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Abstract

Utilization of microalgae has been hampered by limited tools for creating loss-of-function 

mutants. Furthermore, modified strains for deployment into the field must be free of antibiotic 

resistance genes and face fewer regulatory hurdles if they are transgene free. The oleaginous 

microalga, Nannochloropsis oceanica CCMP1779, is an emerging model for microalgal lipid 

metabolism. We present a one-vector episomal CRISPR/Cas9 system for N. oceanica that enables 

the generation of marker-free mutant lines. The CEN/ARS6 region from Saccharomyces cerevisiae 
was included in the vector to facilitate its maintenance as circular extrachromosal DNA. The 

vector utilizes a bidirectional promoter to produce both Cas9 and a ribozyme flanked sgRNA. This 

system efficiently generates targeted mutations, and allows the loss of episomal DNA after the 

removal of selection pressure, resulting in marker-free non-transgenic engineered lines. To test this 

system, we disrupted the nitrate reductase gene (NR) and subsequently removed the CRISPR 

episome to generate non-transgenic marker-free nitrate reductase knockout lines (NR-KO).
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Microalgae are some of the most productive biomass sources on Earth and can generate 

many high-value bioproducts such as omega-3 fatty acids, carotenoids, and unusual 

polysaccharides (1). One genus of microalgae that has distinguished itself for productivity 

and genetic engineering potential is Nannochloropsis (2–4). Genetic engineering of 
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microalgae has been hampered by a limited ability to disrupt genes and by the challenges of 

generating transformed algae that meet biocontainment requirements for open pond 

production (5). Recently, the use of endogenous elements, marker-free strategies, and DNA 

free genome editing have allowed the generation of modified organisms that lack antibiotic 

selection markers (6–8) or even any heterologous DNA (9, 10). Such organisms satisfy the 

criteria for non-transgenic organisms, making deployment of modified strains into open 

systems feasible.

Gene targeting in microalgae has been performed by homologous recombination (11), 

TALENs (12–14), and CRISPR/Cas9 (10, 15–20). Gene disruption by these methods in 

microalgae has usually required the integration of a transgenic selection marker into the 

genome. A CRISPR/Cas9 system for N. oceanica IMET had low efficiency (~1–4%), 

possibly due to low targeting efficiency of the single guide RNA (sgRNA) produced from a 

protein-coding gene promoter (18). Another CRISPR/Cas9 system for N. gaditana utilized 

introduction of synthesized sgRNAs and required two selection markers for targeted 

disruption (17). Efficient CRISPR/Cas9 based mutagenesis requires a sgRNA without 

modified ends or extraneous sequences for efficient interaction with the Cas9 nuclease and 

DNA target. Therefore, sgRNAs flanked by the hammerhead (HH) and hepatitis delta virus 

(HDV) self-cleaving ribozymes are used to generate precise 5’ and 3’ ends (21, 22), and 

enable the production of sgRNAs under the control of protein-coding gene promoters (RNA 

polymerase II class).

Episomes (extrachromosomal nuclear DNA that is usually circular) occur naturally in some 

red algae (23), and diatoms are capable of maintaining synthetic circular episomes 

containing a low GC (guanine cytosine) centromere-like region (24–26). In diatoms, an 

extrachromosomal episome with a centromere and autonomous replication sequence fusion 

developed from Saccharomyces cerevisiae (CEN/ARS) is replicated and segregated into 

daughter cells (24, 25). Furthermore, this episomal system is able to produce proteins that 

can be localized throughout the cell and results in more uniform transgene expression levels 

between independent transformants compared to integrated vectors, possibly by avoiding 

integration site-specific effects (25). While circular episomes are an effective expression 

platform in diatoms, without selection pressure, they are lost over several generations 

providing a way to “cure” cells of them (25–27).

We developed a CRISPR/Cas9 system that can be expressed from an episome in the 

heterokont microalgae Nannochloropsis oceanica CCMP1779. The subsequent removal of 

the episome after the mutation was produced generates marker-free non-transgenic gene 

disruption mutants that can be modified repeatedly.

