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Abstract

Flagellar assembly requires intraflagellar transport of components from the cell body to the 

flagellar tip for assembly. The understanding of flagellar assembly has been aided by the ease of 

biochemistry and the availability of mutants in the unicellular green alga, Chlamydomonas 
reinhardtii. In this chapter, we discuss means to identify genes involved in these processes using 

forward and reverse genetics. In particular, the ease and low cost of whole genome sequencing 

(WGS) will help to make gene identification easier and promote the understanding of this 

important process.

INTRODUCTION

Forward genetics allows the identification of mutants with phenotypes of interest and leads 

to the mechanistic understanding of biological processes. Chlamydomonas has been an 

outstanding model for the identification and mechanistic understanding of flagellar 

assembly. Flagella are used for propelling cells toward light and various chemicals 

(Ermilova, Nikitin, & Fernandez, 2007; Hirschberg & Stavis, 1977; Wakabayashi, Misawa, 

Mochiji, & Kamiya, 2011) as well as for the recognition of mating partners and the initiation 

of fusion between them (Goodenough, 1993; Goodenough et al., 1980; Goodenough, Adair, 

Collin-Osdoby, & Heuser, 1985). Flagellar are not essential for propagation of 

Chlamydomonas cells in the lab, but they are required for mating in the absence of 

exogenous cAMP (Pasquale & Goodenough, 1987). Thus, the study of flagellar assembly 

can be approached using null mutants as well as conditional mutants. Null mutants provide 

information about the role of the gene, while conditional mutants allow for the isolation and 

analysis of flagella to study the effect of the mutations (Iomini, Babaev-Khaimov, Sassaroli, 

& Piperno, 2001). Null alleles in genes required for flagellar assembly are often aflagellate. 

Mutants with defects in flagellar assembly fall into two broad classes. They include mutants 

that encode motors and proteins of the intraflagellar transport machinery (IFT) (Ishikawa & 

Marshall, 2011) and mutants that affect the assembly of basal bodies and transition zones 

that serve as templates for the doublet microtubules and sites of docking for IFT machinery 

(Reiter, Blacque, & Leroux, 2012).

The IFT trains assemble in the cytoplasm and dock at the basal body/transition zone that is 

attached to the plasma membrane (Deane, Cole, Seeley, Diener, & Rosenbaum, 2001; 
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Williamson, Silva, Richey, & Qin, 2012). IFT trains contain at least 22 proteins (Cole et al., 

1998; Follit, Xu, Keady, & Pazour, 2009; Ishikawa et al., 2014; Piperno & Mead, 1997) and 

transport structural proteins into flagella (Cevik et al., 2010, 2013; Qin, Diener, Geimer, 

Cole, & Rosenbaum, 2004). They are carried by kinesin-2 to the tip and by cytoplasmic 

dynein-2 to the cell body (Ishikawa & Marshall, 2011). Proteomics of isolated IFT particles 

have identified many of these proteins (Andersen et al., 2003; Jakobsen et al., 2011; Keller, 

Romijn, Zamora, Yates, & Marshall, 2005; Kilburn et al., 2007; Muller et al., 2010; 

Ostrowski et al., 2002; Pazour, Agrin, Leszyk, & Witman, 2005).

A collection of temperature-sensitive mutants in Chlamydomonas that assemble flagella at 

the permissive temperature of 21 °C, but lack flagella at the restrictive temperature of 32 °C 

provides an important resource for the analysis of flagellar assembly (Adams, Huang, & 

Luck, 1982; Engel et al., 2012; Huang, Rifkin, & Luck, 1977; Iomini et al., 2001). Since 

many conditional mutants have reduced but sufficient function at the permissive 

temperature, this collection offers the opportunity to examine IFT in assembled flagella at 

the permissive temperature to ask about the effects of reduced function (Iomini et al., 2001; 

Lux & Dutcher, 1991; Williamson et al., 2012) (Table 1).

1. IDENTIFYING THE CAUSATIVE GENES USING FORWARD GENETICS

1.1 REQUIREMENT FOR BACKCROSSES

Before beginning to identify the causative gene from strains in the stock center or newly 

isolated, backcrosses are essential. Chlamydomonas strains are stored in continuous culture. 

During long-term storage, cells can acquire multiple changes and thus, it is important to 

perform backcrosses to a wild-type strain before characterizing any strains that have been 

maintained long term in storage. For example, the NG6 (CC-829) and NG30 (CC-916) 

strains lack flagella (McVittie, 1969). Each strain was each crossed to a wild-type parent 

(CC-125) and immotile progeny were crossed three successive times to CC-125 as the first 

round of crosses had poor viability (19% and 22%, respectively), which suggests that the 

strains had acquired additional changes (Dutcher et al., 2012). After four rounds of crosses, 

the aflagellate phenotype segregates in a 2:2 pattern in 140 and 170 tetrads, respectively, 

with excellent viability (>90% with four viable progeny). Strains that have been 

mutagenized by ultraviolet light acquired ~2500 new mutations when compared to the 

parental strain (Lin and Dutcher, unpublished data). The removal of some of these by 

backcrosses will simplify the analysis. We present three methods for identifying genes 

identified by forward genetics.

1.2 MAPPING

Many of the mutations have been identified to date using mapping to narrow the region of 

interest and then rescue to identify the gene. Molecular mapping can be performed using the 

highly polymorphic strains, S1D2 and S1C5. They have single nucleotide difference (SNPs) 

with respect to most of the lab strains at a frequency of about 1 in 80 bps (Gross, Ranum, & 

Lefebvre, 1988) that create restriction enzyme recognition differences that can be used for 

mapping (Bowers, Keller, & Dutcher, 2003; Rymarquis, Handley, Thomas, & Stern, 2005; 

Silflow, Kathir, & Lefebvre, 1995). Many of the repetitive region repeats (GT and CA) differ 
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in length between lab strains and S1D2; primers flanking the repetitive regions can be used 

to create PCR markers for mapping with size differences. Two to three markers spread 

across each chromosome used with about 30 meiotic progeny is generally sufficient to 

identify the chromosome of interest (see Table 2 for set of mapping primers). As indicated in 

Table 1, there are many flagellar assembly mutants that have been identified by this 

approach. The availability of genome sequence data from S1D2 or S1C5 and CC-124/

CC-125 will make it possible to identify many more markers if fine scale mapping is the 

best approach (Lin, Miller, Granas, & Dutcher, 2013; Lin, Nauman, Albee, Hsu, and 

Dutcher, 2013). Protocols for mating have been published previously (Dutcher, 1995).

1.3 INSERTIONAL MUTAGENESIS

A second approach has been to use insertional mutagenesis (Tam & Lefebvre, 1993). DNA 

encoding a selectable phenotype is transformed into cells where it integrates randomly. 

Flanking DNA can be identified using a variety of techniques that include Southern blot 

analysis or PCR-based approaches (Pazour & Witman, 2000). Insertional mutagenesis can 

create several problems. First, it is often associated with deletions that may remove large 

pieces of adjacent DNA. For example, the bld12 mutation is associated with a deletion of 40 

kb of genomic DNA (Nakazawa, Hiraki, Kamiya, & Hirono, 2007) and the bld2-6 mutation 

has an additional of deletion of about 8 kb (Esparza et al., 2013). In these examples, a single 

gene rescued the phenotype of interest, but this need not necessarily be the case. Second, the 

use of carrier DNA or the selectable marker itself may create additional mutations 

(Shimogawara, Fujiwara, Grossman, & Usuda, 1998). A recent library of insertional mutants 

that has been sequenced will provide an alternative approach (Zhang et al., 2014).

