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In addition, we mapped the centromeres on 15 of 
the 17 chromosomes. The AC17 (acetate-requiring17), �- 
tubulin2, and paralyzed flagella27 loci are tightly linked 
to their respective centromeres (Huang et al., 1982; James 

et al., 1989; Kathir et al., 2003). Examination of the se-
quence in the region around these genes showed that 
there are multiple copies of a reverse transcriptase-like 
gene. Using this sequence to BLAST the genome, we 

Figure 4. Complex DNA rearrangement adjacent 
to the APHVIII cassette. A, Diagram of events in 
3F8 involving chromosome 2 (green) and chromo-
some 12 (magenta) in the wild type, chimeric DNA 
between chromosomes 2 and 12 (#1), between 
chromosome 2 and the APHVIII cassette (blue; #2), 
and between chromosome 12 and the APHVIII cas-
sette (#3). The positions of the primers used in B 
along the chromosomes and the cassette are indi-
cated by short arrows. The orientation of the DNA 
fragments along the wild-type chromosome (from 
small to large coordinates) is indicated by long ar-
rows. The diagram is not drawn to scale. A possible 
DNA rearrangement event in 3F8 is indicated at 
the bottom. The dashed line indicates the undeter-
mined composition of DNA. B, PCR amplification 
of multiple DNA fragments in the wild type (CC-
124 and CC-125), 3F8, and 3D1. No temp indi-
cates that no DNA template was added to the PCR. 
C, Diagram of events in 6A12 involving chromo-
some 5 (green) and chromosome 6 (magenta) in the 
wild type, chimeric DNA between chromosomes 
5 and 6 (#1), between chromosome 5 and the 
APHVIII cassette (#2), and between chromosome 
6 and the APHVIII cassette (#3). The positions of 
the primers used in D along the chromosomes and 
the cassette are indicated by short arrows. The ori-
entation of the DNA fragments along the wild-type 
chromosome (from small to large coordinates) is 
indicated by long arrows. The diagram is not drawn 
to scale. A possible DNA rearrangement event in 
6A12 is indicated at the bottom. The dashed line 
indicates the undetermined composition of DNA. 
D, PCR amplification of multiple DNA fragments 
in the wild type (CC-124 and CC-125), 6C2, and 
6A12. No temp indicates that no DNA template 
was added to the PCR. E, Diagram of events in 9A9 
involving chromosome 9 (green) and chromosome 
13 (magenta) in the wild type, chimeric DNA be-
tween chromosomes 9 and 13 (#1), between chro-
mosome 9 and the APHVIII cassette (#2), between 
chromosome 13 and the APHVIII cassette (#3), and 
between regions of chromosome 13 (#4 and #5). 
The positions of the primers used in F along the 
chromosomes and the cassette are indicated by 
short arrows. The orientation of the DNA fragments 
along the wild-type chromosome (from small to 
large coordinates) is indicated by long arrows. The 
diagram is not drawn to scale. A possible DNA re-
arrangement event in 9A9 is indicated at the bot-
tom. The dashed line indicates the undetermined 
composition of DNA. F, PCR amplification of mul-
tiple DNA fragments in the wild type (CC-124 and 
CC-125), 7F3, and 9A9. No temp indicates that no 
DNA template was added to the PCR.
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found that 15 of 17 chromosomes have a repetitive 
stretch of this sequence and that it spans 200 to 800 kb. 
We reasoned that these regions are likely to surround 
or to be the centromeres in Chlamydomonas, based on 
their proximity to several genes that are known to be 
tightly linked to their centromeres. To test this idea, 
DNA from 25 tetrads from a cross of ac17 by CC-1952 
(S1C5), a highly polymorphic strain, was isolated. 
Primers to genes within several hundred kilobases of 
the repeats were used to determine if these regions 
behaved as centromeres using PCR. We expect that a 
tightly centromere-linked probe will produce paren-
tal ditypes and nonparental ditypes and no tetratype 
progeny. Twenty primer sets produced easily discern-
ible differences between the ac17 strain and CC-1952. 
These probes show little recombination between the 
probe and the centromere, as judged by behavior with 
respect to ac17 and the other probes. Zero to three 
tetratypes were found for the primers (Supplemental 
Tables S5 and S6). The centromeric regions are shown 
in Figure 5. Many of the scaffold assemblies that have 
not been placed on a chromosome have reverse tran-
scription genes on them; several of them may reside 
on chromosomes 11 and 15 that lack a block of reverse 
transcriptase-like genes.

