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Background 

Establishment of functional genetic approaches in new model organisms has always been a 
challenge. One important advance in this direction was the discovery of RNAi interference 
(RNAi), a mechanism that uses small RNAs processed from larger dsRNA precursors to 
recognize and degrade specific RNA targets (reviewed in Tijsterman et al., 2002). This 
method has been used in chapter 4 and 5 to knock down per expression, but it harbours 
some limitations. The interference with gene expression is transient, unlocalized, and 
primarily targets mRNA, and does not result in a stable genetic modification or  a complete 
loss of function.  

The ability to modify a specific genomic region offers great advantages. During 
the last 5 years gene editing techniques have been revolutionized by a technique that 
employs RNA-guided endonucleases to specifically target and modify genomic DNA 
(reviewed in Wiedenheft et al., 2012). The system originated  as immune defence against 
viruses by bacteria and Archaea. The system from Streptococcus pyogenes involves a single 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-associated protein 
(Cas9) and two RNAs (crRNA and trans-acting antisense RNA tracRNA) to build an active 
CRISPR/Cas9 endonuclease complex (Jinek et al., 2012). It is possible to combine these 
two RNAs in a single chimeric guide RNA (Known as gRNA or sgRNA) that can direct 
Cas9 activity to specific DNA targets (Fig. 1). The gRNA has a region of 20 nucleotides at 
its 5’ site, that binds the target DNA and determines the target specificity. The 3’ region of 
the gRNA corresponds to the tracRNA and is an invariable sequence required to form a 
complex with Cas9. The presence of the motif sequence, called PAM  (Protospacer 
Adjacent Motif), immediately downstream the targeted sequence is required for a 
successful binding of the protein Cas9 to the DNA and subsequent cleavage of the target 
region. In the case of CRISPR/Cas9 the required PAM sequence is NGG, it can thus target 
only sequences that matches the motif N20NGG. Cas9 cleaves both strands of the DNA 
within the gRNA target region, three nucleotides upstream the PAM (Jinek et al., 2012) 
(Fig. 1). These double-strand breaks (DSB) can elicit two types of molecular repair 
mechanism at the site of damage: non-homologous end joining (NHEJ) in which the broken 
ends are re-ligated, or homology-directed repair (HDR) in which the break is repaired using 
homologous DNA sequence as template (Fig. 1). In the first case, the NHEJ is error prone, 
and often it results in the introduction of insertion or deletions (indels) at the site of the 
break. It can thus be efficiently used to disrupt gene function. HDR is based on precise 
copying of the template and can serve to insert specific sequences that have be engineered 
in a donor template (Port et al., 2014) (Fig. 1). 

Here, We report our attempts to implement CRISPR/Cas9 gene editing in N. 
vitripennis. We aim to disrupt the function of the gene cinnabar (kynurenine 3-
monooxygenase) and yellow because the knock-out of these genes gives a visible phenotype 
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(Lynch & Desplan, 2006) which simplifies the screening of mutants. Specifically, we 
present (i) a method to design and generate gRNAs, (ii) an efficient method for embryo 
collection and (iii) a microinjection procedure and (iv) we describe our first attempts to 
target clock genes with CRISPR/Cas9. 

 
 Fig. 1. The mechanism of genome editing by CRISPR/Cas9.  
The genomic DNA target preceding a protospacer adjacent motif (PAM) NGG, is specified by a 20nt customized 
guide sequence in the sgRNA. In the cell nucleus, Cas9 protein associates with the sgRNA and binds to the target 
sequence, cleaving both DNA strands 3nt upstream of the PAM. Cleavage results in a DSB (double strand break) 
which is repaired by DNA repair mechanisms. In the absence of a donor template, error-prone NHEJ occurs which 
may lead to the formation of random short indels and thus frameshift mutations and disruption of gene function. If 
an artificial donor template is provided, for example on a plasmid containing a sequence of interest flanked by 
homology arms, then HDR may occur, leading to the introduction of an exogenous DNA sequence at a specified 
genomic location. This is the basis for performing gene knock-in, tagging, and precise pre-specified insertions or 
deletions using CRISPR  
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Methods, results and discussion 

