elements (Cridland et al. 2015;
Uzunovic¢ et al. 2019; Rech et al. 2022).

Consistent with the association between TEs and chromo-
somal rearrangements, the breakpoints of inversions and translo-

cations also shared a similar genomic distribution to that of TE
insertions. We expect that many of these events may have large fit-
ness effects. Although not a factor in clonally propagated MA lines,
many of the observed rearrangements are likely to cause meiotic
incompatibilities. Furthermore, it is very likely that we have under-
estimated the true rate of translocations; we only observed translo-
cations that retained a single centromere per chromosome, likely
owing to highly reduced fitness following the formation of acen-
tric chromosomes. Overall, the high fraction of the total mutation
rate explained by SMs, together with their genomic distribution,
suggests that SMs contribute substantially to the mutation load
but also to the potential for adaptive evolution.

Notably, we also observed a strong bias toward genome size
expansion in MA lines, which was driven by TE insertions and du-
plications. In some cases, the ancestral copy number of a TE in-
creased severalfold in an MA line genome over the course of the
experiment. The C. reinhardtii genome is highly compact, and TE
copy number is generally low within TE families (Craig 2021), sug-
gesting that the observed tendency toward genome expansion in
MA lines is counteracted by purifying selection in nature. Based
on short-read data, similar expansion biases have been reported
for duplications in MA lines of Caenorhabditis elegans (Konrad
et al. 2018) and for TE insertions in MA lines of Daphnia magna
(Ho et al. 2021). Briefly, it is important to note that copy-and-paste
TEs may effectively act as mutators in an MA experiment
because each new insertion has the potential to create a new active
copy and subsequently increase transposition rate. Thus, our ob-
served rates of TE insertion, which were averaged over almost
1050 generations, may be overestimated relative to those occur-
ring in nature.

Our results highlight the prevalence and importance of TEs
among SMs and support a prominent evolutionary role for TEs.
The heterogeneity in the rate and identity of TE insertions between
CC-2931 and CC-1952 contributed substantially to the overall dif-
ferences in SM rates and spectra between the strains. Our results
suggest that species, populations, and even individuals may differ
considerably in their SM spectra as a result of their active TE reper-
toire. More work would be required to investigate the rate of new
SMs in other species and to elucidate the generality of results ob-
served here. In particular, it will be important to test whether sim-
ilar within-species variation in SM rates and spectra exists in other
taxa. Our results add to the weight of evidence supporting the im-
portance and prevalence of SMs and should further encourage
structural variant discovery via assembly-based methods.

Methods

Biological samples and nucleic acids extraction

The MA line ancestors were C. reinhardtii wild strains CC-1952
(from Minnesota, 1986) and CC-2931 (North Carolina, 1991),
which were originally obtained from the Chlamydomonas
Resource Center (https://www.chlamycollection.org/). The MA ex-
periment was conducted by Morgan et al. (2014). Briefly, MA lines
were initiated from the ancestor strains and cultured on Bold’s me-
dium agar plates under white light at 25°C. MA lines were bottle-
necked at regular intervals of 3-5 d by randomly picking single
colonies and transferring them from one plate to another. MA
lines were maintained for estimated averages of 1066 and 1050
generations for CC-1952 and CC-2931, respectively, after which
[llumina sequencing was performed. The original ancestors and
MA lines from the last transfer of the experiment were cryopre-
served in liquid nitrogen.
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For this study, we reconditioned the CC-1952 and CC-2931
ancestors along with several MA lines after cryopreservation and
grew all samples in liquid Bold’s medium before transferring to
agar slants to produce stock cultures. Four CC-1952 MA lines
(L1, L3, L6, and L15) and eight CC-2931 MA lines (L1, L2, L6,
L9, L11, L13, L14, and L15) were sequenced together with the
two ancestors. MA lines were randomly selected after excluding
lines with combined SNM and indel mutation rates greater than
or less than 1.5 times the interquartile range for that strain (Ness
et al. 2015), because these lines may have accumulated mutations
that modify the ancestral mutation rate. Cells were inoculated in
six-well plate liquid cultures and grown for 4 d under constant
light to produce sufficient biomass for DNA extraction. High-mo-
lecular-weight genomic DNA was extracted using a cetyltrimeth-
ylammonium bromide (CTAB) and phenol:chloroform protocol,
following the method of Craig et al. (2021a). RNA was extracted
in triplicate from independent cultures of the CC-2931 ancestor
grown in liquid Bold’s medium under constant light via a
Maxwell RSC 48 instrument.