We used the polymorphism markers to identify the 
chromosomal locations of the chimera we identified 
in two insertional strains. In 6A12, the flanking DNA 
from chromosomes 5 and 6 cosegregate with paroR in 
10 tetrads (Table 2). This is consistent with our PCR 
analysis result that pieces of chromosome 5, chromo-
some 6, and the cassette form chimeric DNA (Fig. 4C). 
To determine whether this chimeric DNA maps to chro-
mosome 5 or 6, we used a polymorphism marker ∼545 
kb away from the chromosome 5 sequence (2.22 Mb)  
and a second one ∼1.37 Mb away from the chromosome 
6 insertion sequence (2.14 Mb). For parental ditype: 
nonparental ditype:tetratype ratios, we observed 7:1:1 
for the chromosome 5 marker and 8:0:1 for the chro-
mosome 6 marker. Therefore, part of chromosome 5 
genomic DNA was inserted into chromosome 6.

In 3F8, both the aflagellate phenotype and paroR 
show complete cosegregation with each other and 
with insertions on chromosomes 2 and 12 (8 of 8). This 
is consistent with the chimeric DNA formation we ob-
served (Fig. 4A). A polymorphism marker ∼1.13 Mb 
from the chimeric DNA on chromosome 12 (chromo-
some 12; 8.79 Mb) is unlinked (5 of 8). Therefore, the 
chimeric DNA inserted into chromosome 2. There is 
no predicted gene from the junk DNA that originated 

Figure 5. Distribution of 49 new molecular markers for meiotic mapping. Newly designed molecular markers and their posi-
tions along different chromosomes are indicated by magenta vertical lines. Their positions along the chromosomes in version 
5.5 are indicated above the line. One marker, which maps to both chromosome 12: 5.68 Mb and chromosome 16: 1.21 Mb, 
is indicated as light blue vertical lines. A subset of previously defined genes used in meiotic mapping is indicated by black 
vertical lines. Centromeres on each chromosome are indicated as green circles as mapped in Supplemental Table S5. We did 
not identify centromeres on chromosome 11 or 15.
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on chromosome 12. Since the two insertions on chro-
mosome 2 are ∼60 kb apart, we cannot determine the 
causative mutation for the aflagellate phenotype with 
the number of tetrads we analyzed. Other approaches 
(plasmid rescue or isolation of a different mutant allele) 
would be required to identify the causative gene.

DISCUSSION

Highly Efficient Identification of Insertion Sites

Insertional mutagenesis has been used widely in 
Chlamydomonas. Both PCR-based and WGS-based ap-
proaches have been used to identify causative muta-
tions. The roadblocks in PCR-based methods include 
tandem repeats of the insert DNA, poor annealing 
between degenerate primers and templates, and dele-
tion or rearrangement of genomic DNA around the 
insertion sites (Dent et al., 2005; González-Ballester  
et al., 2005; Pollock et al., 2017). WGS-based approaches, 
ChlaMmeSeq and LEAP-Seq (Zhang et al., 2014; Li 
et al., 2016), are advantageous for identifying flank-
ing sequences systematically in large-scale mutagen-
esis experiments. The ChlaMmeSeq method relies on 
enzymatic digestion to analyze 20- to 21-bp genomic 
DNA flanking the insertion sites. The low validation 
rate by this method (∼70%) is likely due to short flank-
ing DNA sequences and not accounting for complex 
DNA rearrangement around the insertion sites. The 
LEAP-Seq method is an improvement that includes 
up to 1.5-kb flanking DNA around the insert cassette. 
These reads may help to identify complex DNA rear-
rangement. However, it is unclear why the paired-end 
reads were trimmed to 21 to 30 bp during LEAP-Seq 
analysis. The short sequence reads, along with multi-
ple steps of initial DNA manipulation (single-stranded 
DNA extension and biotin-streptavidin capture), may 
contribute to the low validation rate (∼75%).

In this study, we present a fast and highly efficient 
method, MAPINS, to identify insertion sites with a 
PCR validation rate of 93%. A similar approach was 
used to map transposons in bacteria and worms 
(Smith, 2011). The significant difference in our method 
is that we retain all the information provided by 101-
bp paired-end reads, which provides longer continu-
ous flanking sequences and easily identifies chimeric 
DNA sequences. It does not require additional manip-
ulation of genomic DNA, as does enzyme digestion or 
affinity purification. The same sequencing data can be 
used to analyze both SNP/short insertions/deletions 
and insertion sites, if needed (Lin and Dutcher, 2015). 
This method is highly sensitive and requires low cov-
erage. In fact, we verified three out of four insertions 
that had only one read (Table 1).