1.4 WHOLE GENOME SEQUENCING

Provides a new means to identify mutations. The genome of Chlamydomonas is only 125 

Mb and it is possible to put multiple mutants in a single lane of an Illumina HiSeq machine 

to reduce the cost of obtaining 40–50× coverage. We describe the methods involved in using 

this approach.

1. Preparation of a Chlamydomonas genomic DNA library for sequencing—The 

genomic DNA preparation protocol is modified from our previous publications (Dutcher et 

al., 2012; Lin, Kwan, & Dutcher, 2010).

a. Wash approximately 5 × 108 cells in 1 mL TEN buffer (150 mM NaCl, 10 mM 

EDTA (Ethylenediaminetetraacetic acid) pH8.0, 10 mM Tris–HCl pH8.0) and 

resuspend in 300 μL chilled water. Add 600 μL of SDS-EB buffer (2% SDS, 100 

mM Tris–HCl pH8.0, 400 mM NaCl, 40 mM EDTA pH8.0) and 100 μL 20% 

SDS to the cells and incubate the sample at room temperature (RT) for 15 min to 

ensure complete cell lysis.

b. Separate the 1 mL of sample into two 1.5 mL Eppendorf tubes and add 0.5 mL 

phenol/chloroform (1:1) into each tube. Vortex each tube briefly and centrifuge 

the tubes at 12,000 g for 10 at 4 °C to separate DNA/RNA from proteins and 

other organic materials. Transfer the clear DNA/RNA supernatant to new tubes. 

Repeat DNA extraction with an equal volume (0.5 mL per tube) phenol/
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chloroform (1:1) and then an equal volume of chloroform. Transfer the clear 

supernatant into new tubes and precipitate DNA with 0.5 mL of isopropanol on 

ice for 15 min and centrifuge at 4 °C for 10 min. Remove the supernatant from 

tubes and wash the pellets with 70% ethanol at 4 °C for 5 min. All DNA 

extraction/precipitation steps should be performed on ice/4 °C to reduce 

degradation of genomic DNA. Dry pelleted DNA using Savant SpeedVac for 5 

min and resuspend in 200 μL of TE (10 mM Tris–HCl pH 8.0, 1 mM EDTA, pH 

8.0) with 5 μg/mL RNase A each. DNA from both tubes can be combined at this 

step.

c. Treat DNA with RNase A at 37 °C for 1 h. Repeat DNA extraction with equal 

volume (400 μL) of phenol/chloroform (1:1) and chloroform. Precipitate DNA 

with 1/10 volume of 3 M NaOAc (pH 5.2) and equal volume of iso-proponal. 

Wash DNA with 70% ethanol. All DNA extraction/precipitation steps should be 

performed on ice/4 °C to reduce degradation of genomic DNA.

d. Dry the resultant genomic DNA in SpeedVac for 5 min and resuspend DNA with 

40 μL of TE.

e. Determine concentration of DNA by spectrophotometry at 260 nm. Final 

concentration of each sample usually is ~200 ng/μL and a 260/280 ratio of 1.80–

1.95. Visualize DNA by running ~2 μL of isolated DNA on a 0.8% agarose gel. 

A clean genomic DNA preparation would result in one single band with large 

molecular weight. Smears at the low molecular weights indicate RNA 

contamination or DNA degradation.

f. Before construction of library for Illumina sequencing, analyze the quality and 

quantity of genomic DNA by an Agilent 2100 Bioanalyzer (Agilent 

Technologies). Shear ~1 μg of DNA with Covaris miniTUBEs with AFA 

(Covaris) to ~200 bp fragments according to Manufacturer’s protocol. Purify the 

sheared DNA with Agencourt AMPure XP beads (Beckman Coulter) according 

to manufacturer’s protocol and elute DNA with 50 μL of water.

g. To perform end repair of the fragmented DNA, mix 1 mM ATP, 0.4 mM dNTP 

mix, 15 units of T4 DNA polymerase, 5 units of Klenow DNA polymerase, 50 

units of T4 polynucleotide kinase, 50 mM Tris–HCl, 10 mM MgCl2, and 50 μL 

of sheared DNA in a single tube and adjust the final volume to 100 μL. Incubate 

the sample at 20 °C for 30 min. Purify the sample with AMPure XP beads and 

elute DNA with 10 μL of water.

h. To perform A-tailing to the 3′ end of the DNA fragment, mix 1× Klenow buffer, 

0.2 mM dATP, 15 units of Klenow exo−, and 10 μL end-repaired DNA in a single 

tube and adjust the final volume to 20 μL. Incubate the sample at 37 °C for 30 

min and heat inactivate the enzyme at 75 °C for 20 min.

i. To ligate sequencing adapters to the DNA fragments, mix 1× Rapid ligase buffer, 

3 μM adapter mix, 240 units of Rapid T4 DNA ligase, 20 μL of A-tailing DNA in 

a single tube and adjust the final volume to 50 μL. Incubate the sample at room 
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temperature for 15 min. Purify the sample with AMPure XP beads and elute 

DNA with 30 μL of water.

j. To enrich DNA template and to introduce unique indexed primer to each sample, 

mix 1× VeraSeq, 0.75 μM pair-ended primer, 0.75 μM indexed primer, 15 μL of 

adapter-ligated DNA in a PCR tube and adjust the volume to 50 μL. Amplify 

DNA using the following conditions: 30 s at 98 °C; 8–10 cycles of (10 s at 

98 °C, 30 s at 64 °C, 30 s at 72 °C); and 5 min at 72 °C. Purify the sample with 

AMPure XP beads and elute DNAwith 30 μL of water.

k. Validate the library with an Agilent 2100 Bioanalyzer. The final product should 

have a distinct peak at 200–400 bp. The library is then subjected to Illumina 

whole genome sequencing.

2. Whole genome sequencing and variant calling—While the output of whole 

genome sequencing reads varies dependent on the sequencing system, the current Illumina 

HiSeq 2500 model we used in Rapid Run mode can generate ~300 million reads (~150 

million pair-ended reads). It allows us to combine up to five individually indexed strains into 

one single flow cell for sequencing. About 60 million 101 bp reads can be generated from 

each strain, which converts to ~50× coverage for the ~125 Mb Chlamydomonas genome. If 

more than five strains need to be sequenced, all individually indexed genomic DNA libraries 

can be combined and run in two or three flow cells. The sequencing reads of the same strain 

from individual flow cells can later be combined for analysis.

a Demultiplex sequencing reads to assign reads to individual strains.

b Align reads to Chlamydomonas genome.

• Download Chlamydomonas genome assembly sequence (version 

v5.3.1; ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Creinhardtii/

assembly/Creinhardtii_236.fa.gz) from Phytozome and index it by 

Novoindex (Novocraft.com)

• Align reads to the Chlamydomonas genome assembly sequence with 

Novoalign (v2.08 or later, Novocraft.com; options: o SAM –r random –

l 30 –e 100 –I 230 140 –H –c 12 –h 90 120) and the output. SAM 

(Sequence Alignment/Map) file is converted to BAM (Binary Sequence 

Alignment/MAP) file by SAMtools (version 0.1.18 or later; H. Li et al., 

2009). If an individual strain is sequenced in multiple flow cells, 

generate BAM files from individual flow cells and then merge the 

BAM files by SAMtools. The percentage of total reads that aligned to 

the reference genome is usually 90–97% if the sequenced strain was 

generated in 137c background, the same strain background as the 

reference strain (CC-503). In the highly polymorphic strain, S1C5, 

only ~67% of reads can be aligned to the genome using our alignment 

parameters (Lin, Miller, et al., 2013).

• Sort the resultant BAM file by SAMtools. Mark PCR duplication reads 

by Picard MarkDuplicates (http://picard.sourceforge.net/; options: 
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REMOVE_DUPLICATES = True ASSUME_SORTED = True 

VALIDATION_STRINGENCY = LENIENT). The output file is in 

BAM format.

• Sort the resultant BAM file by SAMtools. Perform SNP and short indel 

calling by SAMtools mpileup (options: ugf) and BCFtools view 

(options: bvcg). The output is in binary call format (BCF), which is 

then converted into VCF (version 4.1) with a read depth cutoff of 999 

(varFilter –D999).

c Eliminate nonrelevant SNPs/indels by comparing to our SNP/indel library at the 

Website (http://stormo.wustl.edu/SNPlibrary/).

The SNP/indel library was generated using the same pipeline described above and it 

includes 2,557,197 SNPs/indels from 16 different Chlamydomonas strains (Lin, Miller, et 

al., 2013). Among these 16 strains, four of them are wild-type: CC-124, CC-125, isoloP 

(CC-4402), and isoloM (CC-4403). All of these wild-type strains were originated from the 

137c background. Among the 11 mutant strains generated by either chemical or UV-

mutagenesis, five have flagellar assembly defects (fla18, fla24, fla9, uni1, ift80), four have 

motility defects (ida3, pf23, pf7, pf8), and one has a mating defect (imp3). One additional 

mutant strain, cnk10, which is supersensitivity to Taxol, was generated by insertional 

mutagenesis of the CC-125 strain (Lin, James, and Dutcher, unpublished data). All of these 

mutant strains, with the exception of uni1, were generated in or backcrossed multiple times 

to the 137c background. This library also include the highly polymorphic strain S1C5 

(CC-1952) that is frequently used in meiotic mapping was also included in this library (Lin, 

Miller, et al., 2013).

On the SNP/indel library Website, users are allowed to either find unique SNPs/indels in one 

of the 16 strains we have sequenced or upload their own VCF file generated by the pipeline 

described here. Users can choose to eliminate SNPs/indels from one or more strains in the 

library. The output VCF file is in the same format as the input VCF file, with elimination of 

common changes found in our library.

d Annotate variants by SnpEff.

In general, while the SNP/indel library is powerful enough to remove 80–99% nonrelevant 

changes from a given strain, we usually observe 700–2000 variants in the output VCF files. 

These variants represent unique changes found in both coding and noncoding regions. Some 

of these variants may have low quality scores due to SNP/indel found in some but not all 

aligned reads. To facilitate identification of the causative mutation from these variants in a 

given strain, we opt for SnpEff, a variant annotation and effect prediction tool (Cingolani et 

al., 2012).

• Download the latest version of SnpEff from http://snpeff.sourceforge.net/ and 

unzip the files under a directory/path/to/snpEff/.

• Add a new folder data/under the directory/path/to/snpEff/.

• Add a new folder chlamy_v5/under the directory/path/to/snpEff/data/.
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• Download the Chlamydomonas genomic DNA FASTA sequences from ftp://

ftp.jgipsf.org/pub/compgen/phytozome/v9.0/Creinhardtii/assembly/

Creinhardtii_236.fa.gz to the folder/path/to/snpEff/data/chlamy_v5/and rename 

the file sequences.fa.gz.

• Download the gene annotation file from ftp://ftp.jgipsf.org/pub/compgen/

phytozome/v9.0/Creinhardtii/annotation/Creinhardtii_236_gene.gff3.gz to the 

folder/path/to/snpEff/data/chlamy_v5/and rename the file genes.gff.gz.

• Download the Chlamydomonas protein FASTA sequences from ftp://

ftp.jgipsf.org/pub/compgen/phytozome/v9.0/Creinhardtii/annotation/

Creinhardtii_236_protein.fa.gz to the folder/path/to/snpEff/data/chlamy_v5/and 

rename the file protein.fa.gz.

• Modify the snpEff.config file under the folder/path/to/snpEff/using txt editor 

program such as Notepad ++ by adding the following lines under the section 

“Databases: Not from ENSEMBL”:

# Chlamydomonas reinhardtii chlamy_v5.genome: Chlamydomonas reinhard-

tiichlamy_v5.reference: ftp://ftp.jgipsf.org/pub/compgen/nternal/v9.0/Creinhardtii/

annotation/

• To create the chlamy_v5 database, cd/path/to/snpEff/and run java –jar snpEff.jar 

build –gff3 –v chlamy_v5.

• To run snpEff, move the output VCF file (e.g. strain_name.vcf) from step c, 

which eliminate nonrelevant variants from our SNP/indel library, to/path/to/

snpEff/, and run

java –jar snpEff.jar –v chlamy_v5 strain_name.vcf > strain_name.eff.vcf. The output vcf file 

is further filtered by SnpSift: type strain_name.eff.vcf | java –jar SnpSift.jar filter “filters”. 

The commonly used filters include CHROM=“chromosome_x” (x can be a number between 

1 and 17, if the mutation has been previously mapped to a specific chromosome); QUAL >= 

100 (the Phred quality of a specific base calling has to be greater or equal to 100); EFF 

[*].IMPACT = HIGH | EFF[*].IMPACT = MODERATE (changes include nonsense, 

missense mutations, frame shift, and in frame deletion); isHom(Gen [0]) (all reads are 

consistent and show non-reference reading). When analyzing the output file, we filter out 

variants that result in synonymous changes and variants with low quality scores. The quality 

scores are Phred quality scores. A Phred quality score greater than 30 indicates that the 

probability of incorrect base call is less than 0.001 (10−30/10). In practice, we usually 

eliminate variants with quality scores lower than 100. In more than 20 mutant strains we 

analyzed to date, all except one have quality scores greater than 100. The one exception has 

a quality score of 41 and is covered by only three reads.

3. Identification of the causative mutation—While successful variant calling depends 

on the quality of sequencing reads and the length of sequencing reads, the program that 

aligns reads to the reference genome, and the variant calling program, the filtered output file 

may contain 10–500 variants. Identifying the causative change among these variants may 

require one or more additional approaches as described below.
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a. Mapping the mutant. Map the mutation to a chromosome or a region on a 

chromosome. This can be achieved by standard meiotic mapping (Dutcher, 1995; 

Lin et al., 2010; Lin, Nauman, Albee, Hsu, and Dutcher, 2013) as described in 

Section 2.2 or through the whole-genome sequencing of bulk mutant progeny 

isolated from a cross between the mutation strain and the highly polymorphic 

strain S1C5 (Alford et al., 2013). Our sequencing results indicated that while 

S1C5 bears ~2.3 million variants, the mutant strain pf27 contains ~860,000 

changes. The pooling of multiple meiotic progeny from a cross for whole 

genome sequencing is one means to identify the region where the gene lies. The 

sequencing of 14 pooled pf27 progeny from a cross between pf27 and S1C5 

showed about 1.4 million changes in the pooled strains. It is expected that 

regions that are linked to the pf27 mutation will have fewer variants obtained 

from the S1C5 strain background. While it is less obvious in the sequence from a 

single meiotic strain, the chromosomal region is easily identified in a pool of 

progeny that share the mutant phenotype. As shown in Figure 1B, a small 

number of variants are observed in the pool between 6 and 8.5 Mb on 

chromosome 12. This region is in agreement with meiotic mapping results, 

which indicate the pf27 mutation is between 6 and 8 Mb.

b. Multiple alleles. Whole-genome sequencing of multiple mutant alleles of the 

same gene is another approach. Two or more mutant alleles in one gene, 

identified or characterized by linkage or complementation tests, can each be 

subjected to whole genome sequencing. Gene IDs, which contain variants from 

each mutant, can be cross referenced to identify the affected gene. This was 

successful for identifying a suppressor of the fla24 mutation with three alleles 

(unpublished results, Lin, Ferkol, and Dutcher).

c. Trancriptional upregulation. Comparison to genes that show transcriptional 

upregulation following flagellar deflagellation is a third approach (see Section 4 

for details). Many flagellar genes, which include IFT proteins, radial spoke 

proteins, central pair proteins, motor proteins, and FAPs (flagellar associated 

protein), are transcriptionally upregulated at least 2.5-fold within the first hour 

following deflagellation (Albee et al. 2013). A total of 1850 genes show >2.5-

fold upregulation, and they are listed in Table S3 of Albee et al. 2013. If one 

works on a mutant that has a flagellar assembly defect or motility defect, cross-

referencing of gene IDs carrying variants in a mutant to the list of 1850 genes 

may pinpoint the causative mutation without the necessity of meiotic mapping.

For example, the WGS from fla24 mutant contains 72,298 variants (Lin, Nauman, et al., 

2013). A comparison to 15 other strains in our SNP library found 1417 unique SNPs in this 

strain. SnpEff 3.6 calls 79 unique changes in coding regions. Only seven variants remain 

when variants with a Phred quality score lower than 100 were filtered out. Cross-referencing 

to the list of 1850 genes indicated that only one gene, Cre06.g250300, is upregulated 

following deflagellation. This is consistent with mapping results that show that fla24 maps 

to chromosome six near the mating-type locus. The FLA24 gene encodes the cytoplasmic 

dynein heavy chain gene DHC1b. We were able to verify the change on DHC1b is the 
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causative mutation by reversion/suppressor analysis as described below (Lin, Nauman, et al., 

2013).

4. Verification of the causative mutation

a. Designing markers and segregation analysis. Once a small collection of potential 

causative changes have been found, primers to amplify PCR products around 

these changes provide a fast means to rule out potential candidates with a few 

meiotic segregants.

• Generate 5–10 meiotic segregants with the phenotype of interest by 

mating to a wild-type lab strain. These can be obtained by random 

spores or by tetrad analysis (Dutcher, 1995).

• Using the NEBcutter2 program (http://tools.neb.com/NEBcutter2/), 

paste ~300–400 bps of the wild-type sequence and the same ~300–400 

bps of the mutant sequence into the Website to look for a restriction 

enzyme recognition site that is present in one and not the other 

sequence. The mutation should be in the middle of the chosen sequence 

(Figure 2(A) and (B)) as illustrated for the fla24 mutation. Sequence 

around the T to C SNP (marked in red) show that the restriction 

enzymes AlwNI would cut the wild-type sequence twice and the mutant 

sequence only once. NciI would cut the mutant sequence once but 

would not cut the wild-type sequence (Figure 2(B)).

• Primers are designed using a variety of programs (Primer3 or IDT 

design). PCR products are synthesized and cut with the enzyme. In 

Figure 2(C), the digestion of wild-type and mutant fla24 PCR products 

with AlwNI are shown.

• Prepare crude DNA from the two parental strains and the meiotic 

segregants. In a PCR tube, mix 2 μL of 10× Vent buffer (200 mM Tris–

HCl, 100 mM (NH4)2SO4, 100 mM KCl, 20 mM MgSO4, 1% Triton 

X-100, pH 8.8), 1 μL of 20 mg/mL Proteinase K, 7 μL of water, and 10 

μL of cells in liquid culture medium. Incubate cells at 58 °C for 30 min 

to remove proteins from cells and 95 °C for 15 min to inactivate the 

enzyme. Perform quick spin of the PCR tube and use 1 μL of the 

supernatant in PCR with the designed primers.

• If this is the causative change, then all of the 5–10 meiotic segregants 

will show the same digestion pattern as the mutant parent. If the change 

is unlinked, then only one-half the progeny on average will show the 

mutant digestion pattern.

• Not all changes generate an alteration in a restriction enzyme 

recognition site. The dCAPS (derived cleaved amplified polymorphic 

sequence) program is very useful for introducing a restriction enzyme 

recognition site change (Neff, Turk, & Kalishman, 2002). The Website 

can be found at http://helix.wustl.edu/dcaps/dcaps.html.
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• Paste 60 bps of sequence from the wild-type and potential mutant 

change. The program will not accept spaces. Place the mutant change 

near one of the ends. Enter one for the number of mismatches allowed 

and run the program. Potential primers that are ~60 bases long will be 

generated along with the enzyme that will cut this “mutated” fragment. 

You need to generate the second primer about 200–300 bps away by a 

different primer design program. As an example, the fla10-1 does not 

change or create a restriction enzyme recognition site, but with one 

mismatch at the 3′ end of the forward primer, the dCAPs program 

introduces a site in wild-type but not in fla10-1 (Figure 2(D)).

b. Reversion analysis. Point mutations are excellent candidates for reversion 

analysis with the postulate that changing the point mutation back to the original 

amino acid (true reversion) or to another amino acid (pseudor-eversion) serves as 

evidence that the variant is likely to be causative.

• If the phenotype is flagellar assembly or lack of motility, it is 

straightforward to screen for restoration of the wild-type swimming 

phenotype. This procedure can be performed with mutagenesis to 

increase the frequency or simply by looking for spontaneous mutations. 

Mutagenesis in Chlamydomonas is easily performed with ultraviolet 

light. A total of 750 μJ produces about 50% lethality.

• This strategy has been successful for seven published flagellar assembly 

strains (Table 3) as well as many flagellar motility mutant (Huang, 

Piperno, Ramanis, & Luck, 1981). The fla10-14 mutation provides a 

useful example (Miller et al., 2005). The mutant had two changes in the 

gene relative to the wild-type strain, which are E24K and L196F. The 

fla10-14 strain was mutagenized and swimming cells were identified 

after enrichment at 32 °C. In the nine strains that regained the ability to 

swim, no changes in the L196F alteration were observed, which 

suggested that it was a neutral change rather than the causative change. 

One revertant was isolated that restored the lysine at position 24 back to 

glutamic acid; this is referred to as a true revertant. Several 

pseudorevertants that changed other amino acids were isolated. These 

include one strain that had changed the lysine at position 25 to a 

glutamic acid and six strains that changed other positions in kinesin-2 

(G331S, N329H, and N329T) (Table 3).

• Pseudorevertants may be useful for understanding folding and function 

of the proteins as well.

c. Plasmid and BAC rescue. Perform Chlamydomonas transformation as described 

in Section 3.3. Instead of spreading cells on paromomycin plates, separate 50 mL 

of cells in R + 100 mM mannitol into 48 large tubes, which contain 20 mL of R 

each. For mutants that have assembly defects, recipient cells are likely to be 

found at the bottom of the tubes while the swimmers are found on the top of the 

tubes. Transformation of plasmid or BAC DNA that contains the wild-type gene 
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is expected to restore wild-type swimming phenotype. Swimmers in the tubes at 

the restrictive temperature (for rescue of temperature-sensitive mutants) or at 

25 °C (for null mutants) are enriched by transferring the top 5 mL into new tubes 

every 2 days. After about five to seven rounds of enrichment, it is expected over 

half of the tubes are enriched for swimmers. Dilute the cells so that about 200 

cells from each tube that was enriched for swimmers are spread onto TAP (TRIS 

acetate phosphate) plates and pick 10 colonies from each plates to perform crude 

DNA extraction, PCR, and digestion. The positive colonies are expected to 

contain both wild-type and mutant DNA alleles present by PCR. The rescued 

colonies are then backcrossed to wild-type cells to show that the rescued 

phenotype cosegregates with the transgene DNA.

1.5 ADDITIONAL MUTANTS

Nonconditional flagellar assembly mutants are easy to obtain. After insertional mutagenesis, 

about 1–5% of the colonies have a flagellar assembly defect (Tam & Lefebvre, 1993). In 

addition, the Chlamydomonas Center (http://chlamycollection.org/) maintains five stumpy 

(very short) or aflagellate strains from the McVittie mutagenesis (McVittie, 1972) and five 

aflagellate strains from the Goodengough mating screen (Goodenough, Hwang, & Martin, 

1976; Goodenough & St. Clair, 1975) for which the causative gene has not been identified. 

There are also seven temperature-sensitive flagellar assembly mutant strains for which the 

genes have not been identified. One has a retrograde IFT defect (FLA2) and two that have 

anterograde IFT defects (FLA27 and FLA28). Four of them (FLA4, FLA5, FLA12, FLA21) 

do not show defects in anterograde or retrograde IFT (Iomini et al., 2001).

2. IDENTIFYING GENE FUNCTION USING REVERSE GENETICS

Reverse genetics approaches start with a gene of interest and use some method to reduce the 

level of the protein/transcript. RNA interference and artificial micro-RNAs have been used 

to study flagellar genes (Fan et al., 2010; Heuser, Dymek, Lin, Smith, & Nicastro, 2012; 

Iomini, Li, Mo, Dutcher, & Piperno, 2006). In most cases, RNA interference has used 

hairpins constructed from the whole gene or from exons. This method presents two major 

problems and is now rarely used. Whole genes or even a single exon have the possibility of 

off-target effects since many short fragments are generated by the Dicer complex. Second, 

these genes are often silenced and the phenotypes are lost (Iomini et al., 2006). The 

alternative method is to use artificial microRNA (amiRNA) (Molnar et al., 2009). This 

vector uses an endogenous microRNA from Chlamydomonas that have been engineered to 

accept 21 bp sequences. In either case, it is necessary to identify multiple independent 

strains since insertion of the RNAi or amiRNA vector can cause phenotypes.

2.1 DESIGNING AN ARTIFICIAL microRNA (amiRNA)

The Website (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) allows the identification of 

21 bp targets for many organisms including Chlamydomonas.

1. Enter the target gene in FASTA format in the Designer window

2. Select the genome release you want to use
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3. Specify the number of targets

4. Enter your email. Your results are emailed to you

5. Hit submit

6. When the output is returned by email, select targets. In our hands, only the 

“green” targets have been successful

7. Past the sequence into the Oligo window and select the pChlamiRNA2 and 

RNA3 vector

8. Order the two primers for each amiRNA

2.2 MAKING AN amiRNA CONSTRUCT (MOLNAR ET AL., 2009)

1. Resuspend primers in distilled water to a final concentration of 100 μM each. 

Mix 10 μL each with 20 μL of 2× annealing buffer (20 mM Tris pH 8.0, 2 mM 

EDTA, 100 mM NaCl), put in boiling water for 5 min and cool down gradually 

overnight in the same water bath.

2. Clean up the annealed oligonucleotides using Qiagen PCR purification kit and 

elute the DNA with 40 μL of water. To perform phosphorylation on the purified 

annealed oligos, mix 1 μl of the eluted DNA with 10 units of T4 polynucleotide 

kinase, 1× T4 DNA ligase buffer and adjust the final volume to 10 μL with water. 

Incubate the sample at 37 °C for 30 min and heat inactivate the enzyme at 65 °C 

for 20 min.

3. To prepare the pChlamiRNA3 plasmid for cloning, digest 1 μg of the plasmid 

DNA with SpeI in a reaction volume of 20 μL at 37 °C for 30 min, add 1 unit of 

Shrimp Alkaline Phosphatase into the mix and incubate at 37 °C for another 30 

min. Gel purify the DNA with gel purification kit of your choice.

4. Set up ligation with 1:100 dilution of the purified oligos, ~20 ng of the purified 

vector, 200 units of T4 DNA ligase, and 1× T4 DNA ligase buffer in a final 

volume of 10 μL and incubate at room temperature for 10 min. Transform 1 μL 

of the ligated product to bacterial competent cells and select on LB + ampicillin 

plates.

5. Identify the positive clones that contain the annealed DNA by PCR with the 

following set of primers: AmiRNAprecfor (5′-

GGTGTTGGGTCGGTGTTTTTG-3′) and Spacerrev (5′-

TAGCGCTGATCACCACCACCC-3′). Extract plasmid DNA from two of the 

positive clones and perform Sanger sequencing with the AmiRNAprecfor primer. 

Align the sequence with the forward oligo sequence to make sure they are 

perfectly aligned.

2.3 TRANSFORMATION WITH THE amiRNA CONSTRUCT

1. Innoculate Chlamydomonas cells in 100 mL of liquid R (rich) or TAP medium 

under continuous light for 2 days until the cells reach the density of 2–5 × 106 

cells/mL.
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2. Prepare autolysin by resuspending 5- to 7-day-old wild-type plus and minus cells 

in 10 mL of nitrogen-free medium, respectively, for 2 h at room temperature. 

Mix the wild-type plus and minus cells to mate at room temperature for 15 min. 

Spin down the cells and filter the supernatant through 0.22 nm filter to sterilize 

the autolysin and to remove Chlamydomonas cells. Alternatively, one can use a 

strain that carries one of the mutations that lacks or has reduced cell wall, which 

negates the need for autolysin.

3. Resuspend the recipient Chlamydomonas cells in filtered autolysin to remove 

cell wall for 30 min at room temperature. Chill the cells for 10 min on ice before 

centrifugation at 1000 g for 5 min at 4 °C. Resuspend cells gently in R (or TAP) 

+ 100 mM mannitol to a final concentration of ~4 × 108 cells/mL. Transfer 250 

μL of cells into an electroporation cuvette (4 mm gap, Bio-Rad), add 1 μg of the 

microRNA plasmid DNA into the cell, incubate the cuvette in a 16 °C water bath 

for 5 min. Perform one pulse electroporation in a Bio-Rad Gene Pulser II with 

the following settings: 1.12 kV, 25 μF, and 400 Ω. Incubate the cuvette at room 

temperature for 10 min before transferring the cells to 50 ml R (or TAP) + 100 

mM mannitol liquid medium. Incubate the cells overnight at 25 °C with 

continuous illumination.

4. The next morning, resuspend cells in 1 mL of 25% cornstarch in R (or TAP) 

medium and spread onto 5 TAP + 10 μg/mL paromomycin plates. In these TAP 

plates, the concentration of glacial acetic acid is 0.75 ml/L instead of 1 ml/L. The 

reduction of acetic acid in the medium confers more robust resistance to 

paromomycin. Colonies usually appear 5–7 days at 25 °C after spreading.

5. To identify colonies that contain the microRNA construct, prepare crude DNA 

extract and PCR with the AmiRNAprecfor and Spacerrev primers for individual 

colonies.

2.4 ANALYZING THE amiRNA STRAINS

1. Once the positive Chlamydomonas colonies that contain the amiRNA plasmid 

have been identified, screen them for a flagellar phenotype. It is expected that 

multiple colonies should bear the same phenotype.

2. If an antibody is available, the colonies can be screen by immunoblot for the 

presence of the protein (Heuser, Dymek, et al., 2012)

3. Grow about 108 cells from each colony and extract total RNA from these cells 

with Qiagen Rneasy Mini Kit. Treat RNA with 1 unit of Rnase-free DNAse I at 

37 °C for 30 min to remove genomic DNA and inactive the enzyme by adding 

1/10 volume of 25 mM EDTA and incubate at 65 °C for 10 min. Measure the 

RNA concentration.

4. Use 1 μg of DNAse I-treated RNA in a 20 μL of reverse transcription reaction 

that contains 200 ng random primers (Invitrogen), 1× RT buffer (Invitrogen), 5 

mM DTT (dithiothreitol), 0.5 mM dNTP (deoxynucleotide triphosphate), 20 unit 
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of RNaseOUT (Invitrogen), and 100 unit of SuperScript III reverse transcriptase 

(Invitrogen). Perform the reaction according to manufacturer’s recommendation.

5. For real-time PCR, dilute cDNA 1:10 and use 2 μL in a 20 μL of SYBR Green-

PCR reaction which contains 1× iTAQ universal SYBR Green Supermix (Biorad) 

and 500 nM of each primer. Carry out the reactions using a Bio-Rad iCycler iQ 

(or equivalent machine) under the following conditions, 95 °C 3 min, 40 cycles 

of (95 °C 10 s and 57 °C 45 s), followed by the melting curve program. 

Normalize the transcript levels of individual genes by an internal control, CRY1, 

which encodes the ribosomal protein S14. The primer sequences that amplify the 

CRY1 gene are: CRY1-F (5′ GAAACTATTTCGCGCGTCAC 3′) and CRY1-R 

(5′ CAGTGATGCCCAGCTCCT 3′).

3. IDENTIFYING GENES USING THE RNA TRANSCRIPTOME

Many of the known ciliary components are upregulated during ciliogenesis in 

Chlamydomonas. Previous methods to look at transcript levels focused on cDNA libraries 

(Lefebvre & Rosenbaum, 1986), genes found by genomic comparisons (Li et al., 2004) or 

proteomics (Pazour et al., 2005), or used an incomplete version of the Chlamydomonas 
genome (Stolc, Samanta, Tongprasit, & Marshall, 2005). In addition, these studies focused 

on genes with increased fold change at 30 min and this single time point may also yield an 

incomplete list of ciliogenesis genes. A more complete picture of the genes required for 

ciliogenesis, was obtained by comparing RNAseq at multiple time points (3, 10, 30, and 60 

min) after deflagellation with the predeflagellation transcript levels. A total of 1850 genes 

showed an increased fold change of at least 2.5 at one or more of the time points.

Illumina sequencing of mRNA isolated from predeflagellation, 3, 10, 30 and 60 min into 

ciliogenesis produced a total of 99.4 million 36-mer single-end reads, for an average of 19.9 

million reads per time point sample. This equates to 3.58 Gb or a 32-fold coverage of the 

125 Mb Chlamydomonas genome. TopHat (Trapnell, Pachter, & Salzberg, 2009) was used to 

compute expression levels of 18,507 Augustus gene models. Expression values calculated by 

Cufflinks are reported in terms of fragments per kilobase transcribed per million reads 

mapped (FPKM) (Trapnell et al., 2010). In five independent sets of RNAseq sequencing 

(pre-shock, 3, 10, 30 and 60 min), 96% of RNAseq reads align to the v5.3.1 

Chlamydomonas genome assembly. Only genes that have three FPKMs during at least one 

of the time points are included. By these criteria, 10,813 genes are expressed. Any gene with 

a time point to predeflagellation expression value ratio of 2.5 or greater is considered an 

upregulated gene; 1850 genes were predicted to be upregulated at one or more time points. 

There are 4392 genes downregulated, and 4548 genes that do not alter their expression level 

during ciliogenesis (Albee et al., 2013).

A set of principal regulation profiles for genes that are upregulated during the first 60 min of 

cilia regeneration in Chlamydomonas was generated. Sixteen principal regulation profiles 

are identified and then grouped into five main patterns (Figure 3(A)). The Arch group, 

containing patterns Arch1 and Arch2, shows increased expression at three min, a peak 

expression at 10 min, and then decreasing expression at 30 and 60 min (Figure 3(A)). Arch2 
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is the most common pattern with 343 genes while Arch1 is the second most common pattern 

with 336 genes. 37% of genes display the Arch pattern.

Of the IFT genes and associated motors, 90% of the genes fell into the Arch category. 

Axonemal dyneins, radial spoke, and central pair genes display more varied expression 

patterns with 60%, 78%, and 84% in the Arch category, respectively. Overall, structural 

ciliogenesis genes are more likely to have Arch expression patterns.

Many assembly factors for axonemal dynein arms have been identified over the last few 

years in humans and in model organisms. There are 11 factors that are not structural 

components of the dynein arms, but rather cytoplasmic factors that are needed for their 

assembly or transport. Three of them, D1 (Duquesnoy et al., 2009; Freshour, Yokoyama, & 

Mitchell, 2007), DNAAF2 (Omran et al., 2008), and DNAAF3 (Mitchison et al., 2012) are 

postulated to be involved in folding the dynein heavy chains. The others, with the exception 

of FBB11 and ODA16, share the property with DNAAF1-DNAAF3 that the proteins appear 

to localized to the cytoplasm and not the cilia. These include HEATR2 (Horani et al., 2012), 

LRRC6 (Horani et al., 2013; Kott et al., 2012), ZMYND10 (Albee et al., 2013; Zariwala et 

al., 2013), Reptin/RuvBL2 and DYX1C1 (Chandrasekar, Vesterlund, Hultenby, Tapia-Paez, 

& Kere, 2013; Tarkar et al., 2013). There is evidence that LRRC6 and Reptin interact (Zhao 

et al., 2013) as do LRRC6 and ZMYND10 (Zariwala et al., 2013). DYX1C1 interacts with 

DNAAF2 (Tarkar et al., 2013). The 10 of the 11 preassembly and adaptor factors show a 

similar pattern of expression following deflagellation in Chlamydomonas reinhardtii. These 

genes are among the earliest to show increased transcript levels (at 3 and 10 min after 

deflagellation) (Albee et al., 2013). Thirty-two genes with that pattern have human 

orthologs, and 27 are expressed in airway epithelial cells (Hoh, Stowe, Turk, & Stearns, 

2012). These are likely to be a strong set of candidate genes for assembly/transport factors.