Nucleic acid sequencing

All of the CC-1952 samples and six of eight CC-2931 MA lines were
sequenced on the PacBio sequel II platform with a 30-h movie, us-
ing the circular consensus sequencing (CCS) mode to generate
HiFi reads. Samples were multiplexed, with between four and six
samples per SMRT cell. Library and barcoding preparation, sequenc-
ing, CCS analysis, and demultiplexing were performed at the
Earlham Institute (Norwich, United Kingdom). The mean read
length N50 was 20.2 kb per sample, and mean coverage was about
27x per sample.

The CC-2931 ancestor and CC-2931 MA lines L2 and L9 were
sequenced on individual SMRT cells using the PacBio sequel I plat-
form with a 10-h movie, using the CLR mode. Library preparation
and sequencing was performed at Edinburgh Genomics
(Edinburgh, United Kingdom). Mean read length N50 was 19.3
kb, and mean coverage was about 54x per sample.

CC-2931 ancestor RNA-seq library preparation was conduct-
ed with the NEB mRNA stranded library preparation kit and
[lumina NovaSeq preparation. The three replicate samples were
sequenced using Illumina 100-bp paired-end sequencing. Library
preparation and sequencing were performed by Génome Québec
(Montreal, Canada).

Genome assembly

A different assembly strategy was followed for MA lines and ances-
tors. MA lines were assembled de novo to the contig-level. Flye
v2.8.2 (Kolmogorov et al. 2019) was selected for assembly because
it produced assemblies that were most representative of the hap-
loid state (i.e., other assemblers yielded redundant contigs in repet-
itive regions). A genome length of 111.1 Mb was assumed (“-g
111.1m"” in Flye; command line arguments are shown here and
elsewhere in double quotation marks). Postprocessing was per-
formed with purge_dups (Guan et al. 2020). Error correction was
only performed for the two CC-2931 MA lines (L2 and L9) se-
quenced using CLR by applying two iterative rounds of the
Arrow algorithm (Hepler et al. 2016). To facilitate their use as refer-
ence genomes, the ancestor genomes were assembled de novo to
the chromosome-level using a combination of assembly methods
and extensive manual assembly (see Supplemental Material).
Assembly metrics were quantified using QUAST v5.0.2
(Gurevich et al. 2013). Assembly completeness was estimated using
BUSCO v4.0.6 (Manni etal. 2021), which was run in genome mode
using the chlorophyta_odb10 data set (“augustus_species

chlamy2011”). A list of all samples with a summary of their assem-
bly approaches and quality metrics can be found in Supplemental
Table S1.

Genome annotation

Structural annotation of the CC-2931 ancestor assembly was
performed using BRAKER2 v2.15 (Brina et al. 2021). RNA-seq
data were mapped to the assembly using STAR v2.7.9 (“-
alignIintronMax 5000 --twopassMode Basic”) (Dobin et al. 2013).
BRAKER2 was first run on an assembly softmasked for all repeats
(see below) using existing AUGUSTUS parameters for C. reinhardtii
(“--species=chlamy2011 --skipAllTraining”). A second BRAKER2
run was performed with UTR prediction (“--stranded=+, --UTR=
on”), where the input BAM alignments were split into forward-
and reverse-strand read sets using SAMtools v1.9 (Danecek et al.
2021). Because the run without UTR prediction returned a superior
BUSCO score (“protein” mode), we designated this the primary an-
notation but also attempted to add UTRs where possible. For gene
models in which coding sequence coordinates had a one-to-one
correspondence between the two BRAKER2 runs (with variation
permitted at only one exon for models with more than two
exons), the model with UTRs was introduced as a replacement.
Gene models were filtered if their coding sequence intersected in
>30% with TE sequence or >70% with simple repeats (i.e., micro-
satellites) identified with RepeatMasker v4.0.9 (https://www
.repeatmasker.org).