Our method also is cost effective. Based on our study, 
15× coverage of each strain is sufficient to detect inser-
tion sites. Therefore, an Illumina HiSeq 2500 sequenc-
ing lane (pair-ended 101 bp), which provides ∼300 

million reads, is sufficient to detect insertion sites in 
18 mutants. To reduce the cost, we combined genomic 
DNA from two mutants before library preparation and 
WGS. With current sequencing technology and price, 
the cost to identify the causative mutation in an inser-
tion strain is comparable to the cost to obtain a CLiP 
strain (Li et al., 2016) from the Chlamydomonas Source 
Center. Thus, this method makes it feasible and afford-
able to perform suppressor/enhancer screens as well 
as small-scale mutant phenotype screens and to identify 
causative insertional mutations.

The Dark Side of Insertional Mutagenesis

Both glass bead-mediated transformation and elec-
troporation have been used widely in the Chlamydomo-
nas community to generate insertional mutants. It has 
been reported that glass bead transformation usually 
leads to large deletions and/or DNA rearrangement 
(Dent et al., 2015). In our study as well as in other elec-
troporation-based studies (Li et al., 2016; Pollock et al., 
2017), deletions associated with insertions are relatively 
small. While the distribution of insertions is largely ran-
dom, we and others (Li et al., 2016) did observe linked 
insertions (less than 100 kb apart) in ∼10% of the inser-
tional strains. This may be due to changes in chromatin 
dynamics (Nyswaner et al., 2008) caused by the first 
insertion.

In this study, we provided direct evidence that five 
insertional strains (25%) have chimeric DNA. Three 
of these cases are adjacent to the insertion sites, while 
two are not. It is unclear how or when these chimeric 
DNAs formed. Previous studies proposed concatena-
tion of insert cassettes and genomic DNA fragments 
due to cell lysis prior to electroporation (Zhang et al., 
2014; Li et al., 2016). If this were the cause, we would 
expect duplication of the junk DNA and the junk DNA 
would always be adjacent to the inserted cassette. 
However, we observed both duplication and transloca-
tion events of the inserted genomic DNA in our strains. 
They do not necessarily associate with the inserted 
APHVIII cassette. Our study suggests that even elec-
troporation leads to smaller deletions associated with 
the insertion of the cassette; DNA rearrangement is 
prevalent and sometimes complicated. Therefore, it is 
extremely important to perform additional verification 
of insertional mutants that go beyond PCR validation 
and phenotype cosegregation assays. This can be per-
formed using methods such as plasmid rescue or the 
identification of a second mutant allele with a similar 
mutant phenotype.

Power of WGS

Using WGS, we and others have successfully iden-
tified causative mutations in over 50 UV/chemical- 
induced mutants (Lin et al., 2013; Tulin and Cross, 2014). 
We demonstrate here that WGS allows rapid and 
sensitive (93% successful rate) identification of inser-
tional sites as well. In addition, WGS of CC-124 and 
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CC-125 from our previous study (Lin et al., 2013) 
provided a new set of molecular markers (Fig. 5; Sup-
plemental Table S4). This eliminates the need for an  
outcross to the highly polymorphic S1D2/S1C5 strains 
and facilitates faster meiotic mapping.

During the analysis of uncoordinated reads found 
in the insertion strains, we identified over 134,000 
uncoordinated reads in the wild-type CC-124 strain 
(Supplemental Table S3), and they account for ∼0.26% 
of total reads (Lin et al., 2013). There are multiple 
possibilities for why we observed these uncoordinated  
reads. First, reads were mapped to more than one 
chromosome due to sequence similarity. Second, reads 
were mapped to repetitive sequences. Third, the for-
mation of chimeric DNA during library preparation 
prior to WGS occurred. Fourth, errors and gaps occur 
in genome assembly, some of which were described 
elsewhere (Lin et al., 2013; Tulin and Cross, 2016). 
BLAST searches against the genome and experimental 
validation rule out the first three possibilities. In the 
last scenario, we can use the uncoordinated reads to 
correct some mistakes in the genome assembly.