Results/Discussion

The linearized pNOC-CRISPR-GFP vector, containing a Cas9-GFP expression cassette and 

a Hygromycin B resistance marker (HygR) (3), generated Hygromycin B-resistant 

transformants when introduced into N. oceanica (Figure 1A). To establish a highly efficient 

CRISPR/Cas9 gene editing system in N. oceanica we confirmed the nuclear localization of a 

Cas9-GFP nuclease with C’ and N’ terminal SV40 nuclear localization signals (NLS) by 
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confocal microscopy. Wild-type lines did not possess any GFP signal, while an untargeted 

GFP expressing line had GFP signal throughout the cytosol with partial overlap with the 

DAPI stain (Figure S1A–B). The Cas9-GFP signal was punctate and co-localized with a 

DNA stain (4’, 6-Diamidino-2-Phenylindole, DAPI), demonstrating Cas9-GFP nuclear 

localization in N. oceanica (Figure 1B, Figure S1C). To facilitate Cas9 detection in vivo, we 

then generated a Cas9 nuclease fused to the ultra-bright NanoLuciferase reporter protein 

with an HA tag (Nlux-HA) in the vector pNOC-CRISPR. Nlux has high luminescence 

activity (28) and accordingly, N. oceanica transformants can be screened for the presence of 

the Cas9-Nlux-HA fusion in a 96-well plate using a small number of cells (2). 

Immunoblotting confirmed the production of Cas9-Nlux-HA (186.2 kDa) and Cas9-GFP 

proteins (191.8 kDa) (Figure 1C–D) in lines transformed with the integrating empty vector 

constructs (iEV) pNOC-CRISPR and pNOC-CRISPR-GFP respectively. These constructs 

lack a sgRNA sequence for a specific genomic locus.

The pNOC-CRISPR vector contains the Cas9-Nlux-HA and a gRNA scaffold with a 3’ 

fusion to the HDV ribozyme (21, 22) under the control of the recently characterized 

endogenous ribosomal subunit bidirectional promoter (Ribi, located between 

NannoCCMP1779_9669 and NannoCCMP1779_9668) (2). To facilitate cleavage precisely 

at the 5’ end of as gRNA sequence, a hammerhead ribozyme (HH) specific to the guide 

sequence is introduced during sgRNA generation (Figure S2). Strategies for cloning sgRNAs 

are described in the Methods section.

We next designed an episome-based CRISPR/Cas9 system, by incorporating the CEN/ARS 

region from S. cerevisiae into the pNOC-CRISPR-Nlux vector, generating the vector pNOC-

ARS-CRISPR (Figure 2A). To test this system, we targeted the nitrate reductase gene (NR) 

for the known phenotype of NR disruption lines (NR-KO) (Figure 2A) (6, 29, 30). 

Nannochloropsis NR-KO lines can grow on ammonium (NH4) but are not able to sustain 

growth when provided with only nitrate (NO3) as a nitrogen source (11, 18). Two sgRNAs 

flanked by self-cleaving ribozymes (sgNR1 and sgNR2) were used to independently target 

two sites at the 5’ end of the NR gene. We introduced the pNOC-ARS-CRISPR-sgNR1 and 

pNOC-ARS-CRISPR-sgNR2 episomes into N. oceanica and generated the NR1-KO and 

NR2-KO lines respectively. Introduction of the circular episomal CRISPR plasmids into N. 
oceanica resulted in Hygromycin B-resistant lines, which were screened for Cas9-Nlux-HA 

signal (Figure S3A–B).

