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The fast-growing biflagellated single-celled chlorophyte Chlamydomonas reinhardtii is the most widely used alga in basic
research. The physiological functions of the 18 sensory photoreceptors are of particular interest with respect to
Chlamydomonas development and behavior. Despite the demonstration of gene editing in Chlamydomonas in 1995, the
isolation of mutants lacking easily ascertained newly acquired phenotypes remains problematic due to low DNA
recombination efficiency. We optimized gene-editing protocols for several Chlamydomonas strains (including wild-type
CC-125) using zinc-finger nucleases (ZFNs), genetically encoded CRISPR/associated protein 9 (Cas9) from Staphylococcus
aureus and Streptococcus pyogenes, and recombinant Cas9 and developed protocols for rapidly isolating nonselectable
gene mutants. Using this technique, we disrupted the photoreceptor genes COP1/2, COP3 (encoding channelrhodopsin
1 [ChR1]), COP4 (encoding ChR2), COP5, PHOT, UVR8, VGCC, MAT3, and aCRY and created the chr1 chr2 and uvr8 phot
double mutants. Characterization of the chr1, chr2, and mat3 mutants confirmed the value of photoreceptor mutants for
physiological studies. Genes of interest were disrupted in 5 to 15% of preselected clones (;1 out of 4000 initial cells). Using
ZFNs, genes were edited in a reliable, predictable manner via homologous recombination, whereas Cas9 primarily caused
gene disruption via the insertion of cotransformed DNA. These methods should be widely applicable to research involving
green algae.

INTRODUCTION

Light providesboth energy and information to guideor affect plant
and algal growth, development, orientation, adaptation, and
stress responses.Whereas energy conversion via photosynthesis
is widely understood, our knowledge of the signaling processes
initiated by light through sensory photoreceptors remains frag-
mentary, despite considerable research over the past three
decades. The fast, synchronized growth of Chlamydomonas
reinhardtii (hereafter Chlamydomonas), its ability to grow het-
erotrophically, and the extensive knowledge of its biochemistry
and cellular and molecular biology that has accumulated over the
past decades has rendered it an excellent organism to study
complex networks of sensory photoreceptors. To date, 18 pho-
toreceptor genes have been assigned in the Chlamydomonas
genome (Figure1).Someof thesegenesaremoreor lessuniversal,
such as UVR8, which encodes a homomultimeric UV-B photo-
receptor thatmonomerizes uponUV-B reception to regulate gene
expression (e.g., in UV-B acclimation and stress responses).
However, the specificphysiological functionsare largely unknown

for the light-sensitive cryptochrome proteins, of which Chlamy-
domonascontains four variants: aCRY,pCRY,CRY-DASH-1, and
CRY-DASH-2 (Spexard et al., 2014; Beel et al., 2012). Never-
theless, there is evidence that aCRYmodulates the expression of
several genes in response to blue, orange, and red light. The
unique red light response of aCRY has been linked to the neutral
radical of the flavin chromophore acting as a sensor that absorbs
light over almost the entire visible spectral range up to 680 nm
(Spexard et al., 2014; Beel et al., 2012). Additionally, recent evi-
dence points to a central role for pCRY in controlling the circadian
clock and the algal life cycle (Müller et al., 2017) and to an in-
volvement of CRY in the sexual life cycle (Zou et al., 2017).
Although Chlamydomonas is widely used in basic and applied

research and important discoveries including sensory photo-
receptors havebeenmade using this organism, functional studies
involving Chlamydomonas have been limited by difficulties in
modifying or inactivating genes by directed gene targeting. Ho-
mologous recombination (HR) between endogenous DNA and
homologous DNA templates in Chlamydomonas is rare because
double-strand breaks (DSBs)—if they occur—are in most cases
repaired via error prone nonhomologous end joining (NHEJ) rather
than high-fidelity homology-directed repair (HDR) (Zorin et al.,
2005), thus impeding targeted gene modification. More recently,
several attempts were made to improve the HDR frequency and
suppress NHEJ in Chlamydomonas. A single-stranded DNA
approach enabling marked suppression of random integration of
template DNA allowed for the inactivation of the phototropin-
encoding PHOT gene in the nonmotile Chlamydomonas strain
CW15-302 (also named CC-4350) with an efficiency of ;1% in
coselected mutants (Zorin et al., 2009). The disruption of PHOT
suppressed both eyespot size reduction and downregulation of
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channelrhodopsinathigh light intensities (Trippensetal., 2012), as
well as high-energy nonphotochemical quenching, which dis-
sipates harmful excessive light energy in photosystem II as heat to
prevent protein damage (Petroutsos et al., 2016).

Further advances in developing techniques for increasing the
frequency of HDR in Chlamydomonas were realized by exploiting
zinc-finger nuclease (ZFN) technology (Bibikova et al., 2003),
which produces targeted DNA-DSBs suitable for the insertion of
templates via HDR. COP3, which encodes channelrhodopsin
1 (ChR1),was inactivatedbyHDRusing theZFNapproach (Sizova
et al., 2013). ChR1 and ChR2 are the most well-characterized
sensory photoreceptors in Chlamydomonas to date (Schneider
et al., 2015; Deisseroth and Hegemann, 2017). The inactivation of
COP3 and COP4 (which encodes ChR2) using antisense ap-
proaches revealed that both proteins are photoreceptors for
phototactic and photophobic responses via previously described
photocurrents (Harz et al., 1992; Holland et al., 1996; Braun and
Hegemann, 1999; Sineshchekov et al., 2002; Govorunova et al.,
2004; Berthold et al., 2008). Electrical studies in ChR1 and ChR2
expressing Xenopus laevis oocytes and HEK (human embryonic
kidney) cells revealed thatbothproteins functionas light-gated ion
channels (Nagel et al., 2002, 2003). More detailed physiologic
studies of ChR function and processing would require disruption
of thegenesencodingbothChR1andChR2and replacementwith
genes encoding modified ChR variants. Moreover, neither of the

above-describedearlier approaches (single-strandedDNAorZFN
based) enabled a gene of interest (GOI) to be targeted in motile
Chlamydomonas strains (Sizova et al. 2013).
Although the ZFN technology has proven to be useful in single

knockout experiments and for promoting HDR, this technology
was likely too limited to be used to investigate the four crypto-
chrome and eight enzyme rhodopsin photoreceptors (Figure 1)
with strong sequence homology and (probably) functions. The
latter family, named histidinkinase rhodopsins (HKR1–HKR8,
encoded by the genes COP5–COP12) is characterized by the
presence of microbial-type sensory rhodopsins connected
C-terminally to a histidine kinase and a response regulator
(Kateriya et al., 2004). HKR1, 2, and 4 to 6 contain a C-terminal
guanylyl- or adenylyl-cyclase effector domain, suggesting that
HKRs regulate cGMP and cAMP (Figure 1). Little is known about
the HKRs aside from data regarding the photophysics and pho-
tochemistry of the bimodally switchable HKR1 photoreceptor
(Luck et al., 2012; Penzkofer et al., 2014; Luck and Hegemann,
2017).
By far the most popular and widely used programmable nu-

clease system for gene modification in many organisms is clus-
tered regularly interspaced short palindromic repeat (CRISPR)/
associated protein 9 (Cas9) technology (Jinek et al., 2012, 2013;
Mali et al., 2013; Cong et al., 2013). The CRISPR DNA-targeting
system consists of three components: Cas9 nuclease protein;

Figure 1. Chlamydomonas Photoreceptors.

Overview of Chlamydomonas photoreceptors and domain structure. Gene IDs taken from Phytozome V12. AA, number of amino acids.
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complementary base-pairing CRISPR RNA (crRNA), which in-
cludes the target sequence (protospacer); and transactivating
CRISPR RNA (tracrRNA), which forms a secondary scaffold
structure recognized by Cas9. By inserting a small linker se-
quence, the crRNA:tracrRNAduplex can be expressed as a single
guide RNA (sgRNA) that binds to the Cas9 nuclease to form
a Cas9/sgRNA ribonucleoprotein (RNP) complex. The only pre-
requisite for target DNA recognition by the Cas9 RNP is the
protospacer adjacent motif (PAM), which varies among Cas9
variants and is located immediately downstream of the target
sequence. In the first Cas9 discovered, SpCas9 (from Strepto-
coccus pyogenes), the PAM motif is NGG, whereas in Cas9 from
Staphylococcus aureus (SaCas9), the PAM motif is NNGRRT,
where R indicates either adenine or guanine.

Three research groups have reported using the CRISPR/Cas9
system in Chlamydomonas (Jiang et al., 2013, 2014; Baek et al.,
2016; Shin et al., 2016; Jiang andWeeks, 2017). Promising results
were achieved when Cas9/sgRNA RNP complexes assembled
in vitro were delivered into Chlamydomonas cells via electro-
poration (Baek et al., 2016; Shin et al., 2016). After targeting the
photosynthesis-associated genes ZEP, CpFTSY, CpSRP43, and
ChlM, some of the colonies (which were preselected with an
antibiotic resistance marker) appeared pale due to reduced an-
tenna size and/or chlorophyll synthesis (Kirst et al., 2012;
Meinecke et al., 2010). The targeting efficiency (targeted colonies/
selected colonies) obtained from visual clone identification in
these studies was;1:600 (0.17%), 1:73 (1.4%) (Shin et al., 2016),
and 0.56% (Baek et al., 2016). Earlier, another group established
a plasmid-based CRISPR/Cas9 system in Chlamydomonas
(Jiang et al., 2014). In their initial approach, the authors targeted
the peptidyl-prolyl cis-trans isomerase gene FKB12, allowing for
positive selection of cells with FKB12 gene knockouts onmedium
containing rapamycin. This resulted in the production of one
mutant colony out of 16 transformations, or one colony with
amodified target locusper 1.53109 initial cells (Jianget al., 2014).
Later, using a hybrid Cas9/sgRNA expression construct, the
efficiency was improved to yield 13 colonies out of four trans-
formations (equivalent to;1colonyper 33107 initial cells) (Jiang
andWeeks, 2017).Additionally, positive selectionofprototrophic
strains after precise repair of the point mutation in the ARG
gene in the auxotrophic mutant, arg7, was demonstrated using
the hybrid Cas9/sgRNA gene coelectroporated with a short,
80-nucleotide, ssODN (oligodeoxynucleotide) with 59 and 39
phosphothioate (PTO)-protected ends. In this study, seven ar-
ginine prototroph clones were isolated from two transformation
reactions (;1 colony per 2.53 107 initial cells) (Jiang andWeeks,
2017). These results indicate that the CRISPR/Cas9 system is
suitable for genemodification in Chlamydomonas. However, the
efficiencyof the reportedmethods is low, and themethodsdonot
enable routine disruption of nonselectable or nonphenotypic
genes.