Repeat annotation was performed for the CC-2931 and CC-
1952 ancestor assemblies. A custom library of C. reinhardtii TEs
and satellites (Craig 2021) was first passed to RepeatMasker. A small
number of TE families newly identified in this study were manually
curated and added to the library (see below). The RepeatMasker an-
notations were supplemented with additional microsatellites and
satellites identified by Tandem Repeats Finder (“2 7 7 80 10 50
1000 -f -d -m -ngs”) (Benson 1999). A final set of tandem repeats
for each assembly was produced by combining simple repeats and
satellites from RepeatMasker, satellites and microsatellites from
Tandem Repeats Finder, and manually curated centromeric, subte-
lomeric, and ribosomal DNA array coordinates. Centromeres were
identified based on the span of the constituent LINE ZeppL-1_cRei
(Craig et al. 2021a), and subtelomeres were identified as sequence
between the telomere and the characteristic spacer sequence, which
coincides with the transition from the subtelomeric repeats (Chaux-
Jukic et al. 2021). Tandem repeat sequences were considered to be
microsatellites if they had a monomer length of <10 bp, and as sat-
ellite DNA if their monomer was >10 bp.

Mapping and alignment

To produce the input files for Sniffles, MA line PacBio
read mapping was performed against the appropriate ancestor ref-
erence assembly using pbmm2 align (https://github.com/
PacificBiosciences/pbmm?2), adding the “--preset CCS” flag for
HiFi samples. For input to DeepVariant (see below), additional pro-
cessing with SAMtools view (Danecek et al. 2021) run with the op-
tion “-F 256" was performed to remove reads with a flag indicating
secondary alignment.

For visualization and curation of SMs, MA line assemblies
were aligned to the appropriate reference assembly using mini-
map2 (“-x asm5”) (Li 2018). We also used unimap v0.1-r41
(https://github.com/lh3/unimap), a tool derived from minimap2
and optimized for assembly alignments, which provided superior
alignments across many tandem repeats.

A pangenome alignment was produced for each ancestor and
its MA lines using Cactus v1.3.0 (Armstrong et al. 2020). All
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assemblies were first softmasked for repeats using RepeatMasker
and Tandem Repeats Finder, as described above. Minigraph
v0.15-r426 (“-xggs”) (Li et al. 2020) was used to produce the graph-
ical fragment assembly (GFA) file that was provided as input for
cactus-graphmap together with softmasked assemblies. The result-
ing PAF file was then passed to cactus-align (“--pangenome --
paflnput --outVG”) in order to produce the final pangenome in
variation graph (VG) format.

Callable sites

Callable sites were defined as genomic sites where SMs could be
called with high confidence, based on visualization of the sequenc-
ing and assembly data. We previously defined callable sites based on
short-read mapping parameters (Ness et al. 2015; Lépez-Cortegano
etal. 2021). Here, we used two criteria based on the de novo genome
assemblies of the ancestors and MA lines. First, the ancestor assem-
bly was aligned against itself with minimap2 (“-x asm5”), and geno-
mic regions that were absent in the resulting PAF file (i.e., that were
unmapped) were deemed uncallable. This first criterion was used
because these regions are essentially unmappable even as isogenic
sequences (at least with minimap2) and are hence inaccessible to
variant calling. Second, a similar procedure was followed for each
MA line by aligning their assemblies to the ancestor genome and ex-
tracting unmapped genomic coordinates. The unmapped coordi-
nates extracted from all MA lines per ancestor were then
intersected using BEDTools “intersect” (Quinlan and Hall 2010),
and any regions that were present in at least two MA lines were de-
fined as uncallable, because an unmapped region in a single MA line
could be an SM such as a large deletion. This second criterion was
adopted because these regions are prone to assembly breaks across
multiple lines, even though they are assembled in the ancestor ref-
erences. Taking the output from both criteria, uncallable regions
separated by <30 kb were merged. Finally, coordinates correspond-
ing to active cut-and-paste DNA transposons were manually rein-
cluded as callable, because the excisions at these sites could
otherwise be classified as uncallable if the same TE was excised in
multiple lines. Because the uncallable regions are enriched in tan-
dem repeats (see Supplemental Material; Supplemental Dataset S2;
for the example dotplot, see Supplemental Fig. S4), we expect that
we may have underestimated the mutation rate of TRMs.
However, there was no overrepresentation of other SM types in call-
able tandem repeats, suggesting that the callable regions of the an-
cestor assemblies provide near-complete references for detecting
most SMs genome-wide.