Lines displaying luminescence were examined for mutations in the NR gene by PCR 

amplification of the genomic locus and Sanger sequencing (Figure S3). We found 

cumulatively that 47% of lines with Nlux signal had frame-shift mutations and 13% had in-

frame mutations, while 13% had no mutation and 27% resulted in low-quality sequencing 

outcomes (Figure S3C). The two sgRNAs had different efficiencies with sgNR1 (in NR1-

KO lines) having a high mutation efficiency with 9/10 screened colonies containing a 

mutation and no wild-type sequences recovered, while sgNR2 (in NR2-KO lines) had a 

lower mutation efficiency with 9/20 screened lines possessing a mutation and 4/20 lines 

lacking a mutation (Figure S3C). The low-quality sequencing reactions often had good 

quality chromatographs up to the target site and then became unreadable. This observation 

suggests that a heterogeneous population of mutants was recovered from single colonies, 
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possibly due to mutagenesis occurring after plating. It is likely that pure genotypic lines 

could be obtained from these populations by streaking to single colonies.

We selected N. oceanica mutants with small deletions (1D, 1H), a larger (47 bp) deletion 

(4G), and a small insertion (B12) as frame-shifted null mutants (NR-KO lines), and the B7 

line with a 3 bp deletion as an in-frame mutant (NR-IF) for further analyses (Figure 2B, 

Figure 3D–E). Immunoblotting detected the Cas9-Nlux-HA protein in all the lines indicating 

that proteins can be produced from an episomal DNA in N. oceanica (Figure 2C). To test for 

the loss of NR activity, cell growth was analyzed in liquid cultures after transfer from NH4 

to NO3 containing medium. The frame-shifted NR-KO mutants could not grow, while the 

wild-type (WT) lines, the iEV lines, and the in-frame mutant B7 grew in NO3-containing 

liquid medium (Figure 2D). This indicates frame-shifts introduced into the coding sequence 

of targeted genes ablate the function of the resulting protein, while in-frame mutations may 

still produce functional proteins.

To determine if the episomes were maintained as circular DNA, we conducted an episome 

rescue experiment by transforming Escherichia coli with DNA isolated from N. oceanica 
episome-carrying lines (NR-KOs). WT and iEV lines were used as negative controls. E. coli 
transformants were only obtained from untreated DNA isolated from NR-KO lines, but not 

from untreated DNA of iEV lines, or the WT strain (Figure 2E). To further confirm that the 

plasmids rescued from N. oceanica NR-KO lines were circular, an equal amount of DNA 

from the NR-KO lines was subjected to endonuclease ClaI restriction digest and/or treated 

with Exonuclease V, which acts on free DNA ends(25). Due to the ClaI site in the pNOC-

ARS-CRISPR plasmid, ClaI treatment of DNA isolated from NR-KO lines strongly 

decreased the number of E. coli transformants (Figure 2E). Treatment with Exonuclease V 

resulted in a small reduction of E. coli transfomants compared to mock treatments, while a 

combined endonuclease and exonuclease treatment resulted in very few colonies being 

recovered (Figure 2E). Restriction fragment analysis of plasmids recovered from the 

episome rescue indicated that the episomes were faithfully maintained in N. oceanica 
(Figure S4). Restriction enzyme recognition sites by the CEN/ARS region (AgeI), in the 

Cas9 and HygR genes (EcoRI), and backbone (NotI), indicated that the episome had no 

apparent insertions or deletions (Figure S4A–B). Sequencing of the recovered episomes 

further confirmed their authenticity (Figure S4C–D).

We performed southern blots to further characterize the CRISPR episomal lines (Figure S5). 

As a control, we used iEV lines containing the genomic integrated pNOC-CRISPR vector. 

DNA was isolated from NR-KO, iEV and WT cells and was then digested with SacI and 

hybridized with either a HygR or an AmpR gene probe (Figure S5A). In all the NR-KO lines 

tested, both probes generated one fragment of ~13,000 bp that matched the episome 

CRISPR vector size (Figure S5B). However, the iEV lines generated different size fragments 

when using the HygR probe and only one line had a detectable fragment when the AmpR 

probe was used (Figure S5B). The AmpR probe hybridizes close to the AseI cut site used for 

linearizing the pNOC-CRISPR vector before transformation to generate the iEV lines. 