Design of gRNAs 

To facilitate the implementation of the CRISPR/Cas9 technology in Nasonia, we selected 
cinnabar (NV14284) and yellow (NV16239) as target genes for mutagenesis. The gene 
cinnabar encodes an enzyme involved in ommochrome biosynthesis (Sethuraman & 
O’Brochta, 2005). Mutations in this locus were reported from different organisms to induce 
scorable eye-colour phenotypes (Paton & Sullivan, 1978). RNA interfering experiments in 
Nasonia led to a less pigmented eye-colour phenotype when the gene was silenced at the 
larval stage (Werren et al., 2009). The gene yellow encodes for an enzyme responsible for 
catalysing the conversion of dopachrome into 5,6-dihydroxyindole in the melanisation 
pathway. It is involved in pattern-specific melanin pigmentation of the cuticle during late 
pupal and adult stages (Han et al., 2002). In Drosophila melanogaster yellow mutants, the 
appearance of the stripes near the posterior edge of each abdominal tergite change from 
black to brown (Wittkopp et al., 2002). The Nasonia yellow gene contains the conserved 
functional domain Major Royal Jelly Protein (MRJP), that could be responsible for the 
body pigmentation of the wasps. Such a distinctive eye colour and possible body 
pigmentation phenotypes allow the easy screening for mutant individuals and their 
offspring. 

To determine putative sgRNA genomic in the target genes (Fig. 2) we used CHOP 
CHOP server ( Montague et al., 2014; Labun et al., 2016). Importantly the target sequence 
should be specific within the entire genome in order to avoid off-target editing. Although 
the targeting specificity of Cas9 is believed to be tightly controlled by the 20-nt guide 
sequence of the sgRNA and the presence of a PAM adjacent to the target sequence in the 
genome, potential off-target cleavage activity could still occur on DNA sequence with even 
three to five base pair mismatches in the PAM-distal part of the sgRNA-guiding sequence 
(Cong et al., 2013; Hsu et al., 2013; Mali et al., 2013). CHOP CHOP incorporates the 
Nasonia genomic sequences in order to check the specificity of the sgRNAs. However, 
specificity and activity of sgRNA is unpredictable and it is better to design and test multiple 
target regions.  
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Fig 2. Cinnabar gene structure and location of sgRNAs 
Schematic representation of (A) cinnabar in Nasonia vitripennis with a total  length of 3066bp and (B) yellow with 
a total length of 10020bp. MRJP represents the functional domain major royal jelly protein. Exons are represented 
by boxes and introns by lines. sgRNAs  indicate the target region. The required PAM region (NGG) is shown in 
red. 
 

sgRNA generation 

The first step to generate sgRNAs is to synthesize a DNA oligo that include the target 
sequence and a tracrRNA (Fig. 1). We first performed a template-free PCR to anneal two 
overlapping primers to produce a full-length dsDNA template according to Kistler et al., 
(2015) (Fig. 3). The reverse primer is universal and can be used to generate all the sgRNAs 
and corresponds to the tracRNA. 5’-AAAAGCACCGACTC 
GGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCT
AGCTCTAAAAC-3’). The forward primer contains the T7 promoter upstream of the target 
sequence (GGN20), followed by a complementary region to the reverse primer (underlined) 
(5’-TAATACGACTCACTATA-(GG)N20-GTTTTAGAGCTAGAAATAGCAAG-3’). The 
PCR reaction and conditions are reported in table1, PCR is performed with the two primers 
but without any other DNA template. 

PCR product is then treated with proteinase K (100-200 μg/ml) and 0.5% SDS for 
30 min at 50°C to eliminate enzymes such us RNase, Polymerase or other inhibitors of 
transcription. After this step, PCR product is purified with phenol (pH8)/chloroform 
extraction and ethanol precipitation.  
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Table. 1 Free template PCR reaction and conditions 
PCR reaction PCR program  

PCR buffer (6X) 10 μl 95°C 2 min  
dNTPs (2mM) 10 μl 95°C 20s  

MgSO4 (25mM) 6 μl 58°C 10s 35 cycles 
Forward primer 5 μl 70°C 10s  
Reverse Primer 5 μl    
KOD Hot start 

polymerase 2 μl    

Nuclease free water Up to 100 μl    
 

In vitro transcription using the purified PCR template was performed with the Mega Script 
T7 kit (AM1333-T7, Ambion) following manufacturer’s protocol (Fig. 3). The suggested 
template concentration for the MEGAscript reaction is 0.1-0.5 µg of purified PCR product 
in water or TE (10mM Tris-HCl pH7, 1mM EDTA). Optimal incubation time depends on 
the amplicon size and transcriptional efficiency of the template. We performed an overnight 
incubation. DNase treatment to remove the template DNA was performed by incubating the 
reaction with 1μL TURBO DNase (in the kit) for 15 min at 37°C. sgRNAs were purified 
with phenol (pH4)/chloroform extraction and isopropanol precipitation. Concentration of 
the sgRNA was measured with Nanodrop and quality was assessed in 2% TBE 
electrophoresis gel with guanidine thiocyanate to prevent secondary structure formation of 
the sgRNA. A single band of about 100nt indicates good sgRNA quality without 
degradation products (Fig. 4 A, B). sgRNA was then stored at -80°C.  

