'.) Check for updates
Breakthrough Technologies

MAPINS, a Highly Efficient Detection Method That
Identifies Insertional Mutations and Complex DNA
Rearrangements'O"EN!

Huawen Lin, Paul F. Cliften, and Susan K. Dutcher??
Department of Genetics, Washington University School of Medicine, St. Louis, Missouri 63110
ORCID IDs: 0000-0001-6668-6998 (P.E.C.); 0000-0001-5689-5753 (S.K.D.)

Insertional mutagenesis, in which a piece of exogenous DNA is integrated randomly into the genomic DNA of the recipient cell,
is a useful method to generate new mutants with phenotypes of interest. The unicellular green alga Chlamydomonas reinhardtii is
an outstanding model for studying many biological processes. We developed a new computational algorithm, MAPINS (map-
ping insertions), to efficiently identify insertion sites created by the integration of an APHVIII (aminoglycoside 3'-phosphotransferase
VIII) cassette that confers paromomycin resistance. Using whole-genome sequencing data, this method eliminates the need for
genomic DNA manipulation and retains all the sequencing information provided by paired-end sequencing. We experimentally
verified 38 insertion sites out of 41 sites (93%) identified by MAPINS from 20 paromomycin-resistant strains. Using meiotic
analysis of 18 of these strains, we identified insertion sites that completely cosegregate with paromomycin resistance. In six of
the seven strains with a mutant phenotype, we demonstrated complete cosegregation of the mutant phenotype and the verified
insertion site. In addition, we provide direct evidence of complex rearrangements of genomic DNA in five strains, three of which
involve the APHVIII insertion site. We suggest that strains obtained by insertional mutagenesis are more complicated than
expected from previous analyses in Chlamydomonas. To map the locations of some complex insertions, we designed 49 molecular
markers based on differences identified via whole-genome sequencing between wild-type strains CC-124 and CC-125. Overall,

MAPINS provides a low-cost, efficient method to characterize insertional mutants in Chlamydomonas.

Unbiased forward genetics screens provide a power-
ful tool to generate mutants with phenotypes of inter-
est to study biological mechanisms (Krysan et al., 1999;
Alonso et al., 2003). Next-generation sequencing is a
rapid and efficient method to identify causative muta-
tions from forward genetics screens. Direct sequencing
of the whole genome (or whole exome), followed by
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comparison of the sequenced reads with the reference
or parental genome sequence, allows the rapid iden-
tification of single-nucleotide variants and some copy
number/structure variants (Schneeberger et al., 2009;
Nordstrom et al., 2013). The identification of causative
events in insertional mutant strains, on the other hand,
usually requires enrichment of the targeted insert
regions via adaptor ligation and PCR before whole-
genome sequencing (WGS). Even through insertion
sites have been identified, the efficiency is often reduced
due to failure in adaptor ligation or PCR (Lepage et al.,
2013; Hsia et al., 2017).

The unicellular biciliate green alga Chlamydomonas
reinhardtii is a premier model in which to study bio-
logical processes that include photosynthesis, lipid
metabolism, cilia assembly and motility, and cell-
cell recognition (Jinkerson and Jonikas, 2015). Single-
nucleotide polymorphisms (SNPs) or small insertions/
deletions generated by radiation/chemical means can
be identified directly by WGS (Dutcher et al., 2012; Lin
et al., 2013; Tulin and Cross, 2014). However, methods
to determine gene disruption/deletion caused by inser-
tional mutagenesis are mostly PCR based and can be
technically challenging and labor intensive (Dent et al.,
2005; Gonzalez-Ballester et al., 2005; Meslet-Cladiére
and Vallon, 2012; Cheng et al., 2017). Recently, several
large insertional mutant collections were constructed
(Zhang et al., 2014; Li et al., 2016; Cheng et al., 2017).
However, smaller forward genetic screens and sup-
pressor/enhancer screens remain attractive to collect
multiple insertional mutants with a desired phenotype.
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Therefore, we developed a low-cost and efficient ap-
proach to identify causative insertions obtained from
insertional mutagenesis.