Therefore, the absence of a band in AmpR probed iEV DNA indicates that the AmpR was 

partially lost during integration or that the fragment is too small to be detected in the current 
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experiment. None of the WT lines had a detectable signal in these assays. This experiment 

further confirmed the presence of a circular DNA molecule in the CRISPR episomal lines.

After generating the NR-KO lines we sought to remove the episome to form marker-less 

non-transgenic mutants. Nlux signal is a convenient measure for Cas9 presence in the 

transformed lines and to monitor for the loss of the episomes. Four NR-KO lines were 

grown for 10 days without selection in liquid medium and plated on solid medium to 

generate independent colonies. The colonies were screened for Nlux luminescence, followed 

by a PCR test for the presence of the episome and a control genomic locus (Figure S6A). 

After growth in non-selective medium, the NR-KO lines had various levels of Nlux signal 

and 25–75% of the lines had low luminescence signal (Figure S6B). The rate of successful 

inheritance of an episome during each cell division (segregation efficiency) is ascertained by 

removing selection for a known number of cell divisions and determining the percentage of 

episome carrying individuals (25, 31). In order to determine the number of generations that 

occurred during the episome curing procedure, the doubling time (1.023 days) of N. 
oceanica grown in NH4 media was measured (Figure S7). After ~30 generations, the 

segregation efficiency of the pNOC-CRISPR constructs was 96–99% based on the 

percentage of recovered colonies that maintained luminescence signal (Figure S6B).

To confirm that these cured low Nlux luminescent lines had lost the episome, we conducted 

PCR for the Cas9 gene contained in the episome, and the NR gene as a genomic positive 

control (Figure 3A–B). PCR detected the NR gene in all lines, while the Cas9 coding 

sequence was only present in the episomal lines but not in the cured lines (Figure 3B). 

Furthermore, growth tests were used to demonstrate the different phenotypes of the 

generated lines. First, the cured lines that had lost the episome were unable to grow on 

Hygromycin B-containing medium, while the episome-carrying parental lines were 

Hygromycin B resistant (Figure 3C). Second, growth on solid medium containing either 

NO3 or NH4 revealed a chlorotic phenotype of the episome-carrying and cured NR-KO lines 

only when grown on NO3 (Figure 3C) (11).

We have developed a system to produce marker-less non-transgenic gene knockout strains 

that not only theoretically allows for the generation of lines with multiple modifications but 

also facilitates the transfer of strains developed in the lab to the field. Our CRISPR/Cas9 

components have been optimized for efficient detection, with a Cas9-Nlux-HA reporter 

fusion that has high signal to noise ratio and can be screened in a 96-well plate format soon 

after transformant isolation. Furthermore, the Cas9-Nlux-HA and sgRNA are coregulated by 

a bidirectional promoter, thus linking Cas9 production to sgRNA expression (Figure 1A) (2). 

The pNOC-CRISPR vector series contains unique restriction sites between the elements 

making it an ideal platform for further development of CRISPR/Cas9 as a system for 

transcriptional reprogramming and other DNA targeting techniques.

The use of self-cleaving ribozymes facilitates the flexible expression sgRNAs. The ribozyme 

flanked sgRNAs can be expressed from different types of promoters, in our case a 

bidirectional promoter, but also possibly from conditional promoters. The differing targeting 

efficiencies of the sgRNAs tested in this study demonstrate that sgRNA design plays an 

important role in Cas9 gene disruption rates (Figure S3C), and indicates that the 
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development of sgRNA design tools (32, 33) for this genus is a route for further optimization 

of CRISPR/Cas9 in Nannochloropsis. Our final episomal vector, pNOC-ARS-CRISPR-v2, 

contains a multi-cloning site with a pair of BspQI type IIS restriction sites for scarless 

insertion of a guide sequence, for one-step cloning (Figure S8A–B). Self-cleaving ribozyme 

sequences for expression of the sgRNA could be used for the production of multiple 

sgRNAs from a single transcript (22). Production of multiple sgRNAs can be used to target 

multiple genes for simultaneous disruption, used in pairs with nickase Cas9 variants for 

enhanced specificity, or for deletion of a region between two targeted sites on a 

chromosome.

Transgenic expression in algae is most often performed by integrating a DNA construct into 

the genome. However, this can result in site-specific effects, or the disruption of genes at the 

insertion site. Therefore, episomes are an emerging expression platform in microalgae that 

avoids these issues. In diatoms, effective centromere sequences have the simple 

requirements of a GC content <30%, a length of >500 bp, with long stretches of A-T 

sequences (24–26). These centromere-like regions interact with the centromeric histone 

protein (CENH3) likely facilitating segregation during cell division (24). The segregation 

efficiency of the pNOC-CRISPR system was 96–99% (Figure S6B) which is comparable to 

the 97% segregation efficiency reported for episomal constructs developed for diatoms (25). 

However, the molecular processes for replication of synthetic episomes in algae are yet to be 

determined. The discovery of the relatively simple sequence requirements for centromeres in 

diatoms and the observation that the yeast CEN/ARS region is effective in diatoms and 

Nannochloropsis species suggest that heterokont algae have the potential to maintain newly 

acquired DNA, facilitating gene acquisition.

While first-generation synthetic episomes can robustly express transgenes, they are 

gradually lost from the population when selection pressure is not applied. These 

characteristics are ideal for transient CRISPR/Cas9 gene disruption, making it easy to screen 

transformants for mutations in the target site, followed by curing of the episome (8, 9). The 

cured mutants, thus contain a scar in the target site but lack an antibiotic resistance gene or 

any other transgenic elements, and can be used for subsequent modifications and do not 

need further biocontainment strategies. This technique will aid in the development of chassis 

strains for biotechnology, and makes marker-free genomic integration or endogenous locus 

tagging of expression constructs foreseeable.

To make the generated non-transgenic NR-KO mutant available for wide use, the NR1-KO 

4G-5A strain is deposited with NCMA (Table S1). To make the high-efficiency, CRISPR/

Cas9 dual component pNOC-CRISPR vectors widely available, the plasmids developed in 

this study are deposited with Addgene (Table S1).

Methods

Strains and growth conditions

N. oceanica CCMP1779 was used in all experiments. Cells were grown in F/2 medium 

under constant 100 μmol m−2 s−1 light at 22° C, on a shaker set at 120 rpm. F/2 medium 

with 2.5 mM KNO3 or 2.5 mM NaNH4 was used. Hygromycin B (Sigma-Aldrich) was 
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utilized at a concentration of 100 μg/ml. Cell concentrations were measured with a Z2 

Coulter Counter (Beckman Coulter) with a range of 1.8–3.6 μM. To determine whether 

growth could be sustained on nitrate, N. oceanica strains were inoculated to 5×106 cells/ml 

in F/2 with 2.5 mM KNO3 and cell density measured every 24 hours. For assessment of 

antibiotic resistance, growth after plating 30,000 cells on solid medium was monitored for 1 

month.

CRISPR plasmid construction

The details of the construction of the plasmids produced in this study is contained in Data 

S1.

N. oceanica transformation

Integrating vectors were digested with AseI and concentrated by ethanol precipitation. 

Transformations were conducted as previously described (2), with 3 μg of DNA and 30 μg of 

blocking DNA (Ultrapure salmon sperm DNA - Invitrogen). Transformants were plated 

using the top agar method on 100 μg/ml Hygromycin B and grown under 100 μmol m−2 s−1 

for 3 weeks. Individual lines were transferred to 500 μl of F/2 with 100 μg/ml Hygromycin 

B (GoldBio) in a 96 deep well plate (Evergreen Biotech). Cultures were then maintained on 

solid plates.

