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Figure 8. Gypsy-7a_cRei insertions and the strain history of 137c+.

(A) Structure of the 15.4 kb Gypsy LTR retrotransposon. LTR subparts are shown as block arrows, note
that the left LTR is missing the final 8 bp of the right LTR. The two ORFs are highlighted within the 11.3
kb internal section and the gag and po! sections of the polyprotein are highlighted. Protein domains: GAG
= group-specific antigen, PROT = pepsin-like aspartate protease, RT = reverse transcriptase, RH =
RNAse H, PHD = plant homeodomain finger, INT = integrase.

(B) Upset plot (Lex et al. 2014) showing the number of shared and strain-specific laboratory insertions of
Gypsy-7a_cRei in select laboratory strains. Ancestral copies of Gypsy-7a_cRei are excluded.

(C) Schematic representing a putative strain history of several inter-related laboratory strains. Presented is
the most parsimonious interpretation of the shared and independent insertions (B) coupled with known
strain histories. Green ovals represent strains as indicated, with a dashed line indicating cell wall defective
strains. A gray circle indicates MNNG mutagenesis that produced cw mutants. Yellow circles indicate
crosses as labeled. Orange circles indicate likely activation of Gypsy-7a_cRei (“G7a”). Changes in the net
number of Gypsy-7a_cRei loci due to addition by retrotransposition (+) or loss during crossings (—) are
indicated in red. The names of several key Chlamydomonas researchers (R.P. Levine, D.R. Davies, U.W.
Goodenough, P.A. Lefebvre, S.S. Merchant) are indicated where relevant.

We attempted to reconcile the distribution of the Gypsy-7a cRei laboratory insertions with
previously described strain histories (Proschold et al. 2005; Gallaher et al. 2015). The result of this
analysis is presented as the proposed strain history in Figure 8C. Since all insertions were unique
to CC-125, we hypothesize that Gypsy-7a_cRei became active in the 137c+ culture that became
CC-125 after being separated from the cultures that became CC-503 and CC-620, which occurred
several decades ago. Gypsy-7a_cRei became active independently again in a strain from the
laboratory of Ursula Goodenough (CC-621), and it remains active and continues to expand in

strains derived from that strain, e.g. CC-4286 and CC-4287 from Paul Lefebvre and CC-4532 from
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Sabeeha Merchant. A third reactivation of Gypsy-7a cRei likely occurred in Ruth Sager's 6145
strain, which eventually became CC-1691. This event contributed novel insertions to strain D66+
(CC-4425), which in turn contributed a single laboratory insertion to Martin Jonikas' strain, CC-
4533. This last strain, the parental strain of the Chlamydomonas Library Project (CLiP), may
represent a fourth reactivation of Gypsy-7a_cRei (or an increase in transposition frequency), since

it carries 21 private insertions despite being separate from CC-4425 by approximately a decade.

Aside from Gypsy-7a_cRei, the most active TE family was MRC1, with 17 insertions in CC-503
v6 and 16 insertions in CC-4532 v6 (Supplemental Tables S12 and S13). MRCI was originally
described as a non-autonomous LTR element (Kim et al. 2006), however we recently reclassified
it as a non-autonomous member of the newly described Chlamys clade of Penelope-like elements
(Craig et al. 2021b). Gallaher et al. (2015) and Neupert et al. (2020) reported activity of MRCI,
and it may generally be one of the most active TEs in the laboratory. We identified four active
DNA transposons that have been described previously, namely one insertion each of Gulliver
(Ferris 1989), Tcrl (Schnell and Lefebvre 1993) and Tcr3 (Wang et al. 1998) (hAT, Kyakuja and
EnSpm superfamilies, respectively), and three insertions of the non-autonomous 247 family Bill
(Kim et al. 2006). The eight remaining TEs have only been described in Repbase (Bao et al. 2015)
or the more recent Chlamydomonas TE library (Craig 2021). Taken collectively, these results
suggest that TE activity between laboratory strains can be highly heterogenous, with the potential
for rapid TE proliferation to cause significant increases in genome size and to disrupt genic
sequence. It is presently unclear why suppression of Gypsy-7a_cRei is unstable in certain strains,
and why this family exhibits a far higher transposition frequency than other active TEs upon
activation. Similar copy number variation among laboratory strains has been reported previously
for the active nonautonomous DIRS retrotransposon 7OC1 (Day et al. 1988), although curiously
we did not find any de novo insertions of this element in CC-503 v6 nor CC-4532 v6.
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Transposable element genes and the TET/AJBP gene CMD1

Although the 14 active TE families observed in CC-4532 v6 and CC-503 v6 may be representative
of TEs active among laboratory strains, they represent only a fraction of the TEs that are active in
the species. Our recent annotation of TEs identified more than 220 families in the Chlamydomonas
genome, with almost all TE copies showing signatures of recent activity in the species (Craig
2021). This result means that if a TE contains a gene (or genes), the coding sequence is unlikely
to be disrupted by mutation. While TE genes may have unusual features (e.g. ribosomal
frameshifts, especially in retrotransposons), many are readily identified by gene prediction
algorithms. Unknowingly including TE genes within annotations can confound analyses, such as
analyses of methylation, chromatin states or small RNA targeting, where substantial differences
may be expected between non-TE and TE genes. Annotation projects therefore generally aim to
exclude as many TE genes as possible, while highly curated annotations of model organisms may
include TEs as defined entities. We applied a balanced approach in the v6 annotations, in which
we incorporated a set of highly supported TE genes, while filtering out lower confidence genes

that would require curation.

We previously identified ~1,000 genes in v5.6 that are likely part of TEs (Craig et al. 2021a).
When comparing v5.6 genes and TE coordinates, the distribution of their intersect is highly
bimodal; 1,023 genes have a >30% overlap between their coding sequence (CDS) and TEs, and
908 genes have >80% overlap (Figure 9A). We obtained similar distributions in the preliminary
v6 annotations, indicating that most genes can be cleanly divided into TE and non-TE subsets. To
designate high-confidence TE genes, we required a gene with a high CDS-TE overlap to have
either sequence similarity to a known TE-encoded protein or a functional domain. This analysis
resulted in 810 TE genes being included in CC-4532 v6.1 (Figure 9B, Table 2) and 647 in CC-503
v6.1 (Supplemental Figure S13), which are integrated in the associated GFF3 files under the field
“transposable element gene”. Users should be aware that these TE gene sets are not exhaustive,
and projects requiring TE coordinates in general should use annotations derived from the dedicated

repeat library (Supplemental Dataset 4).
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Figure 9. Transposable element genes and CMD].

(A) Overlap between gene coding sequence (CDS) and TEs in v5.6. The number of genes with 0% overlap
is written above the first bar.

(B) Overlap between gene coding sequence (CDS) and TEs in CC-4532 v6.1. Genes were split into non-
TE and TE genes.

(C) Schematic representation of the DNA-1 cRei transposon that contains CMDI. Gene models were
derived from Iso-Seq (Supplemental Figure S14), forward strand genes are shown above black line, reverse
strand genes below. Protein domains are highlighted (PKc¢ = protein kinase catalytic domain, TET-JBP =
ten-eleven translocation/J-binding protein). The ~8 kb region deleted from the chromosome 12 copy is
shown by the red box.

(D) Sequence context of the chromosome 12 and 16 copies of DNA-1_cRei. The 8 bp target site duplications
(TSDs) and the first 23 bp of the 67 bp terminal inverted repeats (TIRs) at each terminus are highlighted.
Mismatches between the TIRs are shown in red text, and single nucleotide variants present among
laboratory and field isolates are shown in blue text. Regions lacking insertions are shown as solid black
lines. Variants were manually curated from PacBio and Illumina data.
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Most of the TE genes encode proteins with typical TE domains, such as reverse transcriptases and
integrases. These genes may be included or excluded in analyses as desired. TE-encoded proteins
are capable of important and wide-ranging interactions with their host genomic and cellular
environments (Cosby et al. 2019), and we were motivated to include TE genes due to their potential
functional relevance. The TET/JBP (ten-eleven translocation/J-binding protein) gene CMDI
(5mC-moditying enzyme, Crel2.g553400) is such an example, as the corresponding protein is
responsible for DNA demethylation via a novel biochemical pathway, converting SmC to the
previously undescribed epigenetic mark C’-glyceryl-methylcytosine (5gmC) using a vitamin C co-
substrate (Xue et al. 2019; Li et al. 2021). Genome-wide 5SmC levels doubled in a ¢mdl mutant
relative to its isogenic wild type, which resulted in lower expression of certain genes and
susceptibility to photodamage (Xue et al. 2019). Notably, TET-JBP proteins have been described
in KDZ DNA transposons of fungi, where their DNA demethylation activity may play a role in
self-regulation and the regulation of other TEs (Iyer et al. 2014). Similarly, we found that
Chlamydomonas CMD] appears to be part of a previously undescribed DNA transposon, DNA-
1 _cRei. This 18.4 kb element is highly unusual, since it contains four expressed genes (including
CMD1) although none encodes a recognizable transposase and we were thus unable to classify it
to any known clade of DNA elements (Figure 9C, Supplemental Figure S14). Nonetheless, DNA-
1 _cRei possesses all the characteristics of a DNA transposon, namely 67 bp imperfect terminal
inverted repeats, precise insertion polymorphisms among both laboratory strains and field isolates,
and 8 bp target site duplications (Figure 9D). In CC-4532 v6 and CC-503 v6, DNA-1 cRei is
present in two copies, one on chromosome 12 that features an ~8 kb internal deletion, and a second
presumably full-length copy on chromosome 16 (containing a second copy of CMDI,
Crel6.g654100). The second copy is absent in CC-1690 (Figure 9D, Supplemental Figure S14),
although this is a haplotype 2 region in CC-1690 and the absence is likely ancestral and unrelated
to TE activity in the laboratory. In addition to the two CMD1 copies, the Chlamydomonas genome
contains at least ten other TET/JBP genes (Aravind et al. 2019), most of which are part of two
Helitron TE families (Helitron2-2 cRei and Helitron2-3 cRei (Craig 2021)). It is possible that the
low methylation found outside of hypermethylated regions is partly an outcome of the presence of
multiple TEs containing TET/JBP genes. This example demonstrates that TE genes can potentially

underlie important biological processes. These genes can vary in copy number between strains,
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and their inclusion in the wider annotation should facilitate the study of novel aspects of

Chlamydomonas biology.

The present and future of the Chlamydomonas Genome Project

For almost two decades, the Chlamydomonas Genome Project has been based on the mt+ strain
CC-503. In version 6, we have presented near-complete assemblies for both CC-503 and the mz—
strain CC-4532. Following the discovery of numerous structural mutations affecting CC-503, CC-
4532 v6 has been chosen to serve as the reference genome. Despite its replacement, CC-503 v6
remains a valuable resource, especially for the M7+ allele and the existing organelle genomes that

were appended to CC-4532 v6.

It is now clear that laboratory strains can differ extensively from each other, both genetically and
phenotypically. Most of this variation stems from the mosaic of two haplotypes that comprise the
genome of each strain (Gallaher et al. 2015). These developments have led to the “know thy strain”
maxim: researchers are encouraged to consider the genetic differences that exist between the
reference genome and the strains used in experimental work (Salomé and Merchant 2019). Our
results suggest that these differences should not only be considered with respect to ancestral
variation between the haplotypes, but also to derived variation arising by laboratory mutation.
Although CC-503 may be an extreme case, the CC-4532 genome harbors 10 structural mutations
and more than 100 TE insertions. Indeed, analyses by Gallaher et al. (2015) and Flowers et al.
(2015) previously inferred the presence of many derived structural variants among strains,
including several large duplications. While many of the most characteristic laboratory phenotypes
were caused by mutations (e.g. nitl and nit2), it is likely that all strains have experienced unique
structural mutations (including TE proliferation at various rates), many of which disrupt genes. It
is also possible that independently maintained cultures of the same strain may differ due to
independent mutations, which makes it desirable to keep frozen stocks of any strain used for long-
term projects, e.g. generation of mutant libraries. Laboratory strains have been maintained clonally
for as many as 75 years and mutations are an unavoidable consequence, especially if strains are
evolving under relaxed selection. Recent work has in fact demonstrated that an unexpectedly large
proportion of mutations in Chlamydomonas are beneficial under laboratory conditions, potentially

due to many genes being dispensable in such an artificial environment (Bondel et al. 2019; Bondel
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et al. 2022). It has also been estimated that ~5-10% of all de novo mutations in Chlamydomonas
experimental lines are >50 bp (Lopez-Cortegano et al. 2022), supporting a prominent role for
structural evolution in the laboratory. The implications of “laboratory domestication” have been
considered in other model systems such as Caenorhabditis elegans (Sterken et al. 2015), and

laboratory mutations should be carefully considered when evaluating experimental results.

Although CC-4532 v6.1 is the highest quality release to date, there remains room for improvement,
particularly in gene annotation. The availability of various ‘omics datasets for Chlamydomonas
and related species continues to grow, presenting opportunities to integrate new annotation
evidence. This may be especially important for the structural and functional annotation of
alternative isoforms and polycistronic loci, which have not been considered in depth in this work.
Work is ongoing to incorporate various additional annotations as browser tracks on Phytozome
(e.g. noncoding RNA genes), and we re-iterate that genome users are encouraged to contact

chlamy.updates@gmail.com with any curated improvements.

With the continuous developments in long-read sequencing, we are entering an exciting era of
Chlamydomonas genomics. Complete “telomere-to-telomere” Chlamydomonas genomes are
within reach, and a pan-genome project has recently been initiated, aiming to produce genomes
for several additional laboratory strains and field isolates (https://www.chlamycollection.org/the-
chlamydomonas-pan-genome-needs-you/). As demonstrated herein, many insights can only be
gleaned by comparing the genomes of different strains, and we can expect substantial benefits
from sequencing additional strains and isolates moving forward. With respect to the two laboratory
haplotypes, a “laboratory pan-genome” could be produced where all haplotype 1 and 2 regions are
represented, capturing all ancestral variation present among laboratory strains. This could
potentially take the form of consensus assemblies for each haplotype, with data from several strains
used to infer the ancestral state at the time of isolation and to identify derived mutations in specific
strains. Furthermore, similar to resources developed for several important plants (Bayer et al.
2020), the species-level pan-genome aims to incorporate the far greater diversity present among
Chlamydomonas field isolates (Flowers et al. 2015; Craig et al. 2019). Such prospects are expected
to reveal novel aspects of Chlamydomonas biology, continuing the development of the species as

an integral model in plant and algal biology.
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METHODS
Strains and DNA sequencing

CC-503 was obtained from the Chlamydomonas Resource Center in 2012. CC-4532 has been
propagated in Sabeeha Merchant's group since the late 1990s (see Gallaher et al. (2015)), when it
was received from Ursula Goodenough. Cultures were grown as described previously (Gallaher et
al. (2015).

Genomic DNA was extracted from frozen cell pellets and used for library preparation and
sequencing at the Joint Genome Institute. Sequencing was performed on the PacBio Sequel
platform in CLR (continuous long reads) mode, generating ~127x and 176x coverage for CC-503
and CC-4532, respectively (CC-503 mean read length 3.58 kb; CC-4532 mean read length 9.88
kb). Additional Illumina sequencing was performed on the HiSeq2000 platform (150 bp paired-
end reads, ~400 bp insert) to ~50x (CC-503) and 55x (CC-4532) coverage as reported in Gallaher
et al. (2015).

Assembly of CC-4532 v6 and CC-503 v6 genomes

Preliminary contig-level assemblies were produced from the PacBio datasets. CC-503 was
assembled using MECAT version 1.1 (genomeSize=130000000 ErrorRate=0.02
Overlapper=mecat2asmpw) (Xiao et al. 2017) and CC-4532 using Canu version 1.8
(genomeSize=120000000) (Koren et al. 2017). Reads were mapped to the raw assembly using
BLASR, and error correction was performed using a single pass of Arrow correction from the
GenomicConsensus toolkit. The remaining homozygous SNP/indel consensus errors were
corrected using the strain-appropriate [llumina data. Illumina reads were aligned using bwa mem
(Li2013) and homozygous SNPs and indels were identified using the GATK’s UnifiedGenotyper
tool (McKenna et al. 2010), and were subsequently corrected. The corrections were verified by
mapping the [llumina reads to corrected consensus sequence.

We used the CC-1690 assembly (O'Donnell et al. 2020) to scaffold the preliminary contigs of each
assembly to chromosomes. Contigs were mapped to the CC-1690 assembly using minimap2 v2.17
(-ax asm5) (Li 2018) to produce PAF (Pairwise mApping Format) files. These mapping data were
used to manually order and orientate uniquely mapping contigs (i.e. the majority of the contig
received a mapping quality of 60) relative to each CC-1690 chromosome. Any inconsistencies
between the contigs and CC-1690 chromosomes were inspected against the raw PacBio reads from
the relevant strain using IGV v2.7.2 (Robinson et al. 2011). In a small number of cases a
misassembled contig was split, while for CC-503 some genuine inconsistencies caused by
structural mutations were supported by the raw reads and maintained. Several short contigs that
mostly contained satellite DNA were manually removed since they appeared to duplicate a region
already assembled on a larger contig. Other short contigs entirely consisting of subtelomeric
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repeats, which generally did not map uniquely, were assigned to chromosome termini by specific
alignment and phylogenetic analysis (see Chaux-Jukic et al. (2021)).

Gap lengths between contigs were estimated relative to CC-1690 and the appropriate number of
Ns was inserted between contigs. Occasionally the estimated “gap” length was negative,
suggesting redundant sequence at the termini of neighboring contigs. These contig termini were
compared, trimmed to remove redundant sequence, and subsequently merged where possible.
Arbitrary gaps of 100 Ns were inserted between contigs which could not be successfully merged.

Repeat annotation

TE sequence was identified in each assembly by providing the latest Chlamydomonas repeat
library to RepeatMasker v4.0.9 (Smit et al. 2013-2015). This library features updated consensus
models for all Chlamydomonas repeats available in Repbase (https://www.girinst.org/repbase/)
together with >100 newly curated repeats (Craig 2021). Any putative TE divergent by >20% from
its consensus sequence was removed. ZeppL clusters were identified as the span from the first two
consecutive ZeppL-1 cRei copies to the final two consecutive ZeppL-1 cRei copies on each
chromosome (except for chromosome 15 where three distinct clusters were observed, see Results).

Microsatellites and satellite DNA were primarily identified using Tandem Repeats Finder (Benson
1999) with parameters “2 7 7 80 10 50 1000 (i.e. a minimum alignment score of 50 and a
maximum monomer size of 1000 bp). Tandem repeats consisting of >2 monomers were split to
microsatellites (monomers <10 bp) and satellite DNA (monomers >10 bp), and if a region was
called as both, precedence was given to satellite DNA since shorter monomers are frequently
nested within larger ones. Satellite DNA annotations were supplemented with curated satellites
identified by RepeatMasker from the repeat library, several of which have monomers longer than
the detection limit of Tandem Repeats Finder.

Genome-wide CG methylation was quantified for the CC-1690 assembly following Chaux-Jukic
et al. (2021). Briefly, the raw signal of the CC-1690 Nanopore reads (i.e. fast5 files) generated by
Liu et al. (2019) were mapped to the CC-1690 assembly using Tombo
(https://nanoporetech.github.io/tombo/) and CG methylation was called using DeepSignal (Ni et
al. 2019).

Validation of assembly improvements

Misassemblies in the v5 assembly were identified by mapping the v5 contigs to the chromosomal
CC-503 v6 and CC-4532 v6 assemblies using minimap2 as described above. Genomic coordinates
of intra- and inter-chromosomal inconsistencies were assessed manually from the PAF files and
converted to input files for Circos (Krzywinski et al. 2009) and karyoploteR (Gel and Serra 2017)
to produce figures 1, 2 and S1.
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To enable convenient liftover of coordinates between assemblies, a 5-way Cactus whole-genome
alignment (WGA) (Armstrong et al. 2020) was produced including the v4, v5, CC-503 v6, CC-
4532 v6 and CC-1690 assemblies. Each assembly was soft masked for repeats by providing
coordinates of TEs and tandem repeats (see above) to BEDtools v2.26.0 maskfasta (-soft)
(Quinlan and Hall 2010). An arbitrary guide tree for Cactus was provided as “(CC-

4532 v6:0.001,(CC-1690:0.001,(CC-503 v4:0.001,(CC-503 v5:0.001,CC-

503 v6:0.001):0.001):0.001):0.001)”, and all assemblies were set to reference quality. Liftover
of genomic coordinates in BED (Browser Extensible Data) format could then be performed
between any two assemblies in the HAL (Hierarchical ALignment) format WGA using the HAL
tools command halLiftover (Hickey et al. 2013). This approach was used to convert v5
coordinates of hypermethylated regions (Lopez et al. 2015) to CC-4532 v6 (Figure 1) and CC-
1690 (Supplemental Figure S3) coordinates. Coordinates of v5 assembly gaps were also
converted to CC-4532 v6 coordinates to investigate the sequence properties of filled gaps in the
updated assembly (see Figure 4).

The genotyping data from Kathir et al. (2003) were kindly provided by Paul Lefebvre. The
genomic coordinates (v5 assembly, as chromosome and position, in bp) were determined for all
markers by BLAST search in Phytozome using the sequence deposited for each marker
(https://www.chlamycollection.org/BAC/MARKER index.htm), or by keyword search using the
gene name in Phytozome. The markers were then ordered based on their assigned v5
chromosome and position. All genotyping data were assembled into a tab-delimited file and used
as input for R/QTL (Broman et al. 2003) with the functions read.cross, est.rf, plotMap, plotRF,
and summaryMap. The genotyping data for the CC2935 x CC2936 progeny (12 full tetrads) were
obtained from Liu et al. (2018). Since the genotypes were encoded as either 1 or 2, a matrix (of
the same size as the genotype matrix) was calculated whereby each n+1 position received the
difference between genotype at the n+1 position and the genotype at position n. Any SNP with a
value not equal to zero was retained to estimate the genetic map, as described above. The
genomic coordinates of mismapped markers or SNPs were corrected based on the CC-503 v6 or
CC-1690 assemblies before re-running the genetic map construction, as above. The quality of the
assemblies was assessed by plotting the recombination frequencies across the entire genome
(plotRF) and by calculating the total length of the genetic map (summaryMap).

Preliminary structural annotations

Protein-coding genes for the CC-4532 v6 and CC-503 v6 assemblies were annotated using a
combination of tools. Input data were ~1.6 billion 150 bp paired-end RNA-seq reads from the JGI
Gene Atlas (strain CC-1690), ~6.4 million 454-sequenced ESTs generated in previous versions
(CC-1690) and ~1.6 million PacBio Iso-Seq reads (pooled samples from CC-4532, CC-5390, CC-
4348, CC-4349, CC-4565, CC-4566 and CC-4567, see Gallaher et al. (2021)). The Gene Atlas
samples will be described by Sreedasyam et al. (unpublished) and Schmollinger and Merchant
(unpublished), and can be browsed at https://phytozome-next.jgi.doe.gov/geneatlas/. Specifically
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for the CC-4532 v6 annotation, ~520 million unpaired 50 bp RNA-seq reads were included that
were generated from CC-4532 grown under a range of conditions including heterotrophic and
photoautotrophic growth, and in Fe replete and Fe limited media (NCBI SRA accessions
PRINA842032 and PRINA717804). The RNA-seq and 454 reads were first assembled using
PERTRAN (Shu et al. 2013), which conducts genome-guided transcriptome short-read assembly
via GSNAP (Wu and Nacu 2010) and builds splice alignment graphs after alignment validation,
realignment and correction. Iso-Seq circular consensus sequencing (CCS) reads were corrected
and collapsed using a pipeline that aligns CCS reads to the genome with GMAP (Wu and Watanabe
2005), performs intron correction for small indels in splice junctions (if any), and clusters
alignments where all introns are shared for multi-exonic transcripts, or have 95% overlap for
single-exon transcripts. A combined assembly of all transcriptomic data was then produced using
PASA (Haas et al. 2003), yielding 287,891 assembled transcripts for CC-4532 v6 and 293,991 of
CC-503 vo.

Putative gene loci were determined using PASA and its associated transcriptome assembly, or by
EXONERATE (Slater and Birney 2005) alignments of proteins from Chlamydomonas incerta,
Chlamydomonas schloesseri, Edaphochlamys debaryana, Volvox carteri, Gonium pectorale,
Dunaliella salina, Chlamydomonas eustigma, Monoraphidium neglectum, Chlorella variablis,
Coccomyxa subellipsoidea, Bathycoccus prasinos, Auxenochlorella protothecoides, Micromonas
commoda, Arabidopsis thaliana, Glycine max, Oryza sativa, Setaria viridis, Solanum
lycopersicum, Vitis vinifera, human, mouse and Swiss-Prot eukaryote proteomes. Transcripts and
proteins were aligned against assemblies after softmasking TEs. Gene models were predicted using
four tools: either directly from the PASA transcripts by identifying ORFs, or using
FGENESH+/FGENESH_EST using parameters trained for V. carteri (Salamov and Solovyev
2000), AUGUSTUS v3.3.3 using “chlamy2011" species parameters (Stanke et al. 2006; Stanke et
al. 2008) or EXONERATE using the protein2genome:bestfit model (Slater and Birney 2005). At
a specific locus, the most well-supported gene model from one of the above approaches was
retained. Gene models were scored positively for a total score of 7, weighted by the following
criteria. First, transcriptomic support contributed a maximum score of 3: a score of 0-1 based on
the percentage of exon coverage by the PASA assembly, a score of 0-1 for intron support ratio (the
number of introns in coding sequence with both splice sites supported relative to the total number
of introns in coding sequence), and a score of 0-1 for splicing support ratio (the number of
supported splice sites in coding sequence relative to the total number of splice sites in coding
sequence). Second, protein homology support contributed a maximum score of 3: 0-1 for the
“Cscore” (a ratio of the blastp score between the predicted protein and its best hit in the proteomes
listed above, and the blastp score of that hit against the predicted protein), 0-1 for protein homology
coverage (the length of alignment between the predicted protein and its best blastp hit, relative to
the mean length of the predicted protein and its best blastp hit), and 0-1 for the percentage of
predicted peptide coverage by EXONERATE protein alignments. Finally, a score of 0.3 was
awarded for the presence of a start codon, 0.2 for a stop codon, and 0.5 for full-length transcriptome
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support (every intron in coding sequence supported). Models were negatively scored by 0-1 for
percent overlap between coding sequence and TEs. The selected gene models were then subject to
improvement using PASA, which included adding UTRs, splicing correction and addition of
alternative transcripts.

Finally, poorly supported PASA-improved transcript models were filtered out using several of the
metrics described above. Transcript models were retained if they had <20% overlap between
coding sequence and TEs, and they had a Cscore >=0.5 and protein homology coverage >=0.5, or
they received transcriptomic support (>=0.8 for intron support ratio). For gene models where
coding sequence had >=20% overlap with TEs, a Cscore >=0.9 and protein homology coverage
>=().7 were required. Pfam domains were then identified for each retained protein using
InterProScan (Jones et al. 2014). Incomplete gene models (missing a start or stop codon) with a
combined Cscore and protein homology score of <1.9 were removed. Any gene models with low
protein homology (a combined Cscore and protein homology score <1.6) and without full-length
transcriptome support were also removed. Finally, short single-exon models (<300 bp) that lacked
recognized protein domains and had poor expression (<15 reads) were removed.

Curation of structural annotations

The preliminary gene models for CC-4532 v6 and CC-503 v6 were subject to several steps of
improvement. First, despite filtering out models with little homology or transcriptomic support
(see above), the annotations each contained hundreds of short models with dubious coding
potential. To quantify coding potential, the analyses of Craig et al. (2021a) were repeated. Briefly,
for each annotation all genes were split to two classes, either “control” (genes with at least one
algal homolog or a protein domain) or “test” (genes with neither a homolog nor protein domain).
Algal homologs were identified using OrthoFinder v2.2.7 (Emms and Kelly 2015). Four metrics
were then calculated per gene: the PhyloCSF score (Lin et al. 2011), the ratio of genetic diversity
at zero-fold and four-fold degenerate sites (mopu4p), codon usage as quantified by the index of
translation elongation (/1) (Xia 2015), and a “Kozak score” that quantifies the strength of the
Kozak-like sequence surrounding the start codon (Cross 2015). To run PhyloCSF, two 8-way
Cactus WGAs were produced, one with CC-4532 v6 plus seven outgroup genomes (C. incerta, C.
schloesseri, E. debaryana, G. pectorale, V. carteri, Yamagishiella unicocca and Eudorina sp.
2016-703-Eu-15), and second with CC-503 v6 and the same seven genomes. The guide tree was
identical to that of Craig et al. (2021a), as was post-processing of the WGAs and the calculation
of PhyloCSF scores. Genetic diversity () was estimated for preliminary gene models from both
CC-4532 and CC-503 using whole-genome re-sequencing data from a population sample of 17
Quebec field isolates, with SNPs called and filtered for both assemblies following Craig et al.
(2019). Ite was calculated using the optimal codon usage table previously produced from v5.6
genes (Craig et al. 2021a). To calculate Kozak scores, a Kozak-like sequence consensus logo,
which summarizes the frequency of nucleotides 5 bp up- and downstream of start codons, was
produced using a random half of the control set genes in each annotation with WebLogo 3 (Crooks
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et al. 2004). The sequence context of the start codons for genes in the test set and the other half of
the control set were then scored for their match to the consensus logo, with a higher score
indicating a stronger Kozak-like sequence. Combining these data, a test set gene was deemed to
be low coding potential if it had a PhyloCSF score <1 and failed two of the following conditions:
Topip >95™ percentile of mopup of the control genes, It <5 percentile of Itk values for the control
genes, or a Kozak-like score <0.25 (see Supplemental Figures S5 and S6). Low coding potential
genes with three or more exons, or ORFs >900 bp (after subtracting tandem repeats), were retained
in the main gene sets.

Second, analyses were performed to avoid omitting from the v6 annotations any well-supported
genes from previous annotations. A dataset was produced that included v4 genes that were absent
in the v5 annotations (Blaby and Blaby-Haas 2017), the entire v5.6 gene set, and 142 high
confidence genes identified by Craig et al. (2021a) in the v5 assembly that were missing from v5.6.
Any genes with coding sequence overlapping >30% with TEs were removed and all genes were
required to have strong evidence of coding potential (either an algal homolog, a recognized protein
domain or a PhyloCSF score >100). The coding sequence coordinates of each gene were converted
from the source assembly (v4 or v5) to the target assemblies (CC-4532 v6 and CC-503 v6) using
halLiftover and the 5-way WGA (see above). We considered genes to be potentially missing in the
target genome if 290% of coding sequence could be successfully lifted over, and <10% of the
converted coordinates overlapped existing coding sequence in the target genome. Additionally,
both v6 preliminary annotations were checked against each other i.e. all CC-503 v6 preliminary
gene models with strong coding potential were converted to CC-4532 v6 coordinates and checked
for overlap with CC-4532 gene models, and vice versa. Any genes from a v6 annotation were
given priority over models from v5 or v4 (i.e. in cases where they overlapped in the target v6
assembly).

We attempted to add the resulting missing genes to the relevant assembly using three approaches.
If the coding sequence liftover was entirely one-to-one (i.e. every site within each exon perfectly
aligned) the gene was simply incorporated based on the converted coordinates. If not (i.e. 290%
was lifted over, but <100%), we searched for the gene in question among the discarded low-scoring
gene models from the preliminary annotations (see above). A match for a missing gene was defined
as any discarded model with a significant blastp hit (e-value <0.01 and percent identity >95%) that
had >80% intersect between coding sequence coordinates in the target assembly. If neither
approach was successful, the transcript of the missing gene was mapped as a cDNA to the relevant
target assembly using GMAP (parameters: “—cross-species, --max-intronlength-ends 200000, -z
sense force” (Wu and Watanabe 2005). Gene models were included if the mapped cDNA had a
valid ORF in the target genome.

Finally, we hand curated a number of gene models, including those for selenoproteins, all
polycistronic loci described by Gallaher et al. (2021), and MT genes. Any gene that was either
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added by the automated pipeline described above or was manually curated was given the suffix
“ EX” in the associated locus IDs.

Annotation of transposable element genes

In the preliminary annotations, gene models that had >20% coding sequence overlap with TEs
were filtered out, unless they had very strong sequence identity relationships (note that many
genomes of other algal species do include TE genes in their main annotations, and therefore strong
sequence identity is not unexpected). These genes with homology evidence were subsequently
separated from the main annotation if their coding sequence overlapped with TEs by >80%, or if
they encoded proteins in which >30% of Pfam domains were TE-associated. For each annotation,
this gene set was then reduced to a conservative set of TE genes. First, a gene was retained if it
had any protein domain (i.e. not only TE-associated domains, see Figure 9). Second, each protein
was queried against the Repbase TE protein database using blastp and retained a) if percent identity
between the query and hit was >60%, if the best hit had an e-value <0.001 and its length spanned
>50% of both query and target lengths, or b) if percent identity was <60%, if the hit spanned >20%
of each length. For simplicity, this conservative set of TE genes was manually reduced to one
transcript isoform based on inspection of transcriptomic support. Genes that did not meet these
criteria were discarded (see examples in Figure S14).

ChIP-seq and proteomics

Intergenic H3K4me3 ChIP-seq peaks called against the v5 assembly were retrieved from Strenkert
et al. (2021). Peak coordinates from the three time points in their experiment were merged and
subsequently converted to CC-4532 v6 coordinates using halLiftover (see above, a peak was
defined as successfully lifted over if 290% of sites were converted). Following Strenkert et al.
(2021), distance from the midpoint of each peak to the nearest TSS was calculated, and a peak was
assigned to a TSS if it was within 750 bp. Peaks that were still classed as intergenic after this
analysis were compared to the TE annotation and conservatively called as TE-associated if >80%
of sites within the peak overlapped a single TE copy.

The proteomics analysis was performed as in Gallaher et al. (2018), using datasets generated in
that study. Briefly, peptides were identified by mass spectrometry and compared to the v5.6 and
CC-4532 v6.1 predicted proteins. The total number of gene models encoding proteins with at least
one assigned peptide was estimated, as was the total number of unique peptides assigned to each
annotation, and the total number of peptides assigned overall.

Identification of structural mutations and transposable element insertions

Structural variants (i.e. >50 bp) were called between the CC-503 v6 and CC-4532 v6 assemblies
using MUM&Co (O'Donnell and Fischer 2020), which identifies putative variants from MUMmer
alignments (Kurtz et al. 2004). MUM&Co was run on each chromosome individually, and for
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chromosomes 2 and 9 the CC-503 v6 chromosomes were split at the translocation breakpoints and
the relevant parts of each chromosome were included. All variant calls were then visualized and
curated in IGV by comparing the CC-503 v6, CC-4532 v6 and CC-1690 assemblies (using
alignments produced by minimap2, as performed above) and raw PacBio reads. Variants called
within tandem repeats or within regions where CC-4532 carried haplotype 2 were not considered.
Confirmed variants were polarized as mutations by comparison of the three assemblies i.e. the
allele present in two assemblies (one of the v6 assemblies and CC-1690) was assumed to be
ancestral. Structural mutations unique to CC-1690 were not called.

Structural mutations identified in CC-503 v6 were subsequently compared to past assembly
versions and were called as consistent (present) or inconsistent (absent). Genes putatively affected
by structural mutations were identified from the assembly and annotation featuring the ancestral
state i.e. genes from the CC-4532 v6.1 annotation were identified at the regions overlapping CC-
503 v6 structural mutations (see Supplemental Tables S10-13).

TE insertions were called as specific cases of insertion variants called by MUM&Co. All insertions
were compared against the annotations derived from the Chlamydomonas repeat library (see
above) and called as TE insertions where genomic coordinates of a TE perfectly intersected those
of the insertion. Similarly, a small number of “deletions” were called as excision events of cut-
and-paste DNA transposons (e.g. Gulliver).

To identify insertions of Gypsy-7a_cRei in laboratory strains, whole-genome re-sequencing data
from 14 strains (Gallaher et al. 2015) were aligned using bwa mem (Li 2013) against a version of
CC-4532 v6 that had been hardmasked for TEs and had the Chlamydomonas repeat library
appended. Read pairs with at least one read mapped to the Gypsy-7a_cRei sequence (included in
the repeat library) and a mapping quality score >10 were extracted with samtools view (v1.15) (“-
b -h -P -q 10”) (Danecek et al. 2021). The resulting BAM files were used to generate bedgraph
files of read coverage using bedtools genomecov v2.30 (“-bg -split”) (Quinlan and Hall 2010).
Peaks with <5 reads were filtered out. The resulting tracks were visualized in IGV v2.9.4
(Robinson et al. 2011). Peaks of coverage were manually identified for each strain.

Phylogenetic analysis of RecQ3 helicases

Peptide sequences were collected by searching for similar proteins to Crel6.g801898,
Crel6.g673393, and AT4G35740 using the Phycocosm (Grigoriev et al. 2021), Phytozome
(Goodstein et al. 2012) and NCBI databases. Sequences were aligned with MAFFT (v7.305)
(Katoh and Standley 2013) through the CIPRES web portal (Miller et al. 2010) and phylogenetic
reconstruction was performed using W-IQ-TREE with default parameters (Trifinopoulos et al.
2016). The consensus tree was visualized in iTOL (Letunic and Bork 2019), and the sequences
from the subtree representing the RecQ3 subfamily were extracted, realigned, and used to build a
RecQ3 phylogeny. The consensus tree was visualized in iTOL.
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Table 1. Comparison of assembly metrics between v6 assemblies, previous reference genome versions

and the CC-1690 assembly.

Assembly strain/version CC-503v4 | CC-503v5 | CC-503 vb6 CC-4532 v6 CC-1690
Year 2008 2012 2022 2022 2020
Sanger + PacBio + PacBio + Nanopore +
Technology Sanger 454 Illumina Illumina Illumina
Total length (Mb) 112.3 111.1 111.5 114.0 111.1
Unplaced scaffolds/contigs 71 37 42 40 1
Unplaced length (Mb) 9.68 2.20 1.45 1.72 1.65
Total contigs 2,739 1,495 145 120 21
Contig N50 (Mb) 0.09 0.22 2.92 2.65 3.58
GC (%) 64.1 64.1 64.1 64.1 64.1
Gaps/Ns (%) 7.54 3.65 1.66 0.81 <0.01
Transposable elements (%) 9.84 10.61 10.80 12.42 11.24
Microsatellites (%) 1.32 1.43 1.72 1.76 1.65
Satellite DNA (%) 3.33 3.68 4.79 5.25 5.09

Unplaced sequence was assembled as scaffolds in v4 and v5, and contigs in all other assemblies. The single
unplaced contig in the released version of the CC-1690 assembly was later assembled to the right arm of
chromosome 15 (Chaux-Jukic et al. 2021).

Table 2. Comparison of structural annotations between reference genome versions.

Annotation CC-503 v4.3 CC-503 v5.6 CC-503 v6.1 CC-4532 v6.1
Nuclear genes 17,114 17,741 16,795 16,801%*
Alternative

transcripts / 1,789 14,874 14,979
Transposable

element genes / / 647 810

Low coding

potential genes / / 1,435 1,417
Plastome genes / / T4** 74**
Mitogenome genes / / 8 8
BUSCO C:96.7% C:98.9% C:100.0% C:99.8%
(chlorophyta_odb10, | [S:96.0%,D:0.7%] | [S:98.2%,D:0.7%] [S:99.3%,D:0.7%] [S:98.8%,D:1.0%]
N=1,519) F:1.3%,M:2.0% F:0.3%,M:0.8% F:0.1%,M:0.0% F:0.1%,M:0.1%

C, complete; S, single-copy; D, duplicated; F, fragmented; M, missing.
*CC-4532 v6.1 contains 16 MT+ specific genes (see below).
**the three trans-spliced exons of psad are here counted as individual models.
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SUPPLEMENTAL FILES

Supplemental Figure S1. Misassemblies in version 5 and their resolution in version 6.
Supplemental Figure S2. Full recombination frequency plots for the estimation of the genetic
maps.

Supplemental Figure S3. CG methylation and repeat landscape of the CC-1690 assembly.
Supplemental Figure S4. Browser view of a v5.6 split gene model merged in CC-4532 v6.1.
Supplemental Figure S5. Analyses of coding potential for CC-4532 v6.1.

Supplemental Figure S6. Analyses of coding potential for CC-503 v6.1.

Supplemental Figure S7. CC-4532 v6 haplotype 2 regions and unique structural mutations.
Supplemental Figure S8. Genomic distribution of haplotype 1 and 2 among laboratory strains.
Supplemental Figure S9. Summary of indels present at CC-503 reciprocal
translocation/inversion double-strand breaks and repair points.

Supplemental Figure S10. Browser views of genes at double-strand breaks associated with
the CC-503 reciprocal translocation/inversion mutation.

Supplemental Figure S11. Browser views of whole-genome re-sequencing data at double-
strand breaks associated with the CC-503 reciprocal translocation/inversion mutation.
Supplemental Figure S12. Browser view of the CC-503 specific deletion of a prolyl 4-
hydroxylase gene.

Supplemental Figure S13. Intersect between coding sequence of CC-503 v6.1 gene models
and transposable elements.

Supplemental Figure S14. Browser view of DNA-1_cRei and CMD1 on chromosome 16.

Supplemental Table S1. Summary statistics, gene density and repeat content of the CC-4532
v6 chromosomes.

Supplemental Table S2. Summary statistics of the CC-4532 v6 genome split by site class with
respect to the CC-4532 v6.1 annotation.

Supplemental Table S3. Metrics and sequence context of all CC-4532 v6 assembly gaps.
Supplemental Table S4. Putative centromere metrics of the CC-1690 and CC-4532 v6
assemblies.

Supplemental Table S5. Comparison of proteomic validation of v5.6 and CC-4532 v6.1
proteins.

Supplemental Table S6. Automated and expert annotations of v5.6 and CC-4532 v6.1
structural annotations.

Supplemental Table S7. Haplotype 2 regions in CC-4532 v6.

Supplemental Table S8. Haplotype 2 coordinates in v5 and CC-4532 v6, and changes
between the assembly versions.

Supplemental Table S9. Mating type locus R domain genes in CC-4532 v6.1 and CC-503 v6.1.
Supplemental Table S10. Curated structural mutations in the CC-503 v6 assembly.
Supplemental Table S11. Curated structural mutations in the CC-4532 v6 assembly.
Supplemental Table S12. Curated TE insertions/excisions in the CC-503 v6 assembly.
Supplemental Table S13. Curated TE insertions/excisions in the CC-4532 v6 assembly.
Supplemental Table S14. Approximate coordinates of Gypsy-7a_cRei copies among
laboratory strains.
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Supplemental Dataset S1. Master annotation table of CC-4532 v6.1.
Supplemental Dataset S2. Gene symbols moved to previous identifiers.
Supplemental Dataset S3. Proteins, alignment and phylogeny for RECQS analysis.
Supplemental Dataset S4. Latest Chlamydomonas repeat library (v3.4).
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APPENDIX: GENE SYMBOL NAMING RULES

1) A gene symbol should communicate the function of that gene's encoded protein
whenever possible. Gene symbols that describe a phenotype of a mutant at that locus are
acceptable, but not preferred, if a function is known. E.g. Cre03.g188250 was previously
named S7A6, because this was the sixth locus identified in a screen for starchless
mutants. It has since been demonstrated that this gene encodes the ADP-glucose
pyrophosphorylase small subunit, and so it has been renamed AGP4.

2) Gene symbols should never be assigned based solely on the presence of a common
domain. In cases such as the 27 genes that encode proteins with a predicted
serine/threonine kinase domain, use the locus ID (CreXX.gNNNNNN) to identify the
gene. Only assign a gene symbol once there is some evidence to assign a function to that
gene.

3) Whenever possible, gene symbols should reflect orthologies to genes characterized
in other model organisms. For example, VKE! (Crel12.g493150) was renamed L7O1 to
reflect its orthology to a gene with that name in Arabidopsis.

4) The gene symbol should suggest, but is not required to match, the encoded protein's
name. For example, the RuBisCO small subunit 1 protein is encoded by RBCS/
(Cre02.g120100).

5) A gene symbol for a nuclear gene should consist of three or four capital letters and
an Arabic numeral for the WT allele. In very rare circumstances, as few as two and as
many as six letters are allowed if it is necessary to provide continuity to historical data.
E.g. FA2 (Cre07.g351150), KUS0 (Cre10.g423800), NDUFAF6 (Cre03.g194300) and
RAPTORI (Cre08.g371957). We note here that previous efforts to assign gene symbols in
Chlamydomonas applied a more stringent three-character only rule (Dutcher 1995). We
argue that this rule should be relaxed, since three-character gene symbols often obscure
orthologous relationships to genes in other species (e.g. CRII (Crel6.g651923) was
renamed CRTISO] to highlight its orthology to that gene in other species). More
importantly, the insistence on three letters has created several naming collisions that were
corrected in v6.1. For example, the "COP" in COPI (Cre02.g085050) stands for
"constitutive photomorphogenesis protein", while the same three letters are used for the

Chlamyopsin genes like COP2. In v6.1, Cre02.g085050 was renamed PCOP] for "Plant-
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type constitutive photomorphogenesis protein", thus preserving "COP" for the
Chlamyopsin genes. Similarly, in v5.6 "MCP" was used for both mitochondrial substrate
carrier proteins and Molybdenum cofactor carrier proteins.

6) Mutant alleles are indicated by the same characters as the WT gene, but in lower
case, followed by a dash and an allele number. E.g. arg7-1 and arg7-8 for two mutant
alleles of ARG7 (Cre01.g021251). Because a dash is used to signify a mutant allele,
dashes must never be used as part of a WT gene symbol.

7) Gene symbols for organelle-expressed genes consist of three lower case letters and
one upper case letter. E.g., CreCp.g802313, which encodes the large subunit of
RuBisCO has rbcL for a gene symbol. This follows the naming convention of
prokaryotes.

8) All genes get a number to distinguish members of a gene family. This is applied
universally, even to those that have not had one historically. E.g. in v6.1, METC
(Crel6.g669550) has become METC1, PSAD (Cre05.g238332) is now PSADI. This is
not simply a matter of fastidiously applying a rigid format. Including a number, typically
starting with "1", helps to future-proof the annotations. Since 76% of genes still lack a
gene symbol, any gene symbol that is currently one-of-a-kind may in the future be found
to be part of a larger family. This is especially true when the Chlamydomonas gene
symbols are used to help guide the annotations in other species, which may have multiple
co-orthologous genes.

9) Sequential letters should be used in place of numbers for symbols that end in a
number. For some gene families, it is informative to have a gene symbol root that ends
in an Arabic numeral. For example, Cre09.g415450 and Cre13.g586500 both encode
kinesin-17 family members; called KINI7-1 and KIN17-2 in v5.6. Unfortunately, this
approach is incompatible with using a dash and Arabic numeral exclusively to identify
mutant alleles (see rule 5 above). To resolve this, the dash and numeral were replaced
with sequential letters in v6.1; in this case, KIN/7A4 and KIN17B. The same strategy was
used for gene symbols with a period. E.g. The NR72.4 (Cre03.g150101) and NRT2.5
(Cre03.g150151) genes were renamed NRT2D and NRT2E, respectively. Note that in this
case, the protein names remain unchanged as NRT2.4 and NRT2.5 (Léran et al. 2014).
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10) Gene symbols may not contain any other punctuation marks (periods, dashes,
colons, etc.), Greek letters, subscripts or superscripts. The use of non-Unicode
characters (e.g. Greek letters) can frequently wreak havoc with the tools used in
computational biology. If necessary, Greek letters should be replaced with the closest
Roman equivalent.

11) Gene symbols should not include "Chlamydomonas". E.g. Cre02.2092150 had been
named CSL in v5.6 for "Chlamydomonas SHOC2/SURS-like LRR", but this symbol was
demoted to alias in v6.1. Refraining from using the genus or species in the gene symbol
helps preserve the universality of symbols when used to guide the annotation of other
species.

12) Make sure any new gene symbol roots are not used for another gene family. When
the function has been identified for a previously unnamed gene, try to copy or adapt the
gene symbol from orthologs in other model species. When the gene's function is novel,
choose a communicative three to four letter root. Make sure that root is not in use in

Chlamydomonas or other model species. We recommend checking uniprot.org for this

purpose.
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