In this study, we introduced an APHVIII (aminogly-
coside 3'-phosphotransferase VIII) cassette that confers
paromomycin resistance (paro®) into Chlamydomonas
and pooled 20 insertional strains for WGS. We devel-
oped a new computational method named MAPINS
(mapping insertions) to identify 41 insertions caused
by the APHVIII cassette with a PCR validation rate of
93% in the 20 strains. Based on information provided
by paired-end sequencing reads, we observed complex
DNA rearrangements in five strains that may interfere
with data interpretation in the absence of this type of
analysis. To map the exact locations of some complex
insertions, we developed a set of 49 new molecular
markers for proximity mapping.

RESULTS

Isolation of Chlamydomonas Insertional Mutants

To obtain insertional mutants in Chlamydomonas, we
introduced an ~1.8-kb exogenous DNA fragment into
mitotically grown cells by electroporation. This DNA
fragment (cassette) includes the APHVIII gene under
the regulation of a constitutive Chlamydomonas HSP70/
RBCS2 promoter (Sizova et al., 2001). Successful inte-
gration of this DNA fragment into the Chlamydomonas
genome confers paro®. In total, 864 paro® transformants
were collected. We selected six strains that display ab-
normal ciliary phenotypes, one that grows slowly, and
13 random strains that have no obvious phenotype
other than paro®. To save the cost of library construc-
tion, we paired the 20 strains into 10 indexed genomic
DNA libraries and subjected them to WGS.

Identification and Verification of Cassette Insertion Sites

For each pair of strains, we obtained 34 to 41 million
pair-ended 101-bp reads, and ~93% of the reads were
mapped to the Chlamydomonas Phytozome genome
version 5.5. The average coverage for each strain was
~15x (Supplemental Table S1). The 101-bp reads that
did not completely align to the Chlamydomonas genomic
DNA sequence were collected (Fig. 1). These reads
were mapped to the cassette sequence in two forms:
they were either full length (101 bp) or truncated (trun-
cated from the 3’ end of each read until the reads are
45 bp long). Some DNA reads with both genomic and
cassette DNA, which carried 45 to 100 bp of the cassette
sequence at the 5" end, were completely aligned to the
cassette sequence in their truncated forms but not in
their full-length forms. In the full-length form of these
reads, the junctions between the cassette DNA and the
flanking genomic DNA defined the cassette insertion
sites. Therefore, these reads were collected and aligned
back to the Chlamydomonas genome. We identified
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coordinates in these alignments, and they represent the
cassette insertion sites. Through this method, which
we named MAPINS, we identified 41 insertions in
the 20 strains, with read coverage varying from 1 to 21
(Table 1).

We designed PCR primers that amplify 100- to 600-
bp fragments in the wild type (Supplemental Table S2).
The same set of primers amplify bigger fragments in
the insertion strains than in the wild type (Fig. 2, Aand
B) or do not amplify in the insertion strains due to the
large insertion of the cassette (Fig. 2, C and D). Most
insertions behaved as expected. In total, we experi-
mentally verified 38 insertions (92.7%). On average,
each insertional mutant generated by electroporation
has 1.9 insertions, which is higher than the ~1.4 inser-
tions per mutant generated by the glass bead method
(Dent et al., 2005).

Cosegregation of the Cassette Insertion, paro®, and the
Mutant Phenotype

Our study indicates that nine out of 20 strains contain
single-cassette insertions, six contain double-cassette
insertions, and five strains contain three or more cas-
sette insertions (Table 1). The fact that more than 50%
of mutants contain more than one insert makes it
important to test the cosegregation of cassette inser-
tion, paro®, and the desired mutant phenotype through
meiotic mapping to help with identifying the caus-
ative insertions. We backcrossed 18 of our insertional
strains, which included the seven mutants that have
trackable mutant phenotypes. PCR-based assays were
used to analyze backcrossed progeny, and the cosegre-
gation results are summarized in Table 2.

In single-insertion strains, all eight strains tested
showed complete cosegregation of paro® and insertion
sites (Table 2). We also observed complete cosegrega-
tion of the mutant phenotype in the two strains with a
trackable phenotype (6F2 and 8D6).