NanoLuciferase luminescence assays

For Nlux activity screening, 100 μl of cell culture was transferred to a luminescence plate, 

and 100 μl of F/2 containing Nanoglo substrate (Promega) at a 10,000X dilution. For 

normalized luminescence measurements, 1.5 million cells per well were transferred to the 

96-well luminometer plate, the volume was adjusted to 100 μl with F/2 medium, and 100 μl 

of F/2 containing Nanoglo substrate (Promega) at a 10,000X dilution was added. 

Luminescence was measured after 180 sec delay with a 0.3 sec exposure using a Centro XS3 

LB960 (Berthold).

N. oceanica colony PCR

A 1X Q5 buffered solution (NEB) with 1 μl of N. oceanica culture per 10 μl of required 

sample was boiled (100° C) for 10 min. A 10 μl PCR mastermix was added to the 10 μl of 

sample and PCR conducted according to the manufacturer’s suggestions (NEB). The 

primers NR F+ and NR R- were used to amplify the NR gene (Table S2).

Episomal DNA isolation from N. oceanica

For DNA isolation 10 ml of culture at mid-log phase (~ 3×107 cells ml−1) was collected and 

frozen. The protocol of Karas et al. (25) was utilized with some modifications. Briefly, for 

each reaction 235 μl Qiagen P1 solution was combined with 5 μl lysozyme (25 mg/ml) 

(Sigma-Aldrich), 2.5 μl macerozyme (100 mg/ml)(Yakult Pharmaceuticals), 2.5 μl 

zymolyase (10 mg/ml) (Zymo Research), and 5 μl cellulase (100mg/ml)(Yakult 

Pharmaceuticals) and used to resuspend the cell pellets. The resuspended cell culture was 

incubated at 37° C for 30 min. After addition of the P2 solution, and S3 solution (Qiagen), 

the cell debris was pelleted at 14000 × G for 10 min. Supernatant was aspirated and 
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combined with an equal volume of isopropanol, mixed and centrifuged at 14,000 × G at 4° C 

for 10 min. After decanting the pellet was washed with 750 μl 70% ethanol, centrifuged, 

decanted, and dried. The isolated DNA was resuspended in Tris-EDTA buffer (TE) and re-

isolated by phenol:chloroform extraction. The final DNA was resuspended in 40 μl TE, and 

the concentration determined using a NanoDrop Lite (Thermo Scientific).

Episome rescue

Equal amounts of DNA isolated from NR-KO, iEV, and WT lines were used for E. coli 
transformations. For enzyme treatment of the DNA extracted from NR-KO lines, 2 μg of 

DNA was treated with 10 units of Exonuclease V (NEB) and/or 10 units of ClaI (NEB) in a 

20 μl reaction for 1 hour at 37° C. Reactions were heat inactivated at 75° C for 30 min. An 

equal amount of DNA (500 ng) from enzyme treated samples, mock treated, and untreated 

samples were used to transform E. coli (DH5α high-efficiency efficiency, NEB). Resulting 

colonies were counted and random colonies selected for plasmid isolation. Resulting 

plasmids and control pNOC-ARS-CRISPR-sgNR2 DNA, were digested with AgeI, NotI, 

and EcorI (NEB) according to manufacturer’s instructions (NEB), and separated on a 0.9% 

agarose gel.

Episome curing

Episome containing NR-KO lines were grown in liquid 2.5 mM NaNH4 F/2 without 

Hygromycin B for 10 days. Cultures were diluted to 3,000 cells per ml, and 3,000 cells were 

plated on NaNH4 F/2. Single colonies developed over 3 weeks, and 48 colonies were 

isolated and grown in NaNH4 F/2. After 1 week, the Nlux luminescence was measured and 

low Nlux signal lines were further screened by colony PCR. Primers used were NR F+, NR 

R-, and epi Cas9 F+and epi Cas9 R- (Table S2).

Segregation efficiency—A growth curve was conducted using an inoculum of ~5×106 

cells/ml in F/2 with 2.5 mM NaNH4 and cell density was measured every 24 hours. The 

doubling time was determined using a best-fit exponential curve and the number of 

generations deduced by dividing the duration of the experiment by the doubling time. The 

segregation efficiency was determined according to Iwanaga et al. (25, 31) and using the 

percentage of cells that maintained luminescence in the curing screen.

Immunoblotting

Immunoblotting was conducted as described previously (2). Protein extract (50 μg) was 

separated on 8–10% SDS-polyacrylamide gels. After transfer to PVDF membranes Cas9-

GFP was detected with α-GFP (Abcam ab5450) 1:1,000 in TBST with 5% BSA followed by 

donkey α-goat-HRP (Santa Cruz sc-2020) 1:10,000 in TBST with 5% milk, and Cas9-Nlux-

HA with α-HA-HRP (Roche 3F10) 1:1,000 in TBST with 5% milk. Detection was 

conducted by chemilumiscence with Femto substrate (ThermoFisher). After detection, total 

protein was stained with Direct Blue 71 (34).
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Confocal microscopy

Confocal microscopy was performed using an inverted Olympus FluoView1000 confocal 

laser scanning microscope (Olympus Corporation, USA). Cells grown in F/2 medium were 

fixed in 70% ethanol overnight at 4°C. Cell pellets were collected and stained with 4’, 6-

Diamidino-2-Phenylindole (DAPI, 358/461 - Life Technologies) with a final concentration 

of 0.2 μg/μl in PBS for 2 hours at 4°C. Cells were washed with PBS and observed using a 

100x UPlanSApo oil objective (N.A. 1.4). DAPI fluorochromes were excited using a 405 nm 

blue diode laser, and the emission signals were filtered using the BA430–470 band pass 

filter. Cas9-GFP was excited using an argon 488 nm laser, and the emission signals from 

GFP were filtered using a BA500–530 band pass filter. Post-imaging analyses were 

performed using Olympus FluoView1000 software.

Southern-blot analysis

We used a procedure described previously (3). Briefly, N. oceanica DNA was isolated by 

CTAB and 20 μg was digested with SacI and was separated on an agarose gel (0.9%, 70 

Volts overnight), followed by blotting to a Hybond Nylon membrane overnight (GE Health 

Care). Subsequent hybridization and detection was performed with a DIG labeling and 

detection kit according to the manufacturer’s instructions (Roche Applied Sciences). Two 

probes were amplified by PCR, one for the HygR gene (with the primers HygR probe F+ 

and HygR probe R-) and one for the AmpR gene (AmpR probe F+ and AmpR probe R-), 

and were used for hybridization in PefectHyb Plus hybridization buffer (Sigma-Aldrich).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

sgRNA single-guide RNA

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats, single 

guide RNA

KO knockout

HDV hepatitis delta virus ribozyme

HH hammerhead ribozyme

CEN/ARS Saccharomyces cerevisiae centromere and autonomous replication 

sequence fusion
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NR nitrate reductase

HR homologous recombination

GFP Green Fluorescent Protein

Nlux NanoLuciferase

PCR polymerase chain reaction

DAPI - 4’ 6-Diamidino-2-Phenylindole

CLSM confocal laser scanning microscopy

NLS nuclear localization signal
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Figure 1. 
A one-vector CRISPR system for gene disruption in N. oceanica. (A) The pNOC-CRISPR 

vector series includes a Hygromycin B resistance cassette (HygC, green). A bidirectional 

promoter (Ribi) drives the transcription of the Cas9-reporter fusion and gRNA scaffold 

(scaffold, blue), along with the LDSP and CS terminators (LDSP-T, CS-T) respectively. 

Cas9 is fused to either the GFP or Nlux (with HA tag) reporters by a 3x glycine-serine linker 

(GSGSGS) and contains SV40 nuclear localization signals on the N’ and C’ termini (NLS). 