4. IDENTIFYING GENES USING GENETIC INTERACTIONS

Several mutants in the same process provide a way to bootstrap through a genetic network 

and identify other genes in the same pathway or in a different pathway that affect the 

pathway of interest. This approach relies on using synthetic interactions between different 

mutations. On can use the isolation of suppressors or the identification of synthetic 

interactions. Both of these approaches have been used extensively in yeast (Dixon et al., 

2008), but have been underemployed in the study of flagellar assembly. Below are examples 

of suppressor analysis and synthetic interactions.

4.1 EXAMPLES OF SUPPRESSORS

Delta-tubulin is only found in organisms that build triplet microtubules and when deleted 

results in basal bodies that assembly primarily doublet microtubules (Dutcher & Trabuco, 

1998). The deletion of delta-tubulin produces cells that assemble zero, one or two flagella. 

Suppressors that restore near wild-type numbers of flagella can be isolated and the majority 

map to the TUA2 locus, which encodes alpha-2-tubulin. Amino acids D205 or A208, which 

are nearly invariant residues in alpha-tubulin, were altered in 12 sequenced alleles. The 

suppressors partially restore the assembly of triplet microtubules. The tua2 mutations on 

their own render cells colchicine supersensitive (Fromherz, Giddings, Gomez-Ospina, & 
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Dutcher, 2004). Thus, alterations in alpha-tubulin can substitute for the lack of delta-tubulin. 

Another example of a useful suppressor is seen in the suppression of the ift46 mutant, which 

reveals that IFT46 is required for IFT and specifically for the transport of outer dynein arms 

(Hou et al., 2007)

4.2 EXAMPLES OF SYNTHETIC INTERACTIONS

The kinesin-2 subunit encoded by the FLA10 gene shows a synthetic lethal phenotype with 

one specific allele at the APM1 gene, which encodes HSP40 (Silflow, Sun, Haas, Foley, & 

Lefebvre, 2011). The apm1-122 allele, which confers resistance to the plant herbicides 

amiprophos-methyl and oryzalin, in combination with three different fla10 alleles shows 

cold-sensitive cell cycle arrest. The null fla10 allele together with apm1-122 does not show 

arrest. This allele-specific phenotype suggests perhaps a titration of HSP40 protein by 

mutant kinesin-2 protein at the low temperature (Lux & Dutcher, 1991).

IFT144 and IFT139 are likely to interact with each other in Complex A of the IFT train 

based on several genetic interactions. Double mutants display synthetic flagellar assembly 

defects at the permissive temperature, and transgenes confer two-copy suppression (Iomini, 

Li, Esparza, & Dutcher, 2009).

4.3 PROTOCOL FOR SUPPRESSOR SCREEN

1. Mutagenesis—Chemicals and ultraviolet light can be used to isolate suppressors. A 

dose that gives about 50% lethality is used in most cases.

a. Ultraviolet light. The Stratagene Crosslinker works well for mutagenesis as 

discussed in Section 3.4. Alternatively, a GE 30W germicidal UV lamp (G3T08) 

can be used at a distance of 15 cm for 60 s. Use lawns of cells on solid medium 

after 2 days of growth. The cells must be able to go through a round of cell 

division after irradiation. After irradiation, leave cells in the dark for at least 5 h 

to avoid blue light activated repair of the DNA damage.

b. MNNG treatment. Approximately 108 cells are suspended in liquid medium and 

methylnitronitrosoguandine is added to a final concentration of 25 μg/mL. 

Incubate cells for 30 min. Pellet cells by centrifugation and wash three times 

with medium. Retain washes for proper disposal.

c. Ethylmethanesulfonate (EMS) treatment. Approximately 108 cells are suspended 

in liquid medium and EMS is added to a final concentration of 20 μg/mL. 

Incubate cells for 40 min. Pellet cells by centrifugation and wash with sterilized 

1% sodium thiosulfate, which inactivates the EMS.

d. Methylmethanesulfonate (MMS) treatment. Approximately 108 cells are 

suspended in liquid medium and MMS is added to a final concentration of 1 

μL/mL. Incubate cells for 120 min. Pellet cells by centrifugation and wash with 

medium.

2. Isolation schemes—Following mutagenesis, suppressors can be isolated by 

enrichment as described for the transformation and reversion experiments in Sections 3.3 
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and 2.4, respectively. Alternatively, cell can be selected for the ability to mate. This screen 

does not require that assembled flagella be motile and can be less restrictive. Cells are 

prepared for mating (Dutcher, 1995). After removal of nitrogen for 5 h, cells are mixed with 

a 10-fold excess of wild-type cells of the opposite mating-type for 1.5 h. Mating mixtures 

are plated to TAP plates and incubated at 21 °C for 18 h and then wrapped in foil for 5 days. 

The plates are exposed to chloroform vapors for 60 s to kill unmated cells as well as diploid 

cells and then allowed to grow. Due to the thick wall on zygotes, they are resistant to 

chloroform vapors and will form colonies. These colonies can be picked and the progeny 

analyzed by plating for single colonies. Single colonies are picked and phenotypes can be 

assayed.

3. Identification of intragenic versus extragenic suppressors—Once suppressed 

isolates are obtained from single colonies, they can be analyzed by PCR for the presence of 

the original mutation as described in Section 2.4. They can be crossed to a wild-type parent 

of the opposite mating-type and a minimum of 15 tetrads or 30 random spores should be 

analyzed. If only parental ditype tetrads are recovered, the suppressor mutation is likely to 

be intrangenic or tightly linked (less than 3.3 cM or 330 kb away) to the original flagellar 

mutation. Isolates that produce tetratype and/or nonparental ditype tetrads are considered 

extragenic as the original flagellar phenotype is recovered. To confirm that the suppression is 

caused by a single mutational hit, the suppressed strain should crossed to the original 

mutation. Suppression should be observed in one-half of the progeny in random spores and 

only parental ditypes should be recovered. Recovery of tetratype and nonparental ditype 

tetrads indicate that suppression requires more than one mutation.

4.4 PROTOCOLS FOR EPISTASIS AND SYNTHETIC INTERACTIONS

In both Saccharomyces cerevisiae and Schizosaccharomyces pombe, genome wide synthetic 

interactions have been performed (Dixon et al., 2008). These experiments have revealed 

conserved pathways. However, no similar method is available for Chlamydomonas. If a 

genome wide deletion collection becomes available, this type of approach will be possible. 