Two double-insertion strains, 1A4 and 5E3, lack cilia.
In 1A4, one of the insertions falls into exon 18 of FLA10
(flagellar assembly10), which encodes one of the kinesin-2
motor subunits involved in intraflagellar transport
(Vashishtha et al., 1996). We observed complete coseg-
regation of the mutant phenotype, paro®, and the FLA10
insertion in 11 tetrads of a 1A4 backcross. In 5E3, one
insertion falls into exon 13 of Cre16.9672200 (gene iden-
tifier from Chlamydomonas Phytozome genome version
5.5). Given that 8D6 has a single insertion that deletes
part of intron 14 and exon 15 in the same gene and has
the same mutant phenotype, we proposed that the
mutation in Crel6.g672200 is the causative mutation.
Consistently, we observed complete cosegregation of
the Cre16.9672200 insertion, paro®, and lack of cilia in
5E3 progeny.

Two double-insertion strains, 6D11 and 7F3, both
contain two insertions on the same chromosome. 6D11
has no obvious mutant phenotype, and the two inser-
tions are ~66 kb apart on chromosome 17. As expected
for a short distance, we found complete cosegregation
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STEP 1 A

Figure 1. MAPINS identifies flanking genomic
DNA sequences around insertion sites. Paired-
end 1071-bp reads are composed of four different
groups. They are reads completely aligned to the
Chlamydomonas genome (A, black thin lines);
reads completely aligned to the cassette sequence
(B, orange thin lines); and reads that are chimeric
between Chlamydomonas genomic sequences and
the cassette sequence (C and D, mixed black-or-
ange lines). All reads in C have the Chlamydomo-
nas sequence at the 5" end, and all reads in D have
the cassette sequence at the 5’ end. Reads #1 to #6
represent different patterns of chimeric DNA from
the 5' to 3" end. Step 1, All reads are first aligned
to the Chlamydomonas reference genome (black
thick line), and all completely aligned reads (group
A) are discarded (red dashed box). Two parallel
analyses are performed for the remaining reads
(groups B, C, and D; red solid box) in steps 2 and
3. Step 2, They are aligned to the cassette sequence
(orange thick lines), and all completely aligned
reads (group B) are discarded (magenta dashed
box). Reads in groups C and D are retained (ma-
genta solid shaded box). Step 3, They are truncated
from the 3" end to 45 bp long in length. These 45-
bp reads are aligned to the cassette DNA sequence.
Reads that aligned completely (group B and some
reads [#4 and #5] in group D) are retained (green
solid shaded box). Reads that are not aligned com-
pletely are discarded (green dashed box). Step 4,
Reads retained from steps 2 (magenta solid box)
and 3 (green solid box) are compared. Common
retained reads (#4 and #5 in group D) are extract-
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of both insertions and paro® in 10 tetrads (Table 2). In
7F3, the insertions in Cre06.g266450 and Cre06.9263650
are ~300 kb apart on chromosome 6. Cre06.9266450
contains a protein kinase domain and Cre06.9263650
has a conserved domain that is usually found in the
C terminus of plant phosphoribosyltransferases. PCR
results indicate that the insertion in Cre06.9266450 is
~600 bp (Fig. 2, A and B), which is shorter than the
coding region of APHVIII (819 bp). This insertion is
unlikely to confer resistance and it does not show com-
plete cosegregation in 14 tetrads (11 of 14) with paro®.
The linked insertion in Cre06.g263650 cosegregates in
all 14 tetrads with paro® (Table 2).

The 1D11 mutant assembles multiple cilia (Fig. 2E).
MAPINS predicted three insertions, consistent with
varying ratios of paro® and paromomycin-sensitive
progeny in tetrads. In three tetrads that show 2:2 seg-
regation, the insertions in chromosomes 11 and 16
cosegregate with paro® (Table 2). A third insertion on
chromosome 17 falls into a region that has highly repet-
itive sequences and could not be analyzed by PCR di-
rectly. Instead, we used a polymorphism marker ~750
kb away (chromosome 17; 4.678 Mb) and found that it
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ed, and the full-length reads are realigned to the
Chlamydomonas reference genome. Breakpoints
in these reads define the cassette insertion site (or-
ange vertical line) in the genome.

is not tightly linked to paro®. In 96 random progeny of
1D11, the multiciliate phenotype always cosegregates
with the insertion in the BAR1 (Bin/Amphiphysin/Rous
domainl; Crel6.9653450) gene on chromosome 16 (Fig.
2, C and D). Therefore, this insertion is likely to be the
causative mutation of the mutant phenotype.