To compare callable sites between our previous Illumina se-
quencing and the PacBio sequencing described here, callable site
coordinates from Ness et al. (2015) were converted to correspond
to our new ancestor assemblies. A whole-genome alignment of
the vS5 reference assembly and the ancestor assemblies was gener-
ated using Cactus (Armstrong et al. 2020). Coordinates were
then lifted over to the relevant ancestor assembly using the HAL
tools command halLiftover (Hickey et al. 2013).

SM identification

SMs were called using three different variant callers, each of which
relied on a different underlying alignment tool. Sniffles v1.0.12b
(Sedlazeck et al. 2018) was used to call SMs based on the ppbmm?2
read alignments described above. BAM files were preprocessed us-
ing SAMtools-calmd to generate the MD tag, which provides infor-
mation on mismatching positions (i.e., variable coordinates in the
reads). Sniffles was first run on each MA line individually, and the
resulting VCF files were merged using SURVIVOR v1.0.7 (Jeffares
et al. 2017). Following the pipeline recommended for population

calling (https://github.com/fritzsedlazeck/Sniffles/wiki/), Sniffles
was then run again with the merged VCF as input and the option
“--Ivct.” This population calling enables consistent presence or ab-
sence calls for SMs across all MA lines within a strain. SURVIVOR
was used again to generate a multisample VCF.

MUM&Co v3 (O'Donnell and Fischer 2020) was used to call
SMs from individual alignments of MA line assemblies to their an-
cestral reference, setting a genome size of 110 Mb (“g
110000000”). MUM&Co calls variants based on alignments pro-
duced by MUMmer v4 (Margais et al. 2018), which is performed
as part of a single script. Variants were obtained as TSV and VCF
files.

The variation graph tool (vg) (Garrison et al. 2018) was used
to call variants directly from the pangenome alignments using
the deconstruct command (“--path-traversals”). The resulting
VCF file for each strain was reduced to variants >50 bp.

All called variants in callable regions were manually curated
via visualization of read and assembly alignments using the
Integrative Genomics Viewer (IGV) (Robinson et al. 2011). SMs
were rejected if they were not supported unambiguously by
theread alignments. Read support for very large SMs was visualized
via Ribbon v1.1 (Nattestad et al. 2021), which enables the vis-
ualization of reads mapping to discordant genomic regions.
Supplemental Figures S12-S26 provide examples of SM visualiza-
tion and curation. Most variants were entirely spanned by the
reads, leading to simple visual confirmation in IGV, but variants
>30 kb in length (approximately the upper limit of read lengths),
including large inversions and translocations, required additional
curation. In addition to read support from Ribbon, these rearrange-
ments were traced in the MA line assemblies by manually assessing
the discordant mapping of MA line contigs in the PAF alignment
files (see Supplemental Fig. S23). Complex SMs, including large re-
arrangements and duplications, were further visualized using
Ribbon v1.1 (Nattestad et al. 2021).