The gRNA scaffold and the 3’ self-cleaving HDV ribozyme is integrated into the vector. The 

5’ hammerhead ribozyme (HH) specific for each guide sequence (GS, orange) is fused to the 

gRNA scaffold (scaffold) to form a sgRNA. Ribozymes are highlighted in yellow. Unique 

restriction sites are shown with an upwards line and the name in italics. (B) Confocal 

analysis of DAPI nuclear staining, Cas9-GFP signal, and merged brightfield, DAPI and GFP 

signal in N. oceanica cells. Scale bar of 2 μM. (C) Immunoblotting with an α-GFP antibody 

detected the Cas9-GFP produced in N. oceanica transformed with pNOC-CRISPR-GFP. A 

N. oceanica line producing a delta-5 fatty acid desaturase (~75 kDa) fused with CFP was 

used as a GFP positive control (+). (D) Immunoblotting with an α-HA antibody detected the 

appropriately sized Cas9-Nlux-HA in N. oceanica transformed with pNOC-CRISPR. Wild-

type N. oceanica was included as a negative control (WT). For (C) and (D) numbers on the 

left of immunoblots indicate size markers (KDa).
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Figure 2. 
Development of an episomal CRISPR system. (A) The S. cerevisiae CEN/ARS6 region 

(ARS, red) was included in the pNOC-ARS-CRISPR construct for episomal maintenance. 

Guide sequences(orange) for nitrate reductase targets, with a 5’hammerhead ribozyme 

(HH),were fused to the gRNA scaffold to form the NR sgRNAs (sgNR). Ribozymes are 

highlighted in yellow. The sgNR1 and sgNR2were added to pNOC-ARS-CRISPR to form 

pNOC-ARS-CRISPR-sgNR1 and pNOC-ARS-CRISPR-sgNR2, respectively. N. oceanica is 

transformed with circular episomal CRISPR constructs. (B) Mutations in the two target sites 

in the NR genomic locus (Target 1 and Target 2) of N. oceanica transformed with the 

respective pNOC-ARS-CRISPR-sgNR construct. Mutant lines are identified by 96-well 

plate location (Figure S3). Deleted nucleotides are represented with dashes and inserted 

nucleotides are shown in bold. Protospacer adjacent motifs (PAM sites) are underlined. (C) 

Immunoblot using an α-HA antibody of N. oceanicaNR1-KO and NR2-KO lines producing 
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Cas9-Nlux-HA from the CRISPR episome. Numbers on the left indicate size markers 

(KDa). (D) Growth curves after transfer from NH4 to NO3 containing medium of NR-KO 

frame-shifted lines (1D, 1H, 4G, B12) and NR2-IF B7 in-frame line, empty vector integrated 

CRISPR control lines (iEV), and wildtype (WT). (E) Episome rescue by E. coli 
transformation using equal quantities of DNA isolated from episomal (NR-KO) lines, 

integrated empty-vector (iEV), and wild-type (WT) N. oceanica lines. Values are the average 

colonies generated ± SE (NR-KOs n = 3 independent lines, WT n = 2 biological replicates, 

and iEV n = 2 independent lines). Equal quantities of DNA from NR-KO lines after 

treatment were used for E. coli transformation, and the resulting colonies counted (n = 3 

independent lines). Exonuclease V (ExoV), ClaI endonuclease (ClaI), and ClaI endonuclease 

with Exonuclease V (ClaI+ExoV).
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Figure 3. 
Generation of marker-free non-transgenic mutants by episomal removal (curing). (A) 

Luminescence from equal number of cells of wild-type (WT), and NR-KO lines either 

containing the episome or cured of the episome. (B) PCR for detection of a positive control 

NR genomic locus and the Cas9 regions on the episome conducted on the same DNA extract 

obtained from WT and, NR-KO episomal and cured lines. (C) Plating of an equal number of 

cells of WT, NR-KO and NR-KO cured lines on NH4, NO3, and NH4 with Hygromycin B on 

F/2 solid medium after 1 month of growth.
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