Validation of the Insertional Genes as the Causes of
Mutant Phenotypes

In order to verify that we identified the correct caus-
ative insertions, rescue of the mutants with wild-type
genes or identification of additional alleles that have
the same mutant phenotype is needed (Lin et al., 2015;
Cross et al., 2017). We verified the genes causing mutant
ciliary phenotypes based on the availability of multi-
ple alleles.

The lack-of-cilia mutant 1A4 carries an insertion in
FLA10. A null fla10 mutant, generated by insertional
mutagenesis that deletes at least part of the N terminus
of the gene, results in no assembly of cilia (Matsuura
et al., 2002). In addition, there are multiple temperature-
sensitive alleles that result in a lack of cilia at the
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Table 1. Breakpoint identification and PCR verification

Pairs of No. of Mutant  Mutant
. Chromosome Breakpoint Range Insertion Gap Gene Identifier Gene Name in in Strain
Strains Reads )
Strain 1 2
bp
1A4-1D4 2 Unknown-6,876,017 1 Open ended Cre02.g119651 Cre02.g119651 Yes No
3 4,539,389-4,539,406 6 18 Cre03.g176651 MYSM1 No Yes
17 4,322,754-4,322,816 6 63 Cre17.g730950 FLATO Yes No
2F1-4C2 1 6,737,064-6,737,071 11 8 Cre01.g048400 DZIPTL Yes No
3 7,296,662-7,296,698 11 37 Cre03.g206950 Cre03.g206950 Yes No
5 1,027,021-1,027,042 4 22 Cre05.g246553 Cre05.g246553 Yes No
17 3,105,419-3,105,428 11 10 Crel7.g721250 FAP22 No Yes
3F8-3D1 1 4,336,001-4,336,135 9 135 Cre01.g029400 TRPC3 No Yes
2 7,226,958-7,227,798 9 841 Cre02.g145950 Cre02.g145950 Yes No
2 7,290,053-unknown 2 Open ended Cre02.g145500 PTK24 Yes No
4 1,568,203-1,568,528 8 326 Cre04.g213400 SUB7 Yes No
10 4,519,930-4,520,053 4 124 No predicted gene  No predicted gene Yes No
12 7,660,573-unknown 8 Open ended No predicted gene  No predicted gene Yes No
17 Unknown-768,566 3 Open ended No predicted gene  No predicted gene No No
17 768,925-unknown 7 Open ended No predicted gene  No predicted gene No No
5E3-5F11 6 5,109,304-5,109,339 6 36 Cre06.g281050 VPS5A No Yes
9 2,129,462-2,129,485 3 24 Cre09.g393551 Cre09.g393551 Yes No
16 6,582,926-6,582,930 8 5 Cre16.8672200 BLD11 Yes No
8D6-9H4 14 1,860,469-1,860,478 14 10 Cre14.g620500 Cre14.g620500 No Yes
16 6,583,673-6,583,708 12 36 Cre16.8672200 BLD11 Yes No
16 5,635,438-5,635,438 15 0 Cre16.8679550 FAP277 No Yes
8C12-9D5 2 1,736,814-unknown 7 Open ended Cre02.g086300 Cre02.g086300 No Yes
6 5,398,524-5,398,526 13 3 Cre06.g283900 TMEMA45B Yes No
9 6,286,926-6,286,995 9 70 Cre09.g406500 Cre09.g406500 No Yes
16 Unknown-6,571,444 1 Open ended Cre16.g672250 MPAT13 No No
6C2-6A12 5 1,676,418-unknown 2 Open ended Cre05.g242850 Cre05.g242850 No Yes
6 Unknown-3,512,412 1 Open ended Cre06.g278107 Cre06.g278107 No Yes
6 4,339,867-4,339,917 13 51 Cre06.g278262 Cre06.g278262 Yes No
12 762,534-unknown 2 Open ended Cre12.g495500 Cre12.g495500 No Yes
6F2-6B10 16 1,141,900-unknown 2 Open ended Cre16.g650200 MITC17 Yes No
16 1,266,125-1,266,130 15 6 Cre16.g651350 ATG11 No Yes
7F3-9A9 6 2,254,537-2,254,612 19 76 Cre06.g266450 Cre06.g266450 Yes No
6 1,938,823-1,938,849 10 27 Cre06.g263650 Cre06.g263650 Yes No
9 Unknown-497,660 3 Open ended Cre09.g404201 PHCI10 No Yes
13 3,741,836-unknown 3 Open ended Cre13.g589450 Cre13.g589450 No Yes
17 3,468,906-3,468,911 9 6 No predicted gene  No predicted gene No Yes
1D11- 11 1,722,733-1,722,733 21 0 Crel1.g467784 SOuL Yes No
6D11
16 1,549,854-1,549,855 11 2 Cre16.g653450 BAR1 Yes No
17 Unknown-5,178,817 3 Open ended Cre17.g735550 Crel7.g735550 No Yes
17 5,244,723-unknown 1 Open ended Cre17.g736000 Cre17.g736000 No Yes
17 Unknown-5,430,365 4 Open ended Cre17.g736800 Cre17.g736800 Yes No