At this time, each double mutant must be constructed by mating (Dutcher, 1995), and 

phenotypes analyzed. A synthetic phenotype is defined as a phenotype not observed in either 

of parental strains. If both of the mutants are null alleles, then it suggests that the two genes 

act in different pathways. If the mutants are not null alleles, it can suggest that the loss of a 

pathway may have a more severe phenotype.

5. SUMMARY

There are many other approaches that can be taken to understand flagellar assembly. 

Identifying protein–protein interactions using yeast two hybrid analysis (Ahmed, Gao, 

Lucker, Cole, & Mitchell, 2008; Behal et al., 2012; Lucker et al., 2005; Lucker, Miller, 

Dziedzic, Blackmarr, & Cole, 2010), bacterial expression (Lucker et al., 2010; Taschner, 

Bhogaraju, & Lorentzen, 2012; Taschner, Bhogaraju, Vetter, Morawetz, & Lorentzen, 2011), 

and co-immunoprecipitation (Wang, Fan, Williamson, & Qin, 2009) are important avenues. 

Because flagella are well conserved organelles, comparative genomics has identified many 

key proteins (Avidor-Reiss et al., 2004; Li et al., 2004; Li, Zhang, Dutcher, & Stormo, 2005; 
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Nishimura et al., 2005). Proteomics of isolated flagella and substructures as well as basal 

bodies have also been important in building the parts list for flagella and basal bodies 

(Andersen et al., 2003; Jakobsen et al., 2011; Keller et al., 2005; Kilburn et al., 2007; Muller 

et al., 2010; Ostrowski et al., 2002; Pazour et al., 2005). These approaches have been useful 

for building the parts list for flagella and basal bodies.

There are also many tools for studying the function and role of these proteins. Analysis of 

IFT in wild-type and mutants can be achieved by TIRF (total internal reflection 

fluorescence) or DIC (differential interference contrast) microscopy (Engel et al., 2012; 

Iomini et al., 2001). Electron micrograph tomography has been instrumental in 

understanding the structures involved (Heuser, Barber, et al., 2012; S. Li, Fernandez, 

Marshall, & Agard, 2012; O’Toole, Giddings, & Dutcher, 2007; Pigino et al., 2009). 

Dikaryons have provided an important tool in studying flagellar motility but can be used 

more extensively to study flagellar assembly (Dutcher, 2014). When Chlamydomonas cells 

mate, the flagella adhere to each other, which leads within 10 min to cell fusion and 

formation of a single cell with four flagella and two nuclei, which is known as a dikaryon. 

They allow the analysis of temporal and spatial localization patterns of proteins during 

flagellar assembly. These tools will lead to further understanding of how flagella are 

assembled and the assembly is regulated.
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FIGURE 1. Bulk segregant mapping
The distribution of polymorphisms found in the pf27 parental strain (blue), in 14 pf27 
progeny from a cross between pf27 and S1C5 (yellow (light gray in print versions)), and in 

S1C5 (green (dark gray in print versions)) on two chromosomes compared with the 

reference genome (v5.3) (Alford et al., 2013). The number of changes is binned over 100 kb 

intervals along the length of each chromosome and displayed on the y-axis. The position 

along in the chromosome in Mb is displayed on the x-axis. The pf27 mutation maps to 

chromosome 12 as indicated by the orange (light gray in print versions) line; these have no 

increase in the number of polymorphisms. Conventional mapping puts pf27 within the 

region marked by the black line. Chromosome 1 is representative of the pattern that is 

observed for the other chromosomes. The number of polymorphisms observed in the 14 

pooled meiotic segregants is between the numbers observed in the two parents. From this 

analysis, we are able to map the centromeres on all of the chromosomes. Centromeres are 

indicated by a decrease in the number of unique polymorphisms and are marked by the pink 

(gray in print versions) arrows.
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FIGURE 2. Mapping and dCAPS design
(A). Genomic sequence around wild-type and fla24 mutation. The red nucleotide indicates 

the mutant SNP (T to C). (B) NEBcutter (Vincze, Posfai, & Roberts, 2003) was used to cut 

the wild-type and the fla24 sequence. The wild-type sequence is cut twice by AlwNI and the 

fla24 mutant sequence is cut only once by AlwNI and by NciI. Enzymes that cut an odd 

number of times in the combined wild-type and mutant sequence are desirable (C). PCR 

products cut by AlwNI. Wild-type and the true revertant D11 are cut twice by AlwNI. 

(Reproduced from (Lin, Nauman, et al., 2013).) (D) The change in fla10-1, which has an N 

to K change, does not have a restriction enzyme site difference between wild-type and the 

mutant. A dCAPS (derived cleaved amplified polymorphic sequence) marker was designed 

(Neff et al., 2002). The primers (in orange (light gray in print versions)) introduce a 

nucleotide change that generates a restriction enzyme recognition site. The forward primer 

(in orange (light gray in print versions)) introduces a G (underlined in magenta (light gray in 

print versions)) that creates a restriction site (in blue (black in print versions)) in the wild-

type sequence but not in the mutant sequence. The mutant nucleotide is shown in red (light 

gray in print versions).
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FIGURE 3. Profile clustering identifies 16 principal upregulation expression profiles organized 
into five pattern groups
(A) The Arch pattern shows increased expression at 3 min, a peak expression at 10 min, and 

then decreasing expression. This profile accounts for 37% of the profiles. The Arch1 pattern 

shows expression that peaks at 10 or 30 min, but is still up at 60 min. The Arch2 pattern is 

similar to Arch1 except that the genes are not upregulated at the 60 min time point. (B) The 

staggered (Stag) pattern shows genes with a burst of expression at the 3, 10, 30, or 60 min 

time points. (C) The pulse pattern shows the upregulation at a single time point and accounts 

for 11% (N = 196) of the upregulated genes. (D) The Up-Tick (UT) pattern describes genes 

that show increased expression at one time point followed by downregulation at another time 

point followed by upregulation at a third time point. UT patterns make up 3% (N = 51) of 

upregulated genes. (E) Hump patterns make up 16% (N = 290) and are profiles that are 

pulse-like, but significant upregulation is sustained over two consecutive time points. 0.5% 
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(N = 9) show profiles that are outliers in that their profiles are not adequately similar to any 

principal expression profile found in this analysis (Albee et al., 2013).
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Table 3

Reversion Analysis of Flagellar Assembly Mutants

Mutant Change
Number of true 
revertants Number of pseudoreverants References

fla8-2 E21K 3 4 M313V Miller et al. (2005)

17 M313I

8 G314S

fla8-1 F55S 6 6 M313I Miller et al. (2005)

3 G314S

fla10-14 E24K 1 1 N329T Miller et al. (2005)

L196F 1 N329H

1 K25E

4 G314S

pf4 One base pair deletion 
to generate frameshift

0 AGAAGAA insertion upstream to restore 
reading frame

Elam, Sale, and Wirschell (2009)

fla8-3 V12E 1 2 E12G Dutcher et al. (2012)

1 E12I

1 E12L

1 unknown

bld2-6 I163N 0 2 N163S Esparza et al. (2013)

2 S144G

fla18 E24G 8 None Lin, Nauman, et al. (2013)

fla24 L3234P 6 2 P3234R Lin, Nauman, et al. (2013)

1 P3234S

7 unknown
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