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Abstract 
 
The general goal of this project was to develop new methods for targeted gene 
insertion in the microalga Chlamydomonas reinhardtii, a model organism and 
potential biotechnological host. Heterologous genes can be easily inserted into the 
nuclear genome of Chlamydomonas, but this happens randomly and so copy 
number and chromosomal location is highly variable across transformed cell lines. 
Having the ability to insert genes in a targeted manner, would expand the number of 
synthetic biology approaches that can be applied to this charismatic organism. 
Therefore, our first aim was to achieve this, through homologous recombination, 
using the CRISPR/Cpf1/ssDNA technique (2). Our following aim was to try this 
method in a plant (e.g. Nicotiana benthamiana). Producing a long and protein-
encoding ssDNA was not difficult but the yield was low, and we believe low yield is 
one possible reason why we were not able to achieve targeted insertion of an 
antibiotic selection marker. We therefore explored the use other types of repair 
templates, including dsDNA and chemically modified dsDNA. Our preliminary results 
suggest that, with this CRISPR/Cpf1 method, it is possible to edit genes using 
dsDNA as repair template, although we were not able to determine if editing 
efficiency is different than when using ssDNA. We believe that both the problems 
and results presented here will be useful for future follow-up studies.  
 
 
 
 
 
 
 



Introduction 
 
CRISPR/Cas9 is a method of choice for precision genome engineering in most 
model organisms (3, 4). It works by delivery a two-component system inside the cell: 
Cas9 nuclease and either crRNA and tracrRNA or sgRNA (5, 6, 7). The sgRNA or 
cr/tracrRNAs guide the Cas9 nuclease and activate it on the selected genomic loci to 
generate double stranded DNA breaks (8, 9). Customized DNA fragments can be 
inserted through these breaks and integrated into the genome either through the 
“error-prone” NHEJ pathway or homologous repair mechanisms (10). DNA 
fragments can be delivered as circular plasmids, as double stranded fragments 
(synthetic or PCR products) or as single stranded DNA, also called single stranded 
deoxyoligonucleotides (ssODN) (11,12,13,14). The advantage of the ssDNA is less 
nonspecific integration events and more preferable homologous repair-based 
integration (15).  
 
In Chlamydomonas reinhardtii however, very low editing efficiency had been 
observed using CRISPR/Cas9 (2). In the last several years new CRISPR/Cas 
variants were discovered and characterized, largely increasing the existing repertoire 
of the genomic engineering tools and the pool of available genomic targets (16, 17, 
18, 19, 20, 21). Therefore, the idea was born in the Molnar lab to test the use of 
ssDNA (ssDNA) as template for homologous repair, together with CRISPR/Cpf1 
other than CRISPR/Cas9, for gene-editing in Chlamydomonas (2).  
 
Ferenczi and others (2) have recently developed a highly efficient (~10% of colonies) 
method for knock-in of short sequences (~10-20 bp) into the genome of 
Chlamydomonas. The method works by delivering a ribonucleoprotein (RNP) 
complex of the Cpf1 (also called Cas12a) nuclease and guide RNA plus a single 
stranded DNA (ssDNA), as template for homologous recombination. We have 
successfully recapitulated this technique at the Smith lab, and obtained editing 
efficiencies comparable to those previously reported. However, the Cpf1-
RNP/ssDNA editing strategy has not been used for inserting long (e.g. 500+ bp) 
sequences. The aim of this project is to enhance the technique to be able to insert 
long sequences, encoding heterologous proteins, into specific places of the genome.  
 
To test the feasibility of this approach, our first objective was to insert a 
transcriptional unit (Ble) conferring resistance to an antibiotic (Zeocin), into FKB12. 
In principle, such recombination event is easily detectable, as it would result in 
resistance to both Rapamycin (FKB12 KO) and Zeocin (Ble gene). Our second 
objective was to insert different antibiotic resistance genes into different landing sites 
and, afterwards, to try this technique for other plant systems (e.g. protoplasts of 
Nicotiana benthamiana and Arabidopsis thaliana) and compare its efficacy with 
alternative CRISPR techniques. 
 
 
 
 
 



Results and discussions 
 
Ble insertion into FKB12 
 
We constructed plasmid pNH101 containing a Ble gene, interrupted by the RBCS2 
intron 1, under expression of a strong constitutive promoter and flanked by 600-bp 
homology arms (L_hom-Ble-R_hom). These homology arms were designed to target 
the same FKB12 PAM site used in Ferenczi et al. (2017) (Figure 1). Plasmid 
pNH101 was then used as template to produce around 2 ug of ssDNA using a kit 
from Takara. Cell wall deficient UVM4 was transformed with this long ssDNA Ble 
cassette, or with a short ssDNA for FKB12 KO as a control (2). This trial only 
produced a handful of rapamycin-resistant colonies – at least 10 times less than we 
previously experienced – indicating that there was a problem with the procedure. 
Nonetheless, we analysed a few rapamycin-resistant colonies by Sanger 
sequencing, 2 derived from the Ble cassette transformation and 3 from the FKB12 
KO. This analysis showed that 3/4 colonies were bona fide FKB12 KOs but, the Ble 
cassette was not detected in any colony. A later attempt by undergraduate intern, 
Darius Zarrabian, to transform Chlamydomonas with dsDNA of the Ble cassette, but 
in much larger quantities (around 100 ug), did not produce the desired clone either. 
Although this time, we did observe a larger number of rapamycin-resistant colonies 
(>100), these numbers were still at least an order of magnitude lower than obtained 
by Ferenczi et al (2017). Therefore, we proceeded to troubleshoot this problem, as 
the low number of colonies obtained could explain our inability to obtain targeted 
insertions of Ble. 
 

 
Figure 1. map of pNH101 plasmid containing Ble transcriptional unit flanked by homology arms for FKB12 
targeted insertion (L_hom-Ble-R_hom). 



 
Figure 2. ssDNA product of L_hom-Ble-R_hom cassette using pNH101, as template, and the Takara ssDNA 
production system.  

 
Improving and validating our Cpf1/ssDNA procedure 
 
First, we test in vitro (2) whether our batch of Cpf1 is active. For this we compared 
our batch of Cpf1 with Cpf1 protein kindly provided by Aron Ferenczi (Molnar lab) 
and also with commercial Cpf1 from NEB (M0653T), in their capacity to cut a linear 
dsDNA fragment of FKB12 (Figure 3). For all three batches of Cpf1, the uncleaved 
DNA target was barely visible already at 15 minutes of incubation, and not observed 
at all at 30 minutes, confirming that our batch of Cpf1 is indeed active, at least in 
vitro. We also observed significant fainting of the cleaved bands with time. We 
speculate that this is caused by residual DNAse activity in the gRNA sample. As a 
precaution, from then onwards we eliminated the DNAse treatment step during the 
gRNA preparation, and this change in our procedure did not seem to impact the 
editing efficiency (data not shown). 
 

 
Figure 3. Cpf1 activity in vitro. In vitro analysis of different batches of Cpf1 protein samples (NEB, Molnar lab and 
our lab – the Smith lab). A PCR-amplified fragment of FKB12 was incubated with Cpf1 + gRNA for FKB12 KO, for 
15, 30, 45 or 60 minutes, following the procedure described in ref.2. The larger band (Uncut) corresponds to the 
PCR amplicon of FKB12 and the smaller band (cut) corresponds to the cleaved product of this amplicon. The 
reaction is expected to produce only a single ‘cut’ band, as the two cleavage products are of very similar sizes. 
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To improve the transformation output, in number of rapamycin-resistant colonies, 
and at the same time re validate the efficiency of our procedure, we made changes 
to our spreading technique. Instead of spreading transformed cells into agar plates 
with a rod spreader – our current method – we tried spreading cells with the starch 
embedded method, which is the method used in Ferenczi et al. (2017), and is the 
recommended method for spreading cell wall deficient strains of Chlamydomonas 
(23). We also changed the strain of Chlamydomonas. Instead of UVM4, we 
transformed with the same strain used in the published protocol (2), CW15. Under 
these conditions we performed another FKB12 KO transformation using the standard 
ssDNA template. The number of rapamycin-resistant colonies we obtained were in 
the order of 1x103 – about a 10-fold improvement from our previous trials. In this 
trial, we also compared the in vivo efficiency of the different batches of Cpf1 protein. 
We estimate that the editing efficiency of FKB12 was 12%, 11% and 7%, when using 
Cpf1 from the Molnar lab, NEB and our lab, respectively. These number are smaller 
but in the same order as the 22% efficiency previously reported (2). We then 
sequenced some of these colonies and the results confirmed that the rapamycin-
resistant colonies we obtained with this assay were true FKB12 KOs. 
 
 

 
Figure 4. In vivo comparison of FKB12 KO efficiency using different batches of Cpf1 protein. Rapamycin-resistant 
cells are assumed to be edited. Editing efficiency is calculated as a ratio of rapamycin-resistant colonies/total 
colonies. Total colonies are estimated from the number of colonies that grow on plates without rapamycin. In this 
figure, Cpf1 protein generated by the Molnar lab is referred to as the Edinburgh batch. Buffer=cells 
electroporated without Cpf1, gRNA or DNA repair template, but only with Cpf1 storage buffer. Control=cells 
electroporated without any other additional component. Error bars represent standard technical error derived 
from three repeats of plate spreading. 

 
Having improved and validated our procedure, we attempted to insert Ble into 
FKB12, with the approach described in the previous section of this report, but failed 
once again. However, we must note that our ssDNA product did not pass quality 
control. Although the ssDNA yield was as expected (around 2 ug) according to the 
nanodrop quantification, we were not able to observe a band corresponding to 
ssDNA in an agarose gel. So, we cannot conclusively conclude whether the 
approach works or not. 
 
 



Testing dsDNA and PTO-modified repair templates 
 
One of the technical challenges of this project was to produce ssDNA in large 
enough quantities. The 2.3 pmoles (2 ug) of ssDNA (total length, 2,770 nt; length of 
homology arms, 600 nt) that we generated using the Takara kit, is about 3 orders of 
magnitude less than the number of pmoles of short ssDNA (total length, 118 nt; 
length of homology arms, 47 nt average) that is added to the electroporation mix for 
knocking-out genes according to the published protocol (2). Although the relationship 
of ssDNA amount or length of homology arms with editing efficiency has not been 
established for this protocol, it is anticipated that more template translates into higher 
efficiency. As it is easier to produce high quantities of long dsDNA, than ssDNA, we 
investigated whether it is possible to KO FKB12 using different kinds of repair 
templates. The different templates that we tested are summarized in Table 1. 
Phosphorothioate (PTO) bonds (1 to 5 copies) are sometimes included at both ends 
of synthetic DNA to protect the DNA from exonuclease degradation. In this set, we 
included variants made of single (ss) or double strands (ds), PTO bonds in the last 4 
nucleotides either at the 5’ ends or in both 5’ and 3’ ends, and also a variant that 
here we refer to as ss/ds. This ss/ds variant was formed by two complementary 
strands that, when annealed, form a molecule with 5’ ss overhangs of 24 nt on both 
ends. 
 
Table 1. Summary of the different DNA repair templates tested for FKB12 KO. They all have the same sequence 
but only vary in the number of strands and if the ends are chemically modified (PTO) or not. ss=single stranded, 
ds=double stranded, NA=not applicable. 

Transformation 
number Template Cpf1+gRNA PTO in the 5’ ends PTO in the 3’ ends 

1 ss + - - 

2 ss + + + 

3 ds + - - 

4 ds + + + 

5 ds + + - 

6 ss/ds + - - 

7 - + NA NA 

8 - - NA NA 

 
Interestingly, cells transformed with either of the six different repair templates 
produced rapamycin-resistant colonies. In contrast, no colonies were observed in 
rapamycin plates when a repair template was not added to the transformations 
(number 7 and 8). Although from this experiment it was not possible to compare 
efficiencies quantitatively, due to lack repeats, the results do suggest that repair 
templates other than ssDNA can be used in this technique – including chemically 
unmodified dsDNA. With these results in mind, in the future we will try again to insert 
the Ble cassette in FKB12 using large quantities of dsDNA template. 
 



 
Figure 5. FKB12 KO using the different types of repair templates summarized in Table 1. All plates contain 10 uM of 
rapamycin except plates labelled “No Rapa 7 a” and “No Rapa 8 a”. Transformations were serial diluted 4-fold 3 times then 
spread on plates. In this figure we show the set of plates containing 1.2% of the transformation, except plates “No Rapa 7 
a” and “No Rapa 8 a” which contain 0.12% of the transformation. 

 

Methods 
 
Plasmid assembly 
 
pNH101 plasmid was constructed through Golden Gate assembly using the 
Chlamydomonas MoClo kit (22). The plasmid map was generated in Snapgene. 
 
ssDNA production 
 
ssDNA was produced using the “Guide-itTM Long ssDNA Production System” kit from 
Takara, following the instructions in the manual. 
 
CRISPR/Cpf1/ssDNA 
 
Gene editing was carried out following the method of Ferenzci et al. (2017). Cultures 
of Chlamydomonas were grown at 24°C in high light (60-90 uE), except during the 
24 h recovery step after electroporation – in this step cells were incubated at 30°C in 
low light (10-30 uE). gRNA was produced using the MEGAShortscript T7 
Transcription kit from Thermo Fisher Scientific; and purified through a lithium 
chloride precipitation. All oligonucleotides were synthesized and purified by desalting 
by Sigma Aldrich. 
 
 
 
 



Starch spreading 
 
CW15 Chlamydomonas cells were spread on agar plates following the method 
described by Takemura et al. (2019). 
 
Testing the in vitro activity of Cpf1 protein 
 
The in vitro activity of Cpf1 protein samples was tested following the method 
described by Ferenczi et al. (2017). The cleavage template was generated by a PCR 
amplification of DNA from Chlamydomonas using primers with sequences 
ATGCACATGAAGAGACGTCGT and GCCAGTACTGCCGATTACCATA. Time 
course reactions were stopped by incubating aliquots of the samples at 65°C for 10 
minutes. The DNA products were column-purified, using the Monarch® PCR & DNA 
Cleanup Kit (5 μg), and ran on an agarose gel for analysis. 
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