restrictive temperature (Vashishtha et al., 1996; Miller
et al., 2005). Our identification of 1A4 provides an
additional mutant allele of FLA10.

The 2F1 strain carries an insertion in exon 18 of
DZIP1L (DAZ interacting zinc finger proteinl like; Cre01.
§048400). Chlamydomonas DZIP1L is a zinc finger pro-
tein that shares 38% sequence identity (™) with the
zebrafish (Danio rerio) Iguana protein and 32% identity
(e™*) with human (Homo sapiens) DZIP1L. A nonsense
mutation in the zebrafish iquana/dzipl gene results in
a reduced number of motile cilia. RNA interference
of human 4ZIP1L in human telomerase reverse tran-
scriptase-immortalized retinal pigment epithelial cell
line 1 cells leads to defective ciliogenesis of primary
cilia (Glazer et al., 2010). These results suggest that
DZIP1L is involved in ciliary assembly or function. To
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verify that insertional mutations in the Chlamydomonas
DZIP1L have ciliary defects, we obtained a second in-
sertional mutant of DZIP1L (LMJ.RY0402.253233) from
the CLiP library (Li et al., 2016). We verified that the
strain has an insertion in exon 14 and shows a para-
lyzed cilia phenotype similar to the 2F1 strain. We
obtained 12 tetrads from a backcross of the CLiP strain.
All 12 tetrads showed cosegregation of the DZIPIL
insertion and the paralyzed cilia phenotype. Therefore,
it indicates that two different insertions in DZIP1L
cause paralyzed cilia rather than a ciliary assembly
defect in Chlamydomonas.

Both the 5E3 and 8D6 mutants contain insertions at
different positions in Crel6.9672200, which we now
name BLD11 (bald11), given that they both lack cilia.
A sequence similarity search indicated that homologs

1439



Lin et al.

A .g2664
Cre06.9g266450 1 Kb

N |

>

C BaAR1 1 kb

E

B 7F3 progeny

1 2 3456

Cre06.g266450+ins v

Cre06.g266450 w=
paro S R R R S8 8

Ll

D 1p11 progeny

1 2 34 5 67 8
BAR1 == -
cia B MMMBMZBM

Figure 2. Cosegregation of PCR-validated insertion sites, paro®, and the mutant phenotype. A, Gene structure of the Cre06.
266450 gene. Green box, 5" Untranslated region (UTR); orange boxes, exons; black lines, introns; purple box, 3" UTR; blue
triangle, insertion site of the cassette; arrows, positions of the primers used in B. The lengths of the blue triangle and arrows
are not drawn to scale. B, Insertion of a truncated cassette allows PCR amplification in both mutant and wild-type cells. In six
progeny from an octad between 7F3 and CC-125, the primers flanking the Cre06.g266450 insertion sites amplify two different
PCR products. In this octad, resistance (R) to paromomycin cosegregates with the larger band (Cre06.g266450+ins [insert])
and sensitivity (S) to paromomycin cosegregates with the smaller band (Cre06.g266450). C, Gene structure of the BART gene.
Arrows indicate the positions of the primers used in D. The lengths of the blue triangle and arrows are not drawn to scale. D,
The multiciliary phenotype in 1D11 always cosegregates with the insertion in BART, as shown in eight random progeny. The
absence of a PCR product cosegregates with multiciliary cells (M) and the presence of a PCR product is always found in bicil-
iary cells (B). E, The 1D11 mutant assembles multiple cilia. An antibody to a-tubulin (green) stains cilia protruding outside the

round cell body. Bar = 10 pm.

of this Chlamydomonas protein are found only in the
multicellular green algae Gonium pectorale and Volvox
carteri. Our results from two independent insertional
mutants suggest that it is involved in ciliogenesis.

Dissection of Complex Genomic DNA Rearrangements

Similar to previous studies (Zhang et al., 2014; Li
et al., 2016), we identified only one side of the flanking
genomic DNA sequences (open-ended insertions) in
~40% (16 of 41) of the identified insertions (Table 1).
Li et al. (2016) suggested that the insertion sometimes
is accompanied by an insertion of short genomic DNA
from elsewhere in the genome (junk DNA). Since we
generated our reads by directly sequencing the whole
genome without enzymatic digestion (Zhang et al.,
2014) or single-stranded DNA extension (Li et al.,
2016), we asked if we could observe complex genomic
DNA rearrangements, either adjacent to insertions of
the cassette or elsewhere randomly in the genome, in
our mutants.

We took advantage of our paired-end sequencing by
looking for reads that mapped to a different chromo-
some from their corresponding pair (uncoordinated
reads; see “Materials and Methods”). Some of these
reads may represent DNA rearrangements in the cells.

1440

We will refer to these reads as chimeric DNA. These
reads were extracted from each pair of mutants and the
recipient strain used for transformation (CC-124; Lin
et al., 2013), and uncoordinated reads that are found in
CC-124 were eliminated (Supplemental Table S3). After
the elimination of CC-124 reads, the 3F8-3D1 pair con-
tains 806 uncoordinated reads, which is significantly
more than those found in other pairs (372-584). If we
assume that the formation of chimeric DNA is random
in each strain, then the common uncoordinated reads
among different pairs of strains will be background
noise. These shared chimeric reads were eliminated.
The uncoordinated reads found in the 3F8-3D1 pair
were eliminated from the other nine pairs of strains,
and we eliminated uncoordinated reads found in 1A4-
1D4 from the 3F8-3D1 pair. After this step, 21 to 77
reads remained in each pair of strains. We performed
BLASTN on these reads to the Chlamydomonas genome.
The majority of these reads contain repetitive sequences,
aligned to multiple sites in the genome, and were elim-
inated from consideration.

We identified five events of chimeric DNA in five
pairs of strains, and the arcs in Figure 3A indicate the
chromosomes involved (Supplemental Table S3). Two
chimeric DNA events (in strains 8C12 and 9H4) are not
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Table 2. Experimentally verified breakpoints by meiotic mapping

n/a, Not available; ND, not determined.

No. of

Cosegregation

Cosegregation

Linkage with

Inserts Strain Phenotype Chromosome Gene Name Location in Gene with paro® with Phenotype* paro®
1 1D4 n/a 3 MYSM1 Intron 9 5/5 n/a Yes
1 4C2 n/a 17 FAP22 3"UTR 8/8 n/a Yes
1 5F11 n/a 6 VPS5A Exon 3 11/11 n/a Yes
1 6C2 n/a 6 Cre06.g278262 Exon 4 9/9 n/a Yes
1 6F2 Slow growth 16 MITC17 Intron 1 9/9 9/9 Yes
1 6B10 n/a 16 ATGT1 3"UTR 12/12 n/a Yes
1 8C12 n/a 6 TMEMA45B 5"UTR 16/16 n/a Yes
1 8D6 No cilia 16 BLDT1 Intron 14 + exon 24/24 24/24 Yes
15
2 1A4 No cilia 17 FLATO Exon 18 11/11 11/11 Yes
2 5E3 No cilia 16 BLDT1 Exon 13 3/3 3/3 Yes
2 6D11 n/a 17 Crel7.g735550 5"UTR 10/10 n/a Yes
17 Crel7.g736000 Exon 5 10/10 n/a Yes
2 7F3 n/a 6 Cre06.g266450 Intron 3 11/14 n/a No
6 Cre06.g263650 Exon 13 14/14 n/a Yes
2 9D5 n/a 2 Cre02.g086300 5"UTR 9/9 n/a Yes
3 1D11 Multicilia 11 SOUL 3"UTR 3/3 n/a Yes
16 BART Intron 5 96/96° 96/96° Yes
17 Chr17-4.678M n/a 1/3 n/a No
3 2F1 Paralyzed cilia 1 DZIP1L Exon 18 12/12 12/12 Yes
3 6A12 n/a 5 Cre05.g242850 3"UTR 10/10 n/a Yes
6 Cre06.g278107 5"UTR 10/10 n/a Yes
3 9A9 n/a 13 Cre13.g589450 Intron 1 1/6 n/a No
17 No predicted gene n/a 6/6 n/a Yes
5 3F8 No cilia 2 Cre02.g145950 Exons 5 to 8 + 8/8 8/8 Yes
introns 5 to 7
2 PTK24 3"UTR 8/8 8/8 Yes
4 SUB7 Introns 1 and 2 + 3/8 3/8 No
exon 2
12 No predicted gene n/a 8/8 8/8 Yes

*Number of complete tetrads.

"Number of random progeny. n/a not available

associated with the insertion of the cassette, and the
other three events (in strains 3F8, 6A12, and 9A9) are.

We first analyzed the events that have no associa-
tion with the cassette. To simplify the analysis (Fig. 3B),
we assume that a piece of genomic DNA from chro-
mosome B (insert; magenta) integrates into chromo-
some A (green). We designed the 1F-1R primer set to
span the insertion site on chromosome A and the 2F-
2R primer set to span the junction between the insert
and its flanking region on chromosome B. Once the
insert integrates into chromosome A, the primer set
1F-2R amplifies the chimeric DNA in the mutant but not
in wild-type cells (Fig. 3C). We expect that primer set
1F-1R does not amplify in the mutant due to the inte-
gration of the insert. If the insert is generated by DNA
duplication and a copy is present at its original posi-
tion, we expect the 2F-2R set to amplify in the mutant.
If the insert translocates from its original position on
chromosome B to chromosome A, the 2F-2R primer set
should not amplify. We tested these scenarios in 8C12
and 9H4.

In the 8C12-9D5 pair of strains (Fig. 3D), chimeric
DNA between chromosomes 2 and 8 is supported by
four reads. The 2F-2R primer set on chromosome 8
amplified in all strains tested. This suggests that the
formation of chimeric DNA is due to the duplication
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of genomic DNA that originated from chromosome 8.
The chimeric DNA formed between chromosomes 1
and 12 found in the 8D6-9H4 pair is supported by 28
reads (Fig. 3E). Primer sets 1F-1R (on chromosome 1)
and 2F-2R (on chromosome 12) amplified products in
the wild type and 8D6 but not in 9H4. This suggests a
translocation event.