Fig 3. generation of sgRNA 
Forward and reverse primers anneal in the overlapping region starting a PCR reaction without any other DNA 
template. The DNA template is then in vitro transcribed by T7 polymerase in order to generate the sgRNA. 
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Fig 4. Quality of sgRNAs 
Gel picture of sgRNAs indicating good quality without degradation products.  
 

In vitro test 

Cleavage activity of the sgRNA/Cas9 complex was assessed in vitro. Although the 
CRISPR/Cas9 complex might function differently in vivo, validation of sgRNAs can help 
to exclude sgRNAs with poor activity prior to micro-injections. Briefly Cas9/sgRNA 
complexes were constituted before cleavage by incubating 1μg of Cas9 nuclease (purchased 
from PNA-BIO), and 0.4μg of the in vitro transcribed sgRNA for 10 min at 37oC in 
reaction buffer containing BSA and NEB 3.1 buffer (50mM Tris-HCl, 10mM MgCl2, 
100mM NaCl, 100μl/ml BSA). Cleavage assays were conducted in a reaction volume of 
10μl with Cas9/sgRNA complex and 0.4μg dsDNA substrate (PCR fragment of about 
500bp) for 90 min at 37°C. The cleaved dsDNA was analysed on a 2% TBE gel. 

All the three sgRNAs for cinnabar (Fig. 5) and three out of four sgRNAs for 
yellow (Fig. 6) were efficiently able to guide the Cas9 to the target region. The presence of 
multiple bands in the gel of figures 5 and 6 indicates that a DSB was generated in the target 
region.  
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Fig. 5:  In vitro cleavage assay for cinnabar sgRNAs 
Successful cleavage for sgRNA_1(A), 2(B) and (C)3/Cas9 complex is shown in the third line of each block. First 
two lines of each block represent the negative controls, namely PCR template either with Cas9 (line 1) or with 
sgRNA(line 2).  
 

 
Fig. 6:  In vitro cleavage assay for yellow sgRNAs 
Successful cleavage for sgRNA_y and y1/Cas9 (A), (C) and sgRNA_y7/Cas9. (B) No cleavage for sgRNA_y5 
/Cas9 complex First line of each block represents the negative controls, namely PCR template with Cas9 protein.  
 

A B C 
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Embryo collection and alignment 

In order to increase embryo survival and improve injection efficiency, different methods of 
embryo collections and alignment were tested. First, females were exposed to the posterior 
side of Calliphora spp. pupae and allowed to oviposit for 45min (Lynch & Desplan, 2006). 
Embryos can be brushed off the host carefully with a fine-tip paintbrush or with a needle 
and aligned on a  slide. For ideal injections, the embryos are aligned on a barrier created by 
a thin piece of double-sided tape (3M/scotch brand) with a thin (approximately 5mm wide) 
strip of  Nucleopore membrane (Whatman, Nucleopore Track-Etch) on top of the tape. A 
small strip (1mm) of tape was left free of the membrane. The embryos were aligned with 
the posterior end on the tape and the anterior side on the membrane. However, this method 
has several limitations. First, the toxic components of the tape could lead to unpredictable 
embryo mortality. Second, humidity can interfere during injection, leading to textural 
changes of the tape, increasing its toxicity. Desiccation of the embryo slide for 30 min 
before injection, as suggested in Meer et al., (1999) and Lynch and Desplan (2006), might  
be disadvantageous as embryonal development continues, whereas the gene editing is 
preferred as early in the development as possible (< 1.5h old) to facilitate germline 
mutation. Apart from the time window, the surface of the embryos seems to change during 
its development and is also influenced by its environment, changing the accessibility for the 
piercing of the needle. Moreover, embryos need to be transferred to pre-parasitized hosts as 
their original habitat, with this method embryos cannot be transferred right upon injection 
for being extremely fragile. They can be transferred only during early larval stage whereas 
the exposure to the toxic component of the tape should be limited, increasing thus their 
mortality.  