MATERIALS AND METHODS

Chlamydomonas Strains, Media, and Growth Conditions

Chlamydomonas reinhardtii strains CC-124 and CC-125 were maintained 
on solid rich growth medium. For electroporation, cells were grown in Tris- 
acetate phosphate medium at 25°C under constant illumination. Transformants 
were selected on solid Tris-acetate phosphate medium supplied with 10 µg mL−1 
paromomycin (Lin et al., 2013). Meiotic crosses and tetrad analysis were 
performed as described previously (Lin and Dutcher, 2015).

Manipulation of DNA and Electroporation

The pSI103 plasmid, which contains APHVIII (Sizova et al., 2001), was di-
gested with BamHI, and an ∼1.8-kb fragment was gel purified. One micro-
gram of DNA was used in electroporation. Electroporation of Chlamydomonas 
was performed using a NEPA21 square-pulse electroporator (Onishi and 
Pringle, 2016). Extraction of Chlamydomonas genomic DNA was performed as 
described previously (Lin and Dutcher, 2015). Library preparation, genomic 
DNA sequencing, demutiplexing of reads, and alignment to the Chlamydomo-
nas reference genome were performed by the Genome Technology Access Core 
(Department of Genetics, Washington University).

Identification of Breakpoints by MAPINS

The workflow used in MAPINS is included in Supplemental File S1. Reads 
that were not mapped to the Chlamydomonas reference genome were extracted by 
SAMTools (Li et al., 2009; samtools view -u -f 4 -F 264 for unmapped read, sam-
tools view -u -f 8 -F 260 for unmapped mate, and samtools view -u -f 12 -F 256 
for unmapped read and mate) and aligned to the 1,853-bp insert DNA by No-
voalign (Novocraft) with either full-length reads or reads clipped to 45 bp long. 
A customized Perl script (Supplemental File S2) was used to collect sequence 
identifiers of reads that aligned at 45 bp long but not at 101 bp long. A second 
Perl script (Supplemental File S3) was used to extract the paired-end reads with 
these sequence identifiers from original FASTQ files. These sequences were then 
aligned to the Chlamydomonas genome using Novoalign. The positions of these 
alignments were sorted by chromosome and analyzed for breakpoints.

Identification of Uncoordinated Reads

Reads that did not map to the reference genome coordinately were extracted  
by SAMTools (samtools view -F 14). This command extracts reads whose  

corresponding paired reads map either to a different chromosome or to po-
sitions on the same chromosome that span longer or shorter regions than ex-
pected. To simplify the study, we focus on paired-end reads spanning different 
chromosomes. The coordinates of the beginning of each read were collapsed 
into 100-bp windows before analysis. We required at least two reads in each 
100-bp window to be considered for further analysis. Reads (or its correspond-
ing pair) found in CC-124 were eliminated. The remaining reads were further 
filtered by comparing to the 3F8-3D1 pair and eliminating common reads. In 
the case of 3F8-3D1, comparison with 1A4-1D4 and elimination of common 
reads were performed. Reads that mapped to repetitive sequences identified 
by BLASTN were eliminated. We used Circos (Krzywinski et al., 2009) to draw 
the diagram of chimeric DNA formed across different chromosomes.

Design of Primers for Proximity Mapping

SNP differences between CC-124 and CC-125 were analyzed as described 
previously (Lin et al., 2013). The detection of breakpoints in sequencing reads 
was performed by SoftSearch (Hart et al., 2013). Primers were designed to am-
plify fragments across the breakpoints or SNPs.

Accession Numbers

All original WGS reads have been deposited into the National Center for 
Biotechnology Information Sequencing Read Archive with accession number 
SRP155877. The insertional mutants have been deposited at the Chlamydo-
monas Resource Center. All gene identifiers can be found in Chlamydomonas 
Phytozome genome version 5.5 (https://phytozome.jgi.doe.gov/pz/portal.
html#!search?show=KEYWORD&method=Org_Creinhardtii).

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. Summary of WGS reads.

Supplemental Table S2. Primers used to verify insertions identified by 
MAPINS.

Supplemental Table S3. Identification of chimeric DNA in five strains.

Supplemental Table S4. The 49 new molecular markers used in proximity 
mapping.

Supplemental Table S5. Predicted centromere position and segregation in 
tetrads from crosses of ac17 × S1C5.

Supplemental Table S6. Primers for centromere mapping.

Supplemental File S1. Workflow used in MAPINS.

Supplemental File S2. Customized Perl script used to collect sequence 
identifiers of reads that aligned.

Supplemental File S3. Customized Perl script to extract paired-end reads 
from the original FASTQ files.
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