In the strains that show complex DNA rearrange-
ment in association with the APHVIII cassette, the
analyses are more complicated (Fig. 4). In the 3F8-3D1
pair (Fig. 4, A and B), chimeric DNA between chromo-
somes 2 (green) and 12 (magenta) is supported by 10
reads. Primers 1F-1R and 2F-2R amplified products
in the wild type and 3D1 but failed in the 3F8 strain.
Three different pieces of chimeric DNA were detected
by sequencing reads and verified by PCR. The chime-
ric DNA #1 formed between chromosomes 2 and 12
was verified by primer set 2F-4R, the chimeric DNA #2
formed between part of chromosome 2 and the APH-
VIII cassette (blue) was verified by primer set 1F-3R,
and the chimeric DNA #3 between part of chromosome
12 and the APHVIII cassette was verified by primer set
3F-2R. Based on the positions of each chimeric DNA
and results from proximal mapping (see below), we
attempted to assemble the DNA rearrangement event
in 3F8. We suggest that fragments originating from
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Figure 3. Complex DNA rearrangements in multiple insertional strains. A, Diagram of chimeric DNA formed across different
chromosomes in five strains (yellow, 9H4; red, 3F8; purple, 8C12; green, 6A12; blue, 9A9). The ends of the arcs indicate the
junction sites. Chromosomes 1 to 17 and scaffolds 18 to 54 are drawn to scale in a clockwise direction. B, Positions of the prim-
ers in the wild type and in the mutant that form chimeric DNA due to DNA duplication or DNA translocation. Expectations for
events on two different chromosomes (A, green; B, magenta) are shown. We assume that the insertion happens on chromosome
A and the inserted DNA originates from chromosome B. C, Expected outcome of PCR products from the wild type and mutants
with different combinations of primers. D, PCR of wild-type fragments (1F-1R on chromosome 2, 2F-2R on chromosome 8) and
a chimeric DNA fragment (1F-2R) in the wild type (CC-124 and CC-125), 8C12, and 9D5. Primers for the mating-type loci (MT,
including the MTAT and MTD1 genes) are included as loading controls. No temp indicates that no DNA template was added
to the PCR. E, PCR of wild-type fragments (1F-1R on chromosome 1, 2F-2R on chromosome 12) and a chimeric DNA fragment
(1F-2R) in the wild type (CC-124 and CC-125), 8D6, and 9H4.

chromosome 12 were translocated, rearranged, and
inserted into chromosome 2, along with the APHVIII
cassette(s). Even though the cassette is drawn as a sin-
gle blue block, we cannot determine how many par-
tial or full-length cassettes are involved in this block.
Through a similar strategy, we verified the chromo-
some 5-6 chimeric DNA, the chromosome 5-cassette
chimeric DNA, and the chromosome 6-cassette chime-
ric DNA in 6A12 (Fig. 4, C and D). Fragments originated
from chromosome 5 were translocated, rearranged,
and inserted to chromosome 6 along with the APHVIII
cassette(s).

In the 7F3-9A9 pair (Fig. 4, E and F), chromosome
9-chromosome 13-2.468M chimeric DNA (#1) was
supported by six reads. The primer set 1F-1R ampli-
fied a wild-type chromosome 9 product in all strains
tested. This suggests a duplication of this region in
the mutant. When we manually analyzed the reads
around 2.468M on chromosome 13, we identified and
PCR verified a piece of chimeric DNA (#4) between
3.741760 to 3.741907 Mb and 2.468729 to 2.468877 Mb
and a second piece (#5) between 2.469244 to 2.469281
Mb and 3.802295 to 3.802364 Mb. Additional pieces of
chimeric DNA (#2 and #3) between the chromosomes
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and the APHVIII cassette also were verified by PCR.
In summary, for 9A9, we observed duplication of part
of chromosome 9 and translocation of part of chromo-
some 13, adjacent to the APHVIII cassette(s), and addi-
tional translocation events on chromosome 13 that are
independent of the inserted cassette.

Deconvolution of Multiple Insertions and Proximity
Mapping

Although we detected chimeric DNA as described,
we could not determine the chromosomal location
of the chimera. To pinpoint the location, we relied
on meiotic mapping. Previously identified molecu-
lar markers in Chlamydomonas use polymorphisms
between 137c and S1D2 (Gross et al., 1988; Bowers
et al., 2003; Kathir et al., 2003). To facilitate rapid map-
ping, we designed 49 pairs of primers across 15 of the
17 chromosomes (Fig. 5; Supplemental Table S4) based
on polymorphisms between CC-124 and CC-125 iden-
tified via WGS (Lin et al., 2013). The distance between
pairs of primers on each chromosome ranges from 483
kb to 4.165 Mb.
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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.

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

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 acl17 strain and CC-1952.
These probes show little recombination between the
probe and the centromere, as judged by behavior with
respect to acl7 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.
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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 paro® 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 paro®
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

Plant Physiol. Vol. 178, 2018


http://www.plantphysiol.org/cgi/content/full/pp.18.00474/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00474/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00474/DC1

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; Gonzalez-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,
15x 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
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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

1445



Lin et al.

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 ug mL"*
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
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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 x 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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