Duplications and deletions were curated as tandem repeat ex-
pansions or contractions if they involved the duplication or dele-
tion of one or more monomers of a tandem repeat. Most fell within
existing tandem repeat annotations, that is, satellites and micro-
satellites, whereas a small number required manual inspection of
indel flanks by self-vs-self dotplots generated using the MAFFT
v7 online server (Katoh et al. 2019). Deletions that perfectly inter-
sected with TEs annotated by RepeatMasker in the ancestor ge-
nome were called as mobile excisions. Mobile insertions for
described TE families were identified as cases in which the inserted
sequence had a near-perfect BLASTN match (Camacho et al. 2009)
to the Chlamydomonas repeat library (Craig 2021). These hits all
had expected length distributions; LINE and PLE insertions fre-
quently only contained the 3’ end owing to 5’ truncation, whereas
insertions of other TEs corresponded to the entire length of the TE.
In cases in which an inserted sequence had no match to an existing
TE model, we queried the insert sequence against the ancestor ge-
nome, extracted and aligned hits, and manually curated new con-
sensus sequences following established protocols for mobile
element annotation (Goubert et al. 2022). All insertions unambig-
uously matched either the existing or newly produced consensus
sequences and could be neatly defined to specific mobile element
families. The one exception to this pattern was the duplications
mediated by Dualen LINEs, where the sequence called as an inser-
tion partly matched Dualen-4b_cRei and partly matched the se-
quence immediately flanking the insertion. These Dualen-
mediated duplications were manually split to two called SMs:
one mobile insertion and one duplication of the appropriate
lengths.

When curating inversions and translocations, we noticed
that many events featured additional insertions at the
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rearrangement breakpoints that were not specifically detected by
the variant callers. As above, these insertions were compared to
the annotated TEs and defined as mobile insertions of specific
TE families. Five rearrangements could not be fully characterized
because one of the breakpoints was clearly supported, but the oth-
er was in an uncallable region. These were arbitrarily classified as
translocations.

SNMs and indels

DeepVariant 1.1.0 (Poplin et al. 2018) was used for calling SNMs
and indels based on read alignments, using the option “--model_
type=PACBIO.” DeepVariant was run on individual MA line
pbmm?2 alignment files. The resulting VCF files were merged using
GLNexus 1.3.1 (“ --config Deepvariant_unfiltered”) (Yun et al.
2020). The merged VCF file was further processed to retain only
high-quality calls (QUAL > 20) of sites called as homozygous geno-
type, because DeepVariant assumes diploid genomes and biallelic
variants, with a minimum read depth of eight. In addition, only
variant calls that were unique to a single MA line were retained
as mutations. All SNMs and indels were confirmed visually in IGV.

Genomic distributions of SMs and TE insertions

The coordinates of SM breakpoints in CC-2931 were intersected
with genomic annotations (coding sequence, introns, etc.) using
BEDTools. Additionally, we also calculated the intersection of de-
letions, duplications, and inversions based on the entire span of
these SMs. The observed distributions of SMs were compared
against null expectations based on random sampling of the call-
able genome. For the analysis of individual TE families, the ran-
dom expectation was adjusted to account for insertion target
sequences (see Fig. 4B). The target motifs were identified using
SeqgKit v2.1.0 (Shen et al. 2016), and these motifs were then sam-
pled from the callable genome. TRMs and mobile excisions were
not analyzed.

Sequence homology

To explore the role of different DSB repair pathways in SM gener-
ation, we searched for patterns of micro- and macrohomology at
SM breakpoints, following the method of Belyeu et al. (2021).
We first searched for evidence of macrohomology between the
breakpoints of deletions, duplications, inversions, and transloca-
tions that were not previously associated with TEs (>95% sequence
identity detected by the megablast BLASTN algorithm) (Camacho
et al. 2009). Query and target sequences were the 100 bp upstream
of and downstream from each breakpoint. In addition to macroho-
mology, we looked for patterns of microhomology. Given that
microhomology mechanisms such as microhomology-mediated
end joining can require as little as 2 bp of homology, we manually
compared the 20 bp of sequence surrounding breakpoints.
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