Our goal in this study was to overcome the drawbacks as-
sociated with existing methods and to optimize gene targeting
in Chlamydomonas by developing a technology that (1) allows
for efficient gene disruption and ultimately precise and
predictable gene editing via HR; (2) enables efficient isolation of
non-phenotypic mutants; and (3) is applicable to numerous
Chlamydomonas strains. Toward this end, we optimized ZFN

technology to enable precise genemodification inChlamydomonas.
We then modified these protocols further for CRISPR/Cas9
to disrupt genes rapidly and in a cost-effective, routine manner.

RESULTS

A Selectable Marker Repair Assay to Evaluate
Target-Specific Zinc-Finger Nucleases

To elucidate the roles of ChR1 and ChR2 in phototactic and
photophobic responses in detail, single and double ChR1 and
ChR2 knockouts are required. We previously reported the de-
velopment and application of ChR1-specific ZFNs in the non-
motile Chlamydomonas strain CW15-302 (Sizova et al., 2013). In
a continuation of this work, we used these nucleases in a motile
Chlamydomonas strain to develop ChR2-specific ZFNs. We an-
alyzed ChR2 for ZFN target sites using the ZiFiT (Zinc Finger
Targeter) database (Sander et al., 2007). As predictions gave
rise to only a poorly activeChR2-ZFNpair (hereafter designated
ChR2-a-ZFNs), we ordered a set of ChR2-ZFNs from a com-
mercial supplier (hereafter designated ChR2-b-ZFNs). To
characterize both nuclease pairs, we used an optimized version
(Figure 2A) of the previously reported mutated aphVIII (mut-
aphVIII) repair gene targeting selection (GTS) system (Sizova
et al., 2013) (explained in detail below) to qualify HDR of nuclear
genes in Chlamydomonas.
TheGTSconstruct (ble:yfp:mut-aphVIII; Figure2A;Supplemental

Table1) for creating theGTS test strainswas improvedby replacing
rarely used (<15%) codons at the 59 end of the ble (phleomycin
[Zeocin]-resistance gene [ZcR]), substituting the previously used
gfp gene (Fuhrmann et al., 1999) with the codon-optimized en-
hanced yfpgene (eyfp) and insertingaglycine-serine linkerbetween
eyfp and the mutated aphVIII selection marker. The linker was in-
serted to separate the ble and eyfp protein domains to potentially
preserve their activities and stabilize the fusion protein by pre-
venting premature protein degradation. The aphVIII (paromo-
mycin resistance [PmR]) gene was mutated by inserting target
sites for the previously functionally characterized ChR1-ZFNs
(Sizova et al. 2013) and the newly designed but uncharacterized
ChR2-a-ZFNs (pGTS1-mut-aphVIII [ChR2-a][ChR1]; Figure 2A).
Cell wall-deficient, motile Chlamydomonas strain CC-3403
(RU-387 nit1 arg7 cw15 mt2) cells were transformed with
pGTS1 via electroporation. Full-length integration of the GTS1
cassette was confirmed by PCR analysis of genomic DNA
isolated from ZcR clones. The verified clonal cell line was
designated the “GTS-strain.” After a second round of elec-
troporation of the GTS strain with ZFN-encoding plasmids
(Figure 2C), functional ZFNs recognized and cleaved their re-
spective mut-aphVIII target sites. The resulting DNA-DSBs
triggered the cellular DNA repair machinery to utilize a cosup-
plied repair-donor to restore aphVIII functionality (Figure 2C),
thereby creating selectable PmR clones. The number of PmR
clones servedasan indicator of nuclease functionality. TheGTS
approach thus allows for testing and optimization of many
parameters that could limit HDR-based modification of Chla-
mydomonas genes, such as nuclease activity, HDR donor
design, and transformation conditions.
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Figure 2. Optimization of ZFNs and Transformation Parameters.

(A) Schematic drawing of a GTS construct. Transcription of the GTS cassette is controlled by the HSP70A/RBCS2 promoter and PSAD-terminator. ble
(phleomycin resistance gene)wasused as a selectionmarker to isolate theGTSstrains; the nuclease target site for anyGOI can be inserted intomut-aphVIII
[GOI][ChR1].ChR1-ZFNs serve as a control to test theHDRcapabilities ofGTS strains. eyfp, enhanced yellow fluorescent protein gene;GS5, glycine-serine
linker; aphVIII, paromomycin resistance marker; pHDR-aphVIIIΔ120, HDR plasmid to restore aphVIII functionality.
(B)ZFN target site sequences inserted intomut-aphVIII (pGTS1-3) used to create theGTS-strains. TheChR1-ZFN target sequence served as a control in all
pGTS plasmids. pGTS1 includes the ChR2-a-ZFN target site and pGTS2 includes the respective ChR2-b-ZFN target site. pGTS3 includes the target site
from the human EMX1 homeobox protein gene and was created to test the HDR capability of Cas9. Binding sites of left and right ZF domains forChR1,
ChR2-a, and ChR2-b are underlined. Binding site of EMX1 gRNA is underlined. PAM is highlighted in gray.
(C)Workflowfor thegenerationof aGTSstrain followedbyHDRexperiments.Electroporation1, pGTS-[1-3] is electroporated into aChlamydomonasstrain.
Single colonies are isolated on Zeocin-containing agar plates. Next, isolated and synchronously cultured GTS strains are concentrated and heat shocked
beforeElectroporation2.Here, functional nucleases (plasmid-encodedor recombinant)may induce the formationofDNA-DSBswithin their respectivemut-
aphVIII target site and trigger HDR with coapplied donor DNA, which results in selectable paromomycin resistant (PmR) cells. After electroporation and
before paromomycin selection, the cells are allowed to recover for 24 h at 22°C or 33°C.
(D)GTSstrainexperiments.Bars indicate thenumberofPmRcoloniesper transformation reaction.Secondary yaxis: selection frequencies (PmRcolonies/4
3106electroporatedcells).FokI-domainvariants (mutationsare indicated)were tested in their efficiency to introduceDNA-DSBs, therebypromotingHDRof
mut-aphVIII in 3403-GTS1. Controls without heat shock before transformation (without HS) or without ZFNplasmids (without ZFN).Middle: Functionality of
ChR2-ZFNswas tested inGTS-strain 3403-GTS2. The same resultswereobtained in theCC-503background (503-GTS2). Right:ChR1-ZFNs (3403-GTS3)
in combinationwithdifferentHDRdonors as indicatedand recovery temperaturesof 22°Cand33°C.Error bars indicate standarddeviation andwhite circles
reflect individual data points.
(E) Sequence alignment of amplified mut-aphVIII [EMX1][ChR1] (3403-GTS1) and repaired aphVIII loci from PmR colonies after HDR. Hyphens indicate
deleted nucleotides. A point mutation found in one clone from (D) iii is indicated in red.
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Highly Active FokI Enables HDR of Endogenous Genes in
Strains CC-3403 and CC-503

The objective of our first experiments was to test the overall
functionality of the GTS system in the CC-3403 background.
Verified 3403-GTS1 (pGTS1 in CC-3403) cells were grown syn-
chronously before electroporation of ChR1-ZFN plasmids and
mut-aphVIII repair templates (pHDR-APHVIIID120; Figures 2A and
2C). Employment of the heat shock protein (HSP) 70A promoter
(triggered by a short heat shock of 30 min at 40°C before elec-
troporation) was expected to allow for time-limited ZFN tran-
scription and to minimize possible toxic effects resulting from
long-termnuclease expression (Schroda et al., 2000; Sizova et al.,
2013).

ZFNsare artificial restriction enzymesconsisting of three to four
zinc-finger DNA binding modules fused to the heterodimeric
nucleasedomainFokI (Miller et al., 2007).Usingstrain3403-GTS1,
we tested twodifferent engineeredFokI heterodimer variants (Guo
et al., 2010; Sizova et al., 2013) in combination with ChR1-ZFNs.
FokI variant S418R/K441E, originally optimized for CW15-302
cells (Sizova et al., 2013), generated only a limited number of PmR
colonies after electroporation and selection, similar to the control.
The more active FokI variant FokI-S418P/K441E (SP/KE) was
more efficientwith respect tomut-aphVIII repair, generating;500
colonies per electroporation (Figure 2D). For comparison, glass-
bead transformation (Kindle, 1990) with ChR1-ZFNs (FokI-SP/KE)
resulted in only 6 6 2 PmR colonies. Thus, we used FokI-KE/SP
and electroporation in subsequent ZFN experiments.

We then tested the two new pairs of ChR2-ZFNs. Using ChR2-
a-ZFNs (with FokI-SP/KE) in strain 3403-GTS1, very few (n = 15)
PmR colonies appeared. By contrast, ChR2-b-ZFNs were 50%
more active than the ChR1-ZFNs in strain 3403-GTS2 with both
ChR1 and ChR2-b target sites included (mut-aphVIII [ChR2-b][ChR1])
(Figure 2D). Similar repair efficiencies were observed for 503-
GTS2 cells derived from strain CC-503 (Figure 2D).We concluded
that the previously reported high level of transgene expression in
CW15-302 is disadvantageous in combination with the use of
highly active FokI-SP/KE ZFNs. The superior performance of the
more active ZFN variants inCC-3403 andCC-503 cells compared
with CW15-302 cells is thus most likely associated with lower
levels of transgene expression (Sizova et al., 2013).

Short HDR Donors Enhance Mutant Screening Efficiency

To simplify donor generation and analysis of potential ChR1 and
ChR2 (or any GOI) recombinants, we tested shorter templates in
the mut-aphVIII repair assay. We compared circular plasmids
(1350 bp), short double-stranded linear fragments with PTO-
blocking groups (500 bp), and single-stranded oligodeoxynucleo-
tides (ssODNs)with59-and39-PTOprotections (100nucleotides)as
templates in the GTS system (Liang et al., 2017; Jiang et al., 2017).
As expected, a shorter template homology region was correlated
with fewer PmR colonies (Figure 2D, dark-blue bars; 994 6 65,
5706 15, and 2666 93, respectively, for plasmids, short double-
stranded linear fragments with 59-PTO blocking groups, and
ssODNswith59- and39-PTOprotections).However, all testedsmall
donors promoted mut-aphVIII HDR at reasonable frequencies. In
our protocol, cells were allowed to recover for 24 h at room tem-
perature (22°C) before plating. Increasing the recovery temperature

from 22 to 33°C increased the number of colonies by 25 to 90%,
depending on the template (Figure 2D, white bars; 1238 6 190,
7096427,and5086130).Foreachdonor type,wesequencedfour
PmR clones. With the ssODN template, only one PmR clone
contained an integrated silent, single point mutation, whereas the
11other sequenced clones carried repaired aphVIII, as specifiedby
the template (Figure 2E). With respect to the proportion of PmR
colonies,weachievedediting efficiencies in the rangeof 2.531025

to 2.5 3 1024 (1 HDR event per 4000 cells).

ZFN-Mediated Disruption of Nonselectable Genes for
ChR1 and ChR2

After these optimization experiments in GTS strains, we next
targeted the endogenous ChR1 and ChR2 genes in strain
CC-3403. Prior electrode voltage clamp studies revealed that
ChR1 and ChR2 directly function as light-gated ion channels
(Nagel et al., 2002, 2003). The light sensor and channel pore is
confined to the seven-transmembrane helix fragment of the
proteins, whereas the long C terminus is likely responsible for
membrane targeting to the eyespot (Mittelmeier et al., 2011). First,
we tested whether these proteins are the only photoreceptors
mediating phototaxis by creating protein-coding disruptive HDR
knockin templates for both genes (Figures 3A and 3B). As
CC-3403 is an arginine auxotroph and therefore requires argi-
nine supplementation in the medium, we used the arginino-
succinate lyase gene ARG7 (pHR11) as a selection marker in
cotransformation experiments with ZFNs and HDR donors.
Correct donor integration introduced an additional 30 bp to the
sequence, referred to as “FLAG” in the following experiments, that
was used for unique ODN binding in our HDR-specific PCR
screening strategy (Figure 3A, blue arrow). In an experiment tar-
geting theChR1gene, eightoutof96analyzedarginineprototroph
clones exhibited donor integration (Figure 3C). In seven chr1
clones, the HDR donor had been correctly inserted (FLAG insert;
Figures 3C and 3D, chr1 [1-7]). In one clone, the donor had been
integrated via by 59 HR of the cleavage site, but it also contained
additional plasmid DNA fragments. For ChR2, we screened
96 clones each from three independent transformation experi-
ments and found 22 “FLAG” insertions (7.6% on average; Figure
3C). Of the 16 sequenced chr2 clones, 15 contained a correctly
inserted HDR donor (Figure 3D, chr2 [1-15]) and in only one clone,
the template plus parts of plasmid DNA had been integrated by
NHEJat the39site (chr2 [16]). Incontrolswithout anHDRdonor,we
found two mutants out of 96 clones with small mutations at the
target site (Figures 3C and 3D, chr2 [17+18]). To generate a strain
where both ChRs are disrupted, we transformed strain 3403-
chr1-1 with ChR2-ZFNs and ChR2-HDR donor and coselected
them using an aphVIII marker gene. In six out of 96 analyzed
clones, bothChR1 andChR2were disrupted (Figures 3C and 3D,
chr1 chr2 [1-6]). Protein immunoblots using a ChR1-specific
antiserum (Nagel et al., 2003) demonstrated the absence of ChR1
in the chr1-1 strains, and only very low amounts of ChR1:FLAG
(DCT) of a reduced size were detected (Figure 3E). Unfortunately,
our ChR2 antiserum cross-reacted with ChR1, and due to the
similarmolecularweightsofbothChRs,ChR2wasonlydetectable
by immunoblotting protein extracts from CC-3403-chr1 cells. In
strain CC-3403-chr1-1, ChR2 comprised only a minor fraction
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(Figure 3F) and disappeared in the double knockout strain CC-
3403-chr1-1/chr2-1 (Figure 3F). The single and double-knockout
strains were motile and suitable for physiological studies.

Photomovement Analysis of ChR1 and ChR2
Disruption Strains

We performed light scattering (LS) assays to quantify the pho-
totactic sensitivity of the strains (Uhl and Hegemann, 1990). The

LS signals from CC-3403 gamete cells were nearly identical to
those of previously studied CW2 cells (Berthold et al., 2008). After
lights-on, the LS signal linearly rose until it approached a sta-
tionary level (Figure 4A). Under low-intensity light (455 nm), the
increase was graded with the light intensity over 1.5 log units.
However, phototaxis was delayed at higher intensities due to
a transient switch from forward to reverse swimming during
the phobic response (Figure 4A) (Hegemann and Bruck, 1989).
The behavior and light sensitivity in chr2 cells were almost

Figure 3. Inactivation of Nonselectable Genes Using ZFNs.

(A)Schematic diagram ofChR1 (COP3) with exons shown as blue rectangles and the ZFN target site shown in yellow. HDR donors ChR1:FLAG andChR1:
mCherry are illustrated. Homology regions are identical for both constructs, and sequence insertions are centered on the ZFN cleavage site. For the FLAG
insert, two stop codons were added in-frame at the 39end, whereas mCherry was inserted in-frame without stop codons.
(B) 78aminoacids at theC terminus ofChR1:FLAGaremissingdue to the presence of stop codons after FLAG. ThemCherry coding sequence is integrated
in-frame.
(C)Generation of chr1 and chr2mutants in strainCC-3403.Cellswere transformedvia electroporation ofChR1-orChR2-ZFNplasmids andHDRdonors as
indicated. The ChR2-FLAG donor plasmid was constructed in a manner analogous to that of ChR1:FLAG, as shown in (A). The chr1 disruption strain was
transformed again to obtain the chr1 chr2 double disruption strains. Bars reflect the number of HDR events found for 96 colonies analyzed. Conditions for
ChR2-b-ZFNs were replicated. Error bar shows triplicates 6 SD.
(D)Sequencing results ofchr1 [1-8] andchr2 [1-18] target locusamplicons.chr1 [8] andchr2 [16] contain additional sequences from theHDRdonorplasmid.
The clones chr2 [17, 18] were generated without HDR donors, resulting in small InDels (NHEJ; +23, 28 bp) at the cleavage site.
(E)Protein immunoblotting ofChR1mutants (chr1) usinganti-ChR1antiserumandsecondaryHRP-conjugated antibody for chemiluminescencedetection.
M, marker. Ponceau staining was used as a loading control.
(F)Protein immunoblotting ofChR2mutants (chr2) usinganti-ChR2antiserumandsecondaryHRP-conjugatedantibody for chemiluminescencedetection.
Total ChR2 abundance in CC-3403 is low (chr1 background). ChR2 depletion is visible in chr1 chr2 double knockouts. Ponceau staining was used as
a loading control. The protein below the comigrating ChR1 and ChR2 proteins is labeled unspecifically and is not encoded by ChR1 or ChR2.

Chlamydomonas Gene Editing 2503



indistinguishable from those of the parent cells at both 455- and
530-nm wavelengths (Figures 4A and 4B, light blue), confirming
thatChR1,withanabsorptionmaximumlmax=495nmatpH6.5, is
the dominant phototaxis photoreceptor in CC-3403 cells. In
contrast, chr1 showed an almost 1000-fold lower sensitivity at
455 nm (Figures 4A and 4B, dark blue), where ChR1 and ChR2
absorb light equally well (Berthold et al., 2008). Photoorientation
was almost undetectable in the chr1 chr2 double mutant (Figures
4A and 4B, light gray). These results confirm that while both ChRs
are phototaxis photoreceptors, ChR2 has a low abundance and is
only a minor contributor to the phototactic sensitivity and per-
formance of CC-3404 cells.

Analysis of Eyespots in ChR1 and ChR2 Disruption Strains

As a second physiological approach, we explored the C terminus
ofChR1and its role in the transport ofChR to the eyespot. All HDR
templates designed to this point contained a short insert of only
;30 bp. However, we were interested in labeling algal proteins
with fluorescent tags. As proof of principle, we created a new
donor that included the coding sequence for mCherry in-frame,
interspacing the ChR1-ZFN target site located on the C terminus
of the respectiveChR1protein (pHDR-ChR1:mCherry; Figures 3A
and 3B). The mCherry sequence was correctly inserted and ex-
pressed in;1%of analyzed clones (3/288). Confocalmicroscopy
confirmed ChR1 tagging (Figures 4C and 4D). However, only
a minor fraction of the ChR1:mCherry protein was targeted to the
eyespot (Berthold et al., 2008; Mittelmeier et al., 2011), whereas
the main fraction was localized as patches within the cell (Figure
4D). Nevertheless, an eyespot was visible in the strains with an
mCherry-tagged ChR1.

Next, we analyzed whether the different ChR-modified strains
developed alterations in eyespot positioning and size, as mea-
sured by examining the carotenoid-rich eyespot globule layers
visible via differential interference microscopy. All strains in
nonsynchronous growing cultures had visible eyespots, as ex-
emplified in thewild-type-likeCC-3403, strain chr1 chr2, and chr1
in Figure4E.However, the relativeeyespotpositionswithin thecell
differed. In the majority of CC-3403 cells (;60%), the eyespot
localized to an equatorial position. Approximately 35% localized
more anteriorly toward the flagella-bearing pole, while only;5%
localized toward theposterior end.Both analyzed chr2 strains had
an identical distribution. In the chr1 strains, however, a clear
tendency toward a predominantly anterior position was evident
(;60%), and an equatorial position was seen in only;30%of the
cells. Deletion of the last C-terminal 78 amino acids [Figure 3B,
ChR1:FLAG (DCT)] of ChR1 (Figure 4E, chr1DCT) had an identical
effect. In contrast, the chr1 chr2 population exhibited an almost
equal distribution of the eyespots between these two positions
and a slight increase in the posterior localization. Occasionally,
two eyespots were visible in chr1 chr2 cells. Furthermore, mal-
formed eyespotsmissing the typical roundish-ellipsoid formwere
sometimes evident in chr1 and chr1 chr2 cells (Figure 4E). In
addition, theeyespotareawassignificantly smaller in theanalyzed
chr1 and chr1 chr2 strains compared with CC-3403 (Figure 4F). In
the other strains, no significant difference from the wild type was
evident. These data indicate that ChR1 has a larger impact on
eyespot plate positioning and size/stability compared with ChR2.

Furthermore, the observation that chr1 chr2 forms visible, albeit
smaller, eyespots supports the idea that additional eyespot
proteins (EYE2 and others) are required for the initial organization
of the eyespot globule plate and that this process is ChR in-
dependent (Roberts et al., 2001; Boyd et al., 2011b; Mittelmeier
et al., 2013).

Gene Disruption Using Plasmid-Encoded Cas9

Although our ZFN experiments enabled us to specifically modify
target genes and respective proteins at acceptable frequencies,
it is difficult to design new ZFN pairs, and the number of efficient
target sites within a gene is limited. To develop a faster and
more flexible gene-editing approach, we endeavored to use the
CRISPR/Cas9 system for targeting nonselectable genes in
Chlamydomonas. With functional Cas9 protein expression, only
the guide RNA needs to be adapted for any new GOI. Low target
site restrictions (PAM) and easy guide RNA design facilitate po-
sitional modifications.
A first prerequisite for CRISPR/Cas9 experiments is sgRNA

transcription under the control of an RNA polymerase III promoter
(RNAPIII). In general, RNAPIII transcription factor binding sites are
inherent to the transcribedsequences,making themunsuitable for
sgRNA transcription. One of the few examples of sgRNAs with
proximal RNAPIII promoter elements is U6snRNA. Therefore, we
employed a previously characterized U6snRNA sequence from
chromosome 8 (Jakab et al., 1997) and three other homologous
CrU6snRNA sequences of Chlamydomonas. The respective
amplified promoter regions (500 bp) were used to drive sgRNA
transcription using the appropriate SaCas9 or SpCas9 scaffold
sequences (pCrU6 #1-4//PmR; Figure 5A; Supplemental Table 2).
Disruption of the phytoene synthase-1 gene (PSY1) produces

white colonies that are easy to detect and count (Inwood et al.,
2008;McCarthy et al., 2004). Therefore, we targeted the twoCas9
variants to PSY1 (PSY1-sg) to test promoter functionality. We
chose a PSY1 target site for SaCas9 with a corresponding PAM
(59CGGAGT) that was also suitable for SpCas9 (59CGG) recog-
nition. The transcription ofPSY1-sg from each of the four different
CrU6 sgRNA promoters was tested in combination with either
SaCas9 or SpCas9 expression (Figure 5A). CC-3403 cells were
electroporated with two separate circular plasmids, one con-
taining a codon-optimized Cas9 gene and a second plasmid
containing a U6-driven sgRNA gene and a PmR gene to allow for
selection of transformed cells. Cells were allowed to recover for
24hat 22°CandselectedonPmR.With transformation conditions
optimized for ZFNs, no white colonies were observed. However,
wedetecteda reasonable numberof palegreencolonies thatwere
potentially derived from colonies mixed with wild-type and psy1
cells; such colonies were absent in the controls (Figure 5B).
Furthermore, extending the recovery time after electroporation
from 24 to 48 h allowed us to select white colonies. Among the
CrU6 promoters examined, most white psy1 colonies were de-
rived from the SaCas9/CrU6#4 electroporation (5 out of 56 PmR
colonies; 9%). Increasing the recovery temperature from 22°C to
33°C for 24 h, followed by 24 h at 22°C, further improved the
targeting efficiency (n = 3; 16%6 4%; Figure 5B). Exchanging the
heat-shock-inducible HSP70A promoter with the constitutively
active HSP70A/RBCS2 promoter (HR) led to the production of
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Figure 4. Physiological Analysis of ChR1 and ChR2 Disruption Strains.

(A) Light-scattering assay of strains as indicated. Phototactic responses to different intensities of blue light (455 nm). The 100% light corresponds to 1.253
1021 photons m22 s21. Numbers below correspond to the various light intensities employed.
(B)Phototactic sensitivity of variousChlamydomonas lines. Initial linear slopes of the light-scattering responses at 455 nm (solid lines) and 530 nm (dashed
lines)were calculated (ΔV/Δs) forCC-3403 cells and cells containing chr1,chr2, or chr1 chr2modifications andplotted against the normalized light intensity.
(C) Protein immunoblotting of two CC-3403 strains with mCherry inserted into ChR1 (#1; #2). Anti-ChR1 antibodies detected ChR1:mCherry (;110 kD)
fusion protein. M, marker; WT, CC-3403 crude extracts. Ponceau staining was used as a loading control.
(D)Confocalmicroscopy: Live-cell imaging ofCC-3403ChR1:mCherry strains. CC-3403was used as a control. ChR1:mCherry ismainly locatedwithin the
cell cytoplasm.Onlyminor fractions are foundwithin theplasmamembrane regionof the eyespot (white arrow). The samesettings and filterswere used in all
images. DIC, differential interference contrast.
(E) Eyespot position. DIC images of the indicated ChR1 and ChR2 disruption strains are shown at the top. Dashed line indicates equatorial position and
arrowheads the eyespot. For statistical analysis, between 100 and 193 cells of each strain grown under identical conditions were analyzed.
(F) Box plot (whiskers min to max) of the eyespot area of the indicated strains. ANOVA analyses with Tukey’s multiple comparison post-test revealed
a significant difference (***P < 0.001; Supplemental Table 9) for the marked strains compared with other strains. n = 62 to 65 cells.
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fewerpsy1clones (Figure5B).SpCas9createdwhite colonieswith
reduced targeting frequencies (2 out of 61 PmR colonies; 3.3%)
compared with SaCas9. To characterize the modifications, the
PSY1-sg target site was PCR amplified and the product se-
quences were compared with wild-type PSY1. In contrast to ZFN
modifications, most Cas9-modified psy1 target loci were im-
possible to amplify, possibly due to the large insertion size of
plasmidDNA, as foundbyShin et al. (2016).Of thewhite clones for
which we obtained PCR products (7/96), three had 5- to 7-bp
deletionswithin thecleavage site, twopotential siblings contained
identical 25-bp deletions of PSY1 resulting frommicrohomology-
mediated end joining, and two contained inserted short fragments
of pHS_SaCas9 (Figure 5C). Based on these results, we de-
termined that translated Cas9 was active and that sufficient
sgRNAwas transcribed inCC-3403cells toobtaincloneswithGOI
inactivation. The final transformation protocol for gene targeting
using genetically encoded Cas9 and optimized conditions is il-
lustrated in Figure 5D.

Using the optimized transformation conditions, we next dis-
ruptedphotoreceptor genes thatwerenotexpected toproducean
immediate phenotype. For the four targeted photoreceptor genes
tested, ChR2 (ChR2-sg), chlamyopsin-1/2 (COP1/2-sg), chla-
myopsin-5 (COP5-sg), and phototropin (PHOT-sg), we found
target site insertions in the range of 2 to 10 kb (Figure 5E). The
insertion for the only phototropin disruption clone could not be
amplified, but protein immunoblotting confirmed the absence of
PHOT protein in this mutant (Figure 5E). The two cop5 mutants
(cop5-1 and cop5-2) contained large but amplifiable fragments of
pCOP5-sg (Figure 5F). For SpCas9, the prolonged expression of
the genome-integratedCas9 coding sequencewas hypothesized
to cause cytotoxic effects (Jiang et al., 2014). We successfully
amplified full-length SaCas9 DNA in 5 out of the 11 SaCas9
modified strains tested (Figure 5G). For two of the SaCas9 am-
plicons from cop5 clones, correct integration of the full-length
SaCas9 was confirmed by sequencing. sgRNA sequences, in-
cluding theCrU6#4 promoter, were supplied on the sameplasmid
as the aphVIII selection marker and had integrated in all clones
tested.

In summary, we disrupted four different photoreceptor genes in
strain CC-3403 cells using plasmid-based, genetically encoded
SaCas9, and disruption efficiencies reached levels up to 9% in
preselected colonies.

Gene Disruption Using Preassembled Cas9/gRNA
RNP Complexes

An alternative way to ensure the presence of functional CRISPR/
Cas9 incells is throughdirect deliveryof amRNPcomplexwith the
Cas9 protein and synthetic CRISPR RNA (Kim et al., 2014). In
Chlamydomonas, this delivery method has previously been used
to obtainmutants for phenotype screening (Baek et al., 2016; Shin
et al., 2016). To enable easier disruption of Chlamydomonas
genes whose knockout would not create selectable or easily
scorable phenotypes, we modified the Cas9gRNA RNP tech-
nology to allow use of our mut-aphVIII gene repair assay.
CC-3403-GTS3 (Figure 2B) contains target sites for the well-
characterized human EMX1 homeobox protein gene (Ran et al.,
2015) and for ChR1-ZFNs. We transformed the mut-aphVIII strain

with EMX1 SpCas/gRNA RNPs and HDR-repair donor (pHDR-
APHVIIIΔ120) (Figures 6A and 6B). On average, we obtained
;300 PmR colonies with EMX1 SpCas9/gRNA RNPs per 43 106

electroporated cells compared with;500 PmR colonies from the
ChR1-ZFN controls (Figure 6C). Omitting the pretransformation
heat shock step reduced the number of PmR colonies 15-fold
(21 PmR colonies). Increasing the temperature from 22°C to 33°C
for recovery after transformation did not alter the efficiency, unlike
in the plasmid-based system (Figure 6C).
Next, we targeted photoreceptor genes for which disruption

strains were not yet available. Based on our ZFN experiments, we
created HDR donors with 30-bp unique sequence information
(FLAG) flanked by arms with homology to the target sequence,
either as double-stranded fragments (500–750 bp) cloned into
plasmids or as ssODNs of 90 nucleotides total length. The use of
short donors simplifies target site analysis because they allow for
thedetectionofFLAG-PCR-based integrationorchanges in target
locus size by Locus PCR (Figure 6D). For our first candidate gene,
aCRY, we used a single donor spanning two adjacent target sites
(Figure6E). TheaCRY-a target site is located24bpupstreamof the
FLAG integration site and is not destroyed by correct FLAG in-
tegration, whereas aCRY-b is disrupted by the FLAG insertion.
After transformation of CC-3403 cells (which contain the arg7
gene mutation) with Cas9/gRNA RNPs, plasmid donors, and
a wild-type ARG7 marker gene, we analyzed 96 prototrophic
clones for aCRY-a and aCRY-b target site modifications. The
aCRY-b gRNA apparently had little or no activity because no
arginine prototrophic colonies containing aCRY gene mod-
ifications were obtained. However, we successfully derived five
mutants using a aCRY-a gRNA (Figure 6E). All five clones con-
tained a FLAG sequence integrated into the genome, but only one
correct HDR mutant was found. The four other clones had ad-
ditional deletionswithin the remainingaCRY-a target site, possibly
due to multiple nuclease digestions (Figure 6E).
Next, we compared different donor species for the same target

site within the COP1/2 gene, including plasmids, 90-nucleotide
ssODNs in PAM (NGG) or non-PAM (NCC) orientation, and 90-bp
linear double-stranded templates (dsODNs) of complementary
PAM and non-PAM ssODNs. After transformation, 96 clones for
eachcosuppliedHDRdonor specieswerefirst screenedbyFLAG-
PCR. We found six HDR/NHEJ hybrid mutations with incorrect
donor integration from plasmid transformations (Figure 6E, i) and
10 hybrid mutations for 90-bp dsODNs (Figure 6E, iv) with FLAG
inserts plus other mutations or insertions (e.g., duplications of the
homology arms or marker plasmid DNA fragments). Using Locus
PCR, which is especially suited for detecting insertions or dele-
tions by NHEJ, we reanalyzed the same 96 clones and identified
seven mutant clones. Three of the HDR/NHEJ hybrids were also
found by FLAG-PCR, but Locus PCR identified four additional
NHEJ mutants created by insertions of donor DNA or selection
marker plasmid fragments (Figure 6E, iv) (pHR11-Arg7). For PAM
and non-PAM ssODN donors, we found only a single mutant in
each case, and only one of them contained a flawless FLAG in-
tegration (Figure 6E, COP1/2 ii and iii).
Our data demonstrate that plasmids and ssODN HDR sub-

strates create low amounts of errorless knockin mutants in
conjunction with Cas9/gRNA RNPs, whereas short double-
stranded donors create higher numbers of unpredictable but
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Figure 5. Gene Disruption by Genetically Encoded Cas9.

(A)Schematic of DNAconstructs. The promoter of heat shockproteinHSP70Apromotes the transcription ofChlamydomonas codon-adaptedS. aureus or
S.pyogenesCas9.GuideRNAtranscriptionunder thecontrol ofdifferentCrU6-promoters (#1-4).Guidesequenceswere inserted intovectorscontaining the
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valuable gene disruptions/modifications. Since HDR integration
of dsODNs could depend on the sequence context, we designed
two gRNAs each forUVR8,COP5 (Histidine-kinase rhodopsin-1),
and VGCC (voltage-gated calcium channel) and used 90-bp
dsODN templates. We analyzed 566 arginine prototroph colonies
and identified between 3 and 12 disruptions per target and
67 mutants in total (Figure 6F). However, high gene disruption
rates for dsODNs were only produced with HDR/NHEJ hybrids
or NHEJ mutations, disqualifying dsODNs for use in HDR in
Chlamydomonas.

For further in-depth characterization of the disruption mutants,
we intend to perform physiological assays and several imaging
techniques, including super-resolution microscopy and cryo-
electron tomography (Engel et al. 2015), all techniques for which
cell wall-containing strains are preferable. We repeated targeting
ofCOP5 and VGCC using the wild-type strain 137c (CC-125) and
aCRY using the wild-type strain SAG73.72. Additionally, we tar-
geted PHOT and three nonphotoreceptor genes (MAT3, KU80,
andPOLQ) involved in cell cycle regulation andDNA repair (Figure
6G). DSBs can be repaired by HR, by error-prone canonical NHEJ
(supported byKU80), or by alternative end joiningmediated by the
polymerase Theta POLQ (altEJ). Our data demonstrated that the
precise repair of Cas9-induced DSBs is a rare event and that
mutated clones that had undergone HR on one side of the break
carried NHEJ/AltEJ-induced inserts of donor DNA or random
fragments of Chlamydomonas chromosome at the other side of
thebreak.Tobetterunderstand thecontributionof theNHEJ/AltEJ
routes, especially for Cas9-induced gene targeting, suppression
of random insertions, and stimulation of HR, we generated KU80
and POLQ-deficient mutants for future analysis.

For an HDR template, we mixed two complementary PAM and
non-PAM ssODNs without annealing. We transformed CC-125
and SAG73.72 cells using adjusted electroporation conditions
and used the aphVII marker to preselect transformed cells for
hygromycin resistance (HygR). Locus and/or FLAG-PCR revealed

disruptions in all seven genes with frequencies ranging from 1 (for
KU80-a) to 14 (PHOT-a) out of 96 analyzed HygR colonies (Figure
6G).Notably, for three target sites (COP5-b,MAT3-a, andPHOT-a),
we found one to two “clean” FLAG insertions (Figure 6G, dark-blue
bars). Finally, we created a double knockout by transforming an
uvr8 disruption strain with a Cas9/gRNA RNP and a plasmid
bearing the PHOT template sequence using aphVIII as a cose-
lection marker (Figure 6G). We confirmed the absence of UVR8,
COP1/2, and PHOT proteins from the respective deletion strains
via protein immunoblotting using available antibodies for these
proteins (Figure 6H). Strainphot-1wasmotile and tested formating
competence.phot-1cellsmated reliablywithCC-124 [137c(-)] cells
(Jun Minagawa, personal communication), challenging the pre-
viously drawn conclusion that PHOT is needed for gamete for-
mation (Huang and Beck, 2003). The mat3 mutant is defective in
a gene with strong homology to an animal retinoblastoma cancer
gene involved in cell cycle control. Our mutant showed the same
small-size phenotype as related mutants originally created by
Gillham and colleagues via insertional mutagenesis (Gillham et al.,
1987; Umen and Goodenough, 2001) (Figure 6I).
In conclusion, we optimized a method for direct transformation

of preassembled Cas9/gRNA RNP complexes into Chlamydo-
monasanddisruptedeightdifferentgenes (COP1/2,COP5,aCRY,
PHOT,UVR8,VGCC,MAT3,KU80, andPOLQ) using four different
strains (CC-3403, CC-125, SAG73.72, and 3403-uvr8-2) with
various HDR donors (plasmids, ssODNS, and dsODNs) and three
marker genes (ARG7, aphVII, and aphVIII). Figure 7 summarizes
the workflows for all three described nuclease systems with ref-
erences to detailed descriptions in Method.

DISCUSSION

In this study, we optimized several experimental parameters for
more efficient application of ZFN and Cas9-based gene-editing
technology inmotileChlamydomonas cells, including thewild-type

Figure 5. (continued).

appropriate SaCas9 or SpCas9 scaffold. The coding sequence of aphVIII (PmR) is also located on the pCrU6-plasmids to enable antibiotic selection using
paromomycin. NLS, nuclear localization signal; T, poly-thymine terminator.
(B) The phytoene synthase gene, PSY1, was chosen as a target gene. sgRNA transcription driven by Chlamydomonas U6 promoters (CrU6 #1-4) was
assayed. Photographsof a selectiveagar plates fromPSY1 inactivation experiments. If the cellswereallowed to recover for 1dbefore antibiotic selectionon
paromomycin-containing agar plates,mixed colonies ofwild-type andPSY1-inactivatedmutantswere obtained. If the cellswere allowed to recover for 2 d,
purewhite colonieswith inactivatedPSY1were found.Recovery at 33°C for the first 24h increased targeting frequencies forHSbyapproximately one-third.
Targeting frequencies (targeted colonies/selected colonies) are themean of three independent experiments. HS, HSP70A promoter; HR, HSP70A/RBCS2
promoter.
(C) Sequence alignment of amplified psy1 loci from white colonies. Dots indicate spacers, hyphens indicate deleted nucleotides. “PAM” (gray) and
“Protospacer” sequences are indicated. PSY1, wild-type gene sequence.
(D) Workflow diagram summarizing steps for generation of mutants using genetically encoded Cas9. Red letters highlight the key step enabling mutant
generation and isolation. The use of this two-step screening strategy (qPCR+ long-rangePCR) enables the isolation of clones having long insertions within
the target site.
(E)Genomic DNA of clones that failed in the initial qPCR locus amplificationwas column purified and subjected to long-range PCR (200-s elongation time).
This step identified cop5, chr2, cop1, and photmutants with target site insertions in the range of 2 to 5 kb. The absence of PHOT protein due to failed phot
mutant target site amplification is shown by immunoblotting. Left: Graph summarizing the number of deletion mutants found per 96 analyzed clones. WT,
target loci amplicons from CC-3403 genomic DNA.
(F)cop5#1and2amplicons from (E)weresequenced frombothends. Inbothcases, fragmentsofplasmidpCOP5-sg//PmR,used in the respective targeting
experiment, had inserted into the target site by NHEJ. Hyphens indicate deleted nucleotides.
(G) Integration of the full-lengthSaCas9 coding sequence and sgRNA-DNA into the genomes of isolated photoreceptor mutants.WT, negative control; the
pHS-SaCas9 and pCOP5-sg//PmR plasmid templates were used as positive controls for PCR.
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Figure 6. Gene Targeting Using Exogenously Supplied Recombinant Cas9/gRNA RNP Complexes.

(A) Schematic illustrating Cas9/gRNA RNP assembly detailed in Methods.
(B) Schematic workflow of the Cas9/gRNA RNP transformation procedure.
(C)Number of PmR colonies obtainedwith the GTSmut-aphVIII repair assay from three independent transformations. Strain 3403-GTS3, withmut-aphVIII
[EMX1] and [ChR1] target sites,was transformedwithHDRdonor plasmids (pHDR-APHVIIIΔ120) andeitherChR1-ZFNplasmids orCas9/gRNA[EMX1] RNP.



Figure 6. (continued).

Selection frequency is calculatedasPmRcolonies/electroporatedcells. Theexperimentswereperformedasdepicted in (A)and (B)exceptwhere indicated.
Controls without heat shock before transformation (without HS).
(D) Left: HDRdonors contain a 30-bp target site insertion sequence (bluebox, “FLAG”) surroundedby two target genehomology arms (equal length, square
brackets).Right:Possiblemutationsandunderlying repairmechanismsaredrawnschematically.Arrows indicateODNbindingssitesusedduringPCRanalysis.
Colored boxes are mutation variants and refer to color-coded sequences in (E) to (G), and squares indicate the type of modification: dark blue, HDR on both
sides; lightblue,singlesideHDRdetectedbyflag-PCR;darkgray, singlesideHDRdetectedby locusPCR;opensquare,dualsideNHEJdetectedby locusPCR.
(E) to (G)Left:numberof identifiedmutants (outof96tested).Thetargetsite,HDRdonor,andstrainare indicated foreachexperiment.Cellswerecotransformedwith
a selection marker (ARG7 for CC-3403, aphVII for CC-125, and aphVIII for 3403-uvr8). Sequence alignment of target site amplicons frommutant strains with the
correspondingwild-type sequence. Lines indicate 20-bpgRNAbinding sites. Predicted cutting sites are shown (black arrowheads), andNGGPAMsequences are
highlightedbygrayboxes.Gapsaremarkedwithdots,deletionswithminussigns.FLAGsequencesareshowninblue,HDRdonorsequences inserted inanon-HDR
manner are shown in green, and other inserting DNA e.g., genomic DNA fragments or DNA frommarker plasmids, are shown in red. Premature STOP codons are
underlined.
(H)Protein immunoblotting using protein-specific antisera and anti-rabbit HRP-conjugated secondary antibodies for chemiluminescent visualization. Left:
Immunoblotting of cop1 mutants obtained in (E), i to iv, anti-VOP rabbit antiserum, 1:2000; middle: uvr8 mutants described in (F), anti-UVR8 rabbit
antiserum, 1:2000; right: phot mutants described in (G), i to iii, anti-LOV1 rabbit antiserum, 1:2000. M, marker.
(I)Left:DIC imagesofunfixedCC-125andCC-125mat3-1cellsanddivisionclusters (upper rightcorner).Right: cell sizedistributionofCC-125 (n=167cells),
CC-125 mat3-1 (n = 170 cells), and CC-125 mat3-2 (n = 136 cells). Bars = 10 mm.
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strain CC-125 (Figure 7). The GTS system that we used for opti-
mization has advantages over most other monitoring assays, such
as targeting selectable genes or phenotypic markers, because it
creates antibiotic-resistant clones after aphVIII repair by HDR. This
allowed us to test and quantify the activity of new nucleases and
to compare different HDR donor designs and transformation
conditions.

Essentials for ZFN- and Cas9-Mediated Gene Targeting

One of the most effective improvements to the ZFN approach is
the change from glass bead transformation to electroporation.
Although the overall DNA concentration for each plasmid used in
transformation remained constant (;30 ng/mL cell suspension),
electroporation generated ;50-fold more PmR colonies in the
GTS system. Considering that 25 times fewer cells (43 106 cells)
were employed for electroporation compared with glass beads
(1 3 108 cells), the overall efficiency with respect to cell number
increased by 1250-fold, with a value of up to 1 colony per
4000 transformed cells, which is a factor of ;100-fold above the
previously reported efficiency (Jiang and Weeks 2017).

In both plasmid-encoded nuclease systems (ZFNs and Cas9),
increasing the recovery temperature to 33°C was beneficial for
targeting events, but it did not affect the efficiency of recombinant
Cas9/gRNA RNPs. We used the HSP70A promoter, which was
previouslycharacterizedusinga limitedheatshockperiodof30min
at 40°C, yielding high levels of protein expression after 60 min
(Schrodaet al., 2000).Our studiesdemonstrated that increasing the
recovery temperature to 33°C for 24 h posttransformation allowed
for continued transcription from this promoter and was a good
compromise between high protein expression and survival rate.
Most critically, we expect that the 30 min heat shock treatment
appliedpretransformation isone (if not theonly) essentialparameter
for the superior efficiency compared with previous reports (Shin
et al., 2016; Jiang andWeeks, 2017). Heat shock treatment prior to
transformation induces unknown physiological changes that are
favorable to Cas9/gRNA activity and/or to processes involved in
DNA repair (Figure 6C), DNA integration, and/or homologous re-
combination that merit future investigation.

Activity of Genetically Encoded Cas9

We demonstrated that Cas9 can be expressed in Chlamydo-
monas in sufficient amounts to generate mutants with or without
integration of the Cas9 coding DNA into the genome (Figure 5G).
There are two main factors that may have prevented earlier es-
tablishment of this plasmid-based CRISPR-Cas9 system. First,
the use of standard transformation conditions, including a re-
covery timeof 24hat 22°Cbeforeplating, results in theproduction
of mixed nonhomogenous colonies due to delayed Cas9 ex-
pression (Kouranova et al., 2016), as we demonstrated in thePSY1
disruptionexperiments.Second,Chlamydomonasexhibitsatypical
genemodificationpreferences.Althoughsmall insertions/deletions
are predominant in other systems (Zheng et al., 2016; Zhu et al.,
2017), most Chlamydomonas mutants have acquired large
insertions that are difficult to analyze and might have remained
undetected or disregarded during analysis (Shin et al., 2016). Ad-
ditional experiments are needed to determine if any HDR donors

(e.g., PTO-protectedHDRsubstrates) can remainundegraded long
enoughforCas9translationtopeakandfurther increasethenumber
ofmutants obtained. Irrespective of the gene-editingmethod used,
the adaptation of this technology to Chlamydomonas can serve as
a basis for improving other Cas9 applications, such as gene
activation/repression (Kao and Ng, 2017).

ZFN and Cas9 Favor Different Repair Mechanisms

HDR is approximately 10 times less likely after DNA cleavagewith
Cas9 compared with ZFN. Moreover, the ratio of HDR to NHEJ/
alternative end joining (altEJ; Ceccaldi et al., 2016) differed signif-
icantly, even though ZFNs and recombinant Cas9 created nearly
equal numbers of PmR colonies. ZFNs created DSBs that were
repaired via HDR in most isolated clones with all donor types we
tested. In contrast, in the Cas9 experiments, we found that short
double-stranded HDR donors tended to create multiple insertions.
This observation is in accordance with the creation of blunt cuts,
a longer dwell time on DNA, and a delayed release of one DNA
strand after cleavage by Cas9 (Sternberg et al., 2014). These dif-
ferences might prevent perfect integration of symmetric HDR do-
nors and promote nonhomologous integration of double-stranded
templates. Nevertheless, HDR via Cas9 is possible in Chlamydo-
monas. Suppression of NHEJ was achieved using single-stranded
DNA templates, but in this case, the number of clones with HDR-
based GOI modification was again small. Alternatively, the dis-
ruption of KU70/KU80 or POLQ or the inhibition of Ligase IV by
SCR7 could be used to suppress NHEJ/altEJ of double-stranded
donors (Chu et al., 2015). The ku80 and polq strains are currently
available for such experiments (Figure 6G).
In future experiments in Chlamydomonas and related green

algae, our results suggest that Cas9 DNA or protein should be
used in combination with small PTO-protected double-stranded
HDRdonors for rapid, efficientgenedisruption.However, forclean
and predictable gene modification, ZFNs may be preferable for
use in combination with larger plasmid donors ($750 bp).

Advantage of Direct Gene Modification in Chlamydomonas

For the generation of gene modifications, direct gene targeting is
an efficient alternative to screening of insertion libraries, a current
widely used technology in cases where deletion mutants are re-
quiredor requested (Galvánetal., 2007;Lietal., 2016;Chengetal.,
2017). Insertionmutagenesis has theadvantage that thousandsof
mutants are generated simultaneously. However, marker DNA is
inserted randomly andmost frequently into introns; genes are not
necessarily inactivated, and insertions within the GOI are still
laborious todetect inmost cases.Bycontrast, genedeletionusing
Cas9 is fast, occurs specifically at the site of interest, and is cost
effective. A handful of mutants can be retrieved from a single
96-well plate, which supports the interpretation of subsequent
physiological experiments. This indicates that mutants can be
produced on demand, preventing the need for expensive library
maintenance. The technology can be scaled up ormultiplexed, as
shown for mammalian cell lines, where >18,000 genes were in-
activated in parallel using >64,000 gRNAs in a single experiment
(Shalem et al., 2014). Finally, direct gene targeting by ZFNorCas9
separates the selection marker from the targeting site, enabling
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outcrossing of the marker and sequential inactivation of many
genes applicable to any strain of choice.

Channelrhodopsin Physiology

By disruptingChR1 andChR2 in CC-3403, we demonstrated that
precise modification of nonselectable genes in wild-type-like,
motile Chlamydomonas cells is possible. We performed careful
physiological characterizationof single anddouble knockout lines
ofChR1andChR2andconfirmed thatChR1andChR2are thesole
photoreceptors for phototaxis in Chlamydomonas, as previously
determined using antisense experiments (Sineshchekov et al.,
2002; Berthold et al., 2008). The availability of clean disruption
mutants allowed us to quantify the relative contribution of ChR1

and ChR2, which is ;100:1 in CC-3404 gametes. The mis-
localization of ChR1 after tagging with mCherry (Figure 4D)
suggests that an undisturbed C terminus is necessary for its
targeting and/or transport to the eyespot along the four-membered
microtubule rootlet (D4) (Mittelmeier et al., 2011; Awasthi et al.,
2016).Using theChR1andChR2mutants,wedetermined that the
ChR patch and eyespot globule layers can assemble indepen-
dently. In addition, assembly of a functional eyespot is dependent
on the chloroplast envelope protein EYE2, which nucleates the
formation of the carotenoid-rich eyespot globule layers (Boyd
et al., 2011a, 2011b; Mittelmeier et al., 2013). Our data demon-
strate that the EYE2 patch and visible eyespots form indepen-
dently of theChRs.However, the reduction ineyespot sizeand the
observed malformed eyespots in chr1 and chr1 chr2, but not in

Figure 7. Protocols for Gene Editing in Chlamydomonas.

Thestepwisediagramservesasaguide for theapplicationofZFNsorCRISPR-Cas9 followedbymutant screeningprocedures.Details for every sectioncan
be found in Methods.
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chr2 or chr1Dct, suggest that ChR1 may stabilize the eyespot
globule plate. Furthermore, low levels of ChRs or ChR1 without
a full C terminus were not sufficient for the retention of a normal
dominating equatorial eyespot position, supporting the hypoth-
esis of Mittelmeier et al. (2013) that eyespots will bemore anterior
in the absence of ChRs compared with wild-type cells. The ChR
mutants generated here lay the foundation for further charac-
terization of phototaxis and behavioral physiology. Moreover, our
optimized methods can be used to generate additional ChR
mutants with altered absorption, kinetics, ion selectivity, and
adaptation to variable light conditions (Schneider et al., 2015).
These ChRmutants will be of great value to the Chlamydomonas
field for understanding ChR transport, as well as eyespot as-
sembly, positioning, and size/stability control.

METHODS

The sections below are arranged in accordance with the workflow scheme
in Figure 7. Methods used for preliminary experiments of specific analytic
studies not necessarily recommended for users are described at the end of
this section.

1. Strain and Culture Conditions

Motile Chlamydomonas reinhardtii strains CC-3403 (RU-387 nit1 arg7
cw15 mt2), CC-503 (cw92 mt+), and CC-125 (137c nit1 nit2 agg1+ mt+)
were obtained from the Chlamydomonas Resource Center (http://www.
chlamycollection.org), and SAG73.72 (mt+) was obtained from Maria
Mittag (Friedrich Schiller University, Jena). Cells were grown in standard
Tris-acetate-phosphate (TAP) medium (Gorman and Levine, 1965), op-
tionally supplemented with 100 mg/mL L-arginine (TAP-Arg) under con-
tinuous cool fluorescent white light of 40 to 60 mE m22 s21 at 110 rpm at
22°C or alternatively for synchronized cultures in cycles of 14 h at 25°C
under light and 10 h at 18°C in darkness.

2. DNA Preparation and Cas9 Protein Purification

Circular plasmid DNA used for Chlamydomonas transformation was isolated
from XL-1 blue Escherichia coli cells and column purified according to the
manufacturer’s instructions (Machery-Nagel NucleoSpin Plasmid EasyPure).

Streptococcus pyogenes Cas9 protein was expressed and purified as
described (Gagnon et al., 2014). Briefly, theCas9 expression plasmid pET-
28b-Cas9-His (Addgeneplasmid47327)was transformed intoE. coli strain
Rosetta2(DE3). The Cas9-expressing clone was grown in 500 mL LB
medium with 100 mg/mL ampicillin at 37°C for 2 h before induction with
1mM IPTG. Expressionwasperformedovernight at 25°C.E. coli cellswere
resuspended in lysis buffer (20 mM Tris, pH 8.0, 300 mM NaCl, 10 mM
imidazole, DNaseI, and 0.1mMPMSF) and lysed using an EmulsiFlex-B15
homogenizer (Avestin). The lysate was purified by immobilized affinity
chromatography (5 mL nickel column FF-Crude, Desalt 16-60; GE
Healthcare). Protein concentration was determined by A260/A280 absorp-
tion, diluted to 10 mM (;3.1 mg/mL) in 13 Buffer O (BO5; Thermo Fisher
Scientific), and filter sterilized, and aliquots were shock frozen in liquid
nitrogen and stored at 280°C.

3. Transformation of Chlamydomonas Cells

3.1. Cell Growth, Heat Shock, and Transformation

Cells were grown under a synchronized light (14 h, 25°C)/dark (10 h, 18°C)
cycle for at least 10d and kept in exponential growth phase by diluting 1:50
every 3 to 4 d with fresh TAP(-Arg) medium. However, strictly speaking,

whether or not synchronization of the algal culture has an effect on gene
targeting efficiency has not been determined for the final recipe, and
transformation of nonsynchronized cells might work equally well.

Cells at a density of 1 to 3 3 106 cells/mL were harvested by centri-
fugation at 2000g for 10min at room temperature (RT) and resuspended in
TAP medium supplemented with 40 mM sucrose (TAP-Suc) for ZFN and
Cas9 plasmid-based experiments. For Cas9 protein experiments, cells
were resuspended in MAX Efficiency transformation medium (A24229;
Thermo Fisher Scientific) supplemented with 40 mM sucrose (ME-Suc) to
a density of 108 cells/mL. Prior to transformation, concentrated cells were
heat shocked at 40°C for 30 min in a thermomixer (Eppendorf) operated at
350 rpm. Procedures were timed in such a way that the cells were actually
electroporated with nucleases (see below) 22 h to +2 h after entering the
dark phase. Transformation was performed by electroporation using
aNEPA21electroporator (NepaGeneCo.) according to themanufacturer’s
instructions and Yamano et al. (2013). The impedance of a 40-mL cell
suspension (4 3 106 cells) should be 400 to 550 ohms; if not, the volume
wasadjustedbywithdrawingor adding 5mLcell suspension.CC-3403and
CC-503 cells were electroporated using two 8-ms/200-V poring pulses at
50-ms intervals and a decay rate of 40%, followed by five 50-ms/20-V
polarity-exchanged transfer pulses at 50-ms intervals and a decay rate
of 40%. CC-125 and SAG73.72 cells were electroporated using one
8-ms/300-V poring pulse followed by five 50-ms/20-V polarity-exchanged
transfer pulses at 50-ms intervals and a decay rate of 40%.

3.2. Nucleases

ZFNs (Figure 7A). For targeting the ChR1 gene, ZFNs were used as
describedpreviously (Sizova et al., 2013). To targetChR2, designedChR2-
a-ZFNswere designed using the ZiFit database. Sigma-Aldrich (CompoZr)
designed and functionally evaluated the ChR2-b-ZFNs. An N-terminal
Simian Virus 40 nuclear localization signal (MAPKKKRKVGIHG) was
added and the ZF binding domains were fused to the FokI nuclease
domain. ZFN expression was controlled by the HSP70A promoter
(Schroda et al., 2000) and transcription termination regulated by the
39 region of RBCS2. Sequences were codon-optimized for expression
in Chlamydomonas and synthesized by Genescript. Plasmid maps
are provided in Supplemental Table 1. One microgram of each ZFN
plasmid (left and right, pZFN-L and pZFN-R), 0.3 mg of marker plasmid
pHR11(ARG7), and 2 mg of pHDR donor plasmids (all circular) were used
per transformation.

Plasmid-Encoded Cas9 (Figure 7B). Staphylococcus aureus Cas9
(SaCas9) and S. pyogenes Cas9 (SpCas9) coding sequences were codon
optimized to the average Chlamydomonas codon bias and ordered from
a commercial supplier (GenScript). Sequences 39 of the HSP70A or
HSP70A/RBCS2 promoter were cloned (Schroda et al., 2000). Fully an-
notated plasmid maps are provided in Supplemental Table 2, including
nuclear localization signals. Chlamydomonas U6 promoters for in vivo
sgRNA transcription were identified by BLAST searching the publishedU6
small nuclear RNA (snRNA) sequence (Jakab et al. 1997) against the
Chlamydomonas genome (Phytozome v11). Four promoters were chosen,
and synthetic double-stranded DNA fragments (Integrated DNA Tech-
nologies; gblocks) were ordered for the U6 promoter sequences, followed
by two Esp3I restrictions sites and the corresponding SaCas9 or SpCas9
sgRNA scaffold. The Esp3I restriction sites were inversely positioned
following theprotocol ofRanet al. (2013) tocreatea specific4-bpoverhang
after cleavage to allow for insertion of the protospacer sequence as an-
nealedoligos inacut-ligation reaction (fordetails, seeSupplementalTables
3 and 4). The immediate 4-bp sequence upstream of the transcriptional
start site was changed to ACTT in all U6 constructs to simplify the cloning
procedures. For the electroporation transformation reactions, 2 mg of
nonlinearizedCas9 plasmid and 1 mgof sgRNA coding plasmidwere used.
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For experiments involving the use of a donor DNA, 1 mg of plasmid was
added. All plasmids and corresponding maps used for the Cas9 experi-
ments are provided in Supplemental Table 2.

RecombinantCas9RNP (Figure 7C).RecombinantS.pyogenesCas9
protein was complexed with guide RNA (gRNA), forming an RNP. gRNAs
were ordered as two RNAs, the scaffold RNA (tracrRNA) with constant
sequence, and the target sequence (crRNA), which differed for each target
site, according to the guidelines of a commercial supplier (Alt-R CRISPR-
Cas9 system; Integrated DNA Technologies). All RNAs and target (proto-
spacer) sequences are shown in Supplemental Table 5. Equimolar amounts
of tracrRNAandcrRNA (Figure6A)wereannealed inDUPLEXbuffer (100mM
potassium acetate and 30 mM HEPES, pH 7.5; Integrated DNA Technolo-
gies) toafinalconcentrationof10mMbyheatingto95°Cfor2min, followedby
cooling at a rate of 0.1°C/min. Purified 10 mMCas9 protein was mixed with
equimolar amounts of annealed gRNA in 13 Buffer O (BO5; Thermo Fisher
Scientific) to a final concentration of 3 mM each and incubated for 15 min at
37°C. Assembled Cas9/gRNA RNPs were kept on ice until the next ex-
periment or stored at 4°C for up to 1week. Cells weremixedwith 2 to 5mL of
3mMCas9RNP,10to20pmolofss-ords-HDRODNs,or2mgofpHDRdonor
plasmid, and 0.3 mg selection marker plasmid pHR11(ARG7), pAphVII, or
pAphVIII. The resistance of transformation mixtures in electroporation
cuvettes was carefully monitored and maintained at 0.3 to 0.7 kOhm by
adding or withdrawing 5 mL to the cell-RNP-DNA mixture.

3.3. HDR Donors

Three classes of HDR donors were used: linear single-stranded oligonu-
cleotides, linear double-stranded DNA, and plasmids. These classes all
had the integration of a 28- to 32-bp FLAG insert interspacing the cutting
site in common. This “FLAG” sequence contains an in-frame stop codon
and alters the reading frame. The “FLAG” sequences used in the study are
listed in Supplemental Table 6. Oligonucleotides: single-stranded (ss)
90-bp oligos were ordered with two to three PTO bonds at the 39 and/or 59
end bases. In the case of short double-stranded (ds) HDR donors, 100 mL
20mMequimolar senseandantisenseoligonucleotidewereannealed in13
duplex buffer (100 mM potassium acetate and 30 mM HEPES, pH 7.5;
IntegratedDNA Technologies) by incubating at 95°C for 2min, followed by
cooling at a rate of 0.1°C/min. A total of 10 pmol of single-stranded or
annealed double-stranded oligos were used per transformation. PCR
products are as follows (Figure 2D): Donor sequences of 500 bp were
amplifiedwith 59PTO-protected oligonucleotides. A total of 500 to 1000 ng
of purified PCR product was used per transformation. Plasmids are as
follows: Donor sequences of 500 to 3000 bp with a FLAG insert were
ordered as gBlocks or generated via overlapping PCR and cloned blunt-
ended into pBluescript KS(2) vectors. A total of 1 to 2 mg circular donor
plasmid was used per transformation. All donor sequences are listed in
Supplemental Tables 7 and 8.

3.4. Selection Markers

The Streptomyces aminoglycoside-59-phosphotranspherase aphVIII se-
lection marker (Sizova et al., 2001) was used in all experiments involving
plasmid-encoded Cas9 and in double knockout experiments. The marker
was either cloned into the sgRNA plasmid or cotransformed as a separate
plasmid alongwith other plasmids. pHR11(ARG7), a gift kindly provided by
Hussam Hassan Nour-Eldin (Chlamydomonas Resource Center, pHR11),
was used to reconstitute arginine auxotrophy in ZFN and Cas9 RNP ex-
periments with strain CC-3403. pAphVII (Berthold et al., 2002) gives re-
sistance to hygromycin B and was used to transform CC-125 cells. If GTS
strains were complemented with donor DNA, no additional marker was
used. Plasmids and correspondingmapsare listed inSupplemental Table 1.

4. Recovery, Plating, and Picking

After electroporation, the cells were diluted in 500 mL of TAP(-Arg) and
incubated at 22°C or 33°C for 24 h for ZFNs, 33°C for 24 h plus 22°C for
another 24 h for plasmid Cas9, or 22°C for 24 h prior to plating for Cas9/
gRNARNP. After incubation, the cell suspensionswere transferred to agar
plates. In the case of paramomycine selection via aphVIII, plates contained
10 mg/mL of paromomycin; for hygromycin selection via aphVII, plates
contained10mg/mLofhygromycinB,and forARG7selection, arginine-free
agar plates were used. Colonies appeared after 7 to 10 d and were picked
with sterile toothpicks and transferred to 96-well plates containing 180 mL
of TAP-Arg.

5. Screening Procedures

5.1. Crude Cell Extracts

PCR amplification of genomic Chlamydomonas DNA was performed in
a 96-well format using Phire Plant Direct PCR Master Mix (Thermo Fisher
Scientific; dilution buffer protocol). Cells were grown in 180 mL of TAP-Arg
medium in 96-well plates until all wells turned uniformly green. A 40-mL
aliquot of each cell culture was then transferred to a 96-well V-bottom
culture plate and centrifuged at 2000g for 10 min at RT (22°C). The su-
pernatant was removed and the pellet thoroughly resuspended in 20 mL of
dilution buffer, incubated for 5 min at RT (22°C), and centrifuged again at
4000g for 10min at RT; 80mLof double-distilledwaterwas added carefully
to the supernatant, avoiding cell pellet resuspension. This step is optional,
but we found higher dilution of genomic DNA from dilution buffer ex-
tractions work more reliably possibly due to lower amounts of inhibitory
compounds from plant material. PCR was performed according to the
manufacturer’s instructions. A total of 0.5 to 2 mL of DNA extract solution
was used for a 10-mL PCR reaction, containing 10 pmol oligonucleotides,
1 M betaine, and 13 Phire Plant Master Mix. Typically, an initial de-
naturation (5 min, 98°C) was followed by 30 to 35 cycles of denaturation
(10 s, 98°C), annealing (10 s, 60–72°C), and elongation (20–200 s, 72°C)
with a final elongation (2min, 72°C).Oligonucleotideswith 25 to 30bpwere
designed with a melting temperature of 60 to 65°C and tested before
screenings. A PerfectBlue Maxi ExW electrophoresis system (Peqlab;
VWR) was used to analyze the amplicons from the 96-well PCR plateswith
1 to 3% Tris-borate-EDTA agarose gels. For PCR products of 300 to
2000 bp, crude cell extracts were used instead of whole cells. All oligo-
nucleotide sequences used for screening are listed inSupplemental Table 6.

5.2. Whole-Cell qPCR

Due to the high failure rate in psy1 locus amplification, we reasoned that
most Cas9 target sites contain large insertions from electroporated
plasmid DNA. Therefore, our screening strategy was changed from
a single-stage conventional PCR to a double-stage qPCR/long rangePCR
protocol. First, qPCR was applied to genomic DNA from selected clones
using short elongation times of 20 s. All corresponding clones that failed in
qPCR target locus amplification were subjected to a conventional long-
range PCR elongation time of 300 s. Isolated colonies (1–2 mm diameter)
were picked and transferred into 180 mL of TAPmedium in a 96-well plate.
Theplateswere immediately processed for qPCR,or thecellswereallowed
to grow overnight. However, further growth should be avoided, as most
qPCR mixes are sensitive to inhibitors from plant materials. In preliminary
tests, we found SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)
or SsoFast Evagreen Supermixes (Bio-Rad) were most reliable for am-
plificationofgenomicChlamydomonas templateDNA;1.5mLof the180mL
cell suspension was used for a 10-mL qPCR reaction mixture including
10 pmol of each oligonucleotide, 1M betaine (final concentration), and 13
Mastermix. Cycling protocol is as follows: initial denaturing step of 5min at
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98°C; 40 amplification cycles of 98°C for 10 s, 60 to 65°C for 20 s. Oli-
gonucleotides for locus PCRwere chosen to create a product in the range
of 150 to300bp.COP1 forwardand reverse oligonucleotides (COP1-F and
COP1-R; Supplemental Table 4) were used as a control in different GOI
targetingexperimentsbecause they facilitate reliableamplificationover the
range of 60 to 72°C for annealing/elongation. PCR was performed using
aCFX-Connectcycler (Bio-Rad).Meltingcurveswere recordedusing0.2 to
0.5°C steps, depending on the expected product size differences. For
FLAG PCRs and Locus PCR, the respective oligonucleotide pairs must be
used, as explained in Figure 7.

Creating GTS Strains

A 40- to 45-mL volume of concentrated cell culture (1*108 cell/mL;
CC-3403) was mixed with 500 ng of linearized pGTS plasmid DNA. After
transformation, thecellswereallowed to recoverovernight in 0.5mLofTAP
medium under continuous light at RT (GRO LUX WIDE, 280 mE m22 s21,
22°C). Thenext day, cellswereplatedonTAPagar plates containing10mg/mL
ofZeocin (Invitrogen). After 10 to 14 d, colonieswere picked and analyzed
under amicroscope for signs ofmotility. Complete integration of theGTS
cassette was tested in motile cells with oligonucleotide Ble-Starfw and
39Psa-467rev. For further experiments, two to eight potential GT strains
were tested using the aphVIII repair assay with ChR1-ZFNs, which are
known to be functional.

mut-aphVIII Repair Assay Transformations

Onemicrogram of each ZFN plasmid (left and right) or 6 pmol EMX1Cas9/
gRNA RNP and 2 mg of pHDR-APHVIIIΔ120 (all circular) were used per
transformation. Unless specified differently, a heat shock (40°C, 30 min)
wasappliedbefore transformationandcellswere recoveredatRT (22°C) for
24 h.Cellswereplated and selectedonparomomycin (10mg/mL).Colonies
appeared after 8 to 10 d and were counted from photographs of plates
using OpenCFU software (Geissmann, 2013).

PSY1, COP1, VGCC, COP5, and PHOT Deletion Experiments

The sequence of each gene was examined for suitable Cas9 target sites
using Benchling software, in which the Chlamydomonas genome is in-
tegrated to evaluate off-targeting. In the case of SaCas9 experiments, the
NNGRRT PAM was always chosen, except for phototropin, which had an
NNGRR PAM (Ran et al., 2015). All protospacers had on-target scores of
$60 (Doenchetal., 2014).Detailedprotospacer sequences,plasmidmaps,
and gene IDs are provided in Supplemental Table 3. Because PSY1 de-
letion mutants are light sensitive, these cells were always kept in the dark.
The preplating incubation temperature was either 33 or 22°C for 24 h,
followedby24hat22°C.After incubation, thecellswereplatedonTAPagar
plates containing 10 mg/mL of paromomycin. In the case of PSY1, 0.3%
(w/v) yeast extract and 0.2% (w/v) tryptonewas added to the agar plates to
enhance growth in darkness. Single colonies were obtained after
;2 weeks. PHOT-deletion mutants had to be selected under dim light
conditions of 20 mE m22 s21. After colony picking, the clones only grew
under a light/dark regime.

Protein Analysis

Proteins were separated by SDS-PAGE using 4 to 15%Mini Protean TGX
precast protein gels (Bio-Rad) and transferred onto low-fluorescence
polyvinylidene difluoride membranes using a Trans-Blot Turbo transfer
system (Bio-Rad). Blotswere incubated overnightwith anti-LOV1 (1:2000),
anti-VOP (1:2000), or anti-UVR8 (1:2000), or affinity-purified anti-ChR1
(1:500) or anti-ChR2 (1:500) rabbit polyclonal antibodies. Secondary an-
tibodies were allowed to bind for 2 h (horseradish peroxidase-conjugated
ECL anti-rabbit IgG [donkey]; GEHealthcare; NA934V). Clarity ECLWestern

substrate-induced luminescence was detected using the ChemieDoc MP
system (Bio-Rad).

Phototaxis Assay

Phototactic orientation was measured in a custom-made light-scattering
apparatus (Berthold et al., 2008; Uhl and Hegemann, 1990). In brief, cells
were transferred toNMMmedium (80mMMgSO4,100mMCaCl2, 3.1mMK2

HPO4, and 3.4 mM KH2PO4, pH 6.8) 2 d before experiments to induce
gametogenesis. Infrared measuring light was scattered by a Chlamydo-
monas suspension (13 106/mL) onto infrared sensitive photodiodes. The
current produced by the IR diode is proportional to the intensity of the
scattered light and gives a measure of its orientation toward a perpen-
dicularmonochromatic light. For excitation, LEDsof 455 nm (10 mEm22 s21)
and 530 nm (10 mE m22 s21) were used and light intensities were adjusted
using neutral-density filters.

Microscopy

Color photographs of unfixed cells were taken with an Axioimager M2
(Zeiss; 633 PlanApoChromat 1.4-numerical aperture oil immersion ob-
jective; differential interference contrast [DIC]) equipped with an AxioCam
ERc5S camera (Zeiss). Cells for eyespot areameasurements, position and
cell length determinationswere analyzedasdescribed indetail by Trippens
et al. (2012) using an Eclipse 800 microscope (Nikon; Plan Apo 1003,
1.4-numerical aperture oil immersion objective) and DIC microscopy.
NIS-Elements software (Nikon)wasused formeasurements, andstatistical
analyses were done using GraphPad Prism 5 software. Parameters and
results of ANOVA and multiple comparison test are listed in Supplemental
Table 9. Live-cell imaging of mCherry-expressing strains was performed
usinganOlympusFV1000confocalmicroscopeequippedwith anUpslapo
603 W (numerical aperture: 1.20) objective and appropriate filter sets.

Accession Numbers

The accession numbers for all Chlamydomonas genes are provided in
Figure 1 and Supplemental Tables 3 and 5.

Supplemental Data

Supplemental Table 1. Plasmids used for zinc-finger nuclease
experiments.

Supplemental Table 2. Plasmids used for the CRISPR-Cas9
experiments.

Supplemental Table 3. Protospacer sequences and target gene
information.

Supplemental Table 4. Oligos used for protospacer insertion.

Supplemental Table 5. crRNAs used for recombinant Cas9
transformations.

Supplemental Table 6. Oligonucleotides used for cloning, screening,
and HDR donor amplification.

Supplemental Table 7. Oligonucleotides used as HDR donors.

Supplemental Table 8. gBlocks ordered as HDR templates.

Supplemental Table 9. Statistical analysis for Figure 4F.
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