Higher survival and more successful injections were achieved once we substituted 
the tape with a wet Whatman paper. The anterior end of the embryo was aligned towards 
the paper edge so that the posterior side of the embryo can be injected. This method 
allowed us to transfer the embryos to a pre-parasitized host right upon injection, limiting 
the exposure to toxic tapes. However, to keep the paper attached to the slide, it needs to be 
constantly wetted or, alternatively, can be substituted by a coverslip glued to a slide as 
described by Li et al, (2017). After alignment embryos are ready to be injected.  

  

Microinjection; survival and phenotype screening 

Embryos were injected in their posterior side, where germline will be located, with a 
vertical angle of 25-35° (Li, et al., 2017). Injections were performed with Femtotips II 
(Eppendorf, Hamburg, Germany) needles under continuous injection flow. To optimize 
sgRNA/CAS9 concentration for efficient disruption of or the candidate genes function, we 
started injecting sgRNA_1 in complex with Cas9 protein in various concentrations and 
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ratios. After some unsuccessful trials, we adjusted to the findings of Li et al., (2017) and 
reduced our concentration to 160 ng/μl for both the components. With this concentration 
embryonal survival rates of about 10% (Table 2) were achieved and are referred to as G0. 
For cinnabar scorable eye-colour phenotype has been observed in 100% of the adult G0 
(Fig. 7A), however, mostly in mosaic patterns (i.e. single individual presents a mixture of 
edited and unedited cells). Mosaicism can be explain by the differential timing of action of 
Cas9 and differential efficiency and specificity of sgRNA in each germ cell and whether a 
provided repair template is used to repair the double strand break. Thus the resulting 
modifications present in G0 individuals can be diverse. Moreover most of the mutations 
appeared to be somatic without occurring in the germline. Only 1% of mutant females 
efficiently transmitted the mutant phenotype to the offspring (table 2). One explanation for 
the higher number of somatic mosaicism can be the injection timing. For efficient germline 
mutation, embryos need to be in the pre-blastoderm stage.  

In the case of yellow we recorded a high mortality of the G0 injected wasps. Four 
individuals were able to pupate and showed a de-melanise phenotype (Fig. 7B). However 
these wasps were unable to shed their old cuticle and died entrapped in their pupal cuticle. 
One hypothesis could be that this lethality was caused in part by dehydration as previously 
reported Tribolium castaneum (Noh et al., 2015). Alternatively a functional yellow is 
necessary for other developmental processes. 

 
Table 2. Embryo survival after CRISPR/Cas9 injection 

Sg_RNA 
No Injected 

embryos 
(G0) 

No embryo 
transferred 

(G0) 

No of adult 
emerging 

(G0) 

No of 
mutant 

G0 
(Mosaic) 

No of mutant G0 
with germ line 

affected 

Method of 
alignment 

cn_sgRNA_1 260 50 9 (3.5%) 9 1 Tape + 
membrane 

cn_sgRNA_1 100 100 10 (10%) 10 1 Whatman 
paper 

y_sgRNA_7 150 150 0 4 0 Whatman 
paper 
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Fig.7 Phenotypic screening of G0 injected with sgRNA/CAS9 
(A) Mutants G0 individuals show the scorable eye-color phenotype indicating the efficient mutation of the 
cinnabar locus. Different shades of red in each individual indicate the mosaic pattern of the phenotype. (B) 
Mutants G0 pupae show a de-melanised phenotype indicating the efficient mutation of the yellow gene. WT 
represents wild type wasp. 
 
Sequencing and T7endonuclease I assay 

Sequencing of the target region can confirm the mutation induced by CRISPR/Cas9 (data 
not shown). However, mosaic mutations can lead to false negative results in genotypic 
screening of the G0 generation, as there might be a higher rate of wild type allele over the 
mutated alleles, leading to a biased and possibly false negative result in amplification 
techniques. G1 generation, with the mutant phenotype, gives more reliable information 
about the genotypes.  

Alternatively to sequencing, a T7 endonuclease I assay can be used to screen the 
mosaic G0 individuals for the presence of the mutation in the right target region. As 
described above G0 individuals present a mixture of edited and unedited DNA (Fig. 8). The 
PCR products, from the genomic DNA of G0 individuals, whose genomes were targeted 
using CRISPR/Cas9, is composed by at least two types of dsDNA (wild type and mutated) 
(Fig. 8). When PCR products ware denatured and re-annealed some of the wild type strands 
annealed with the mutated ones creating heteroduplex. If there is a sequence difference 
between the strands, the heteroduplex may show single strand loops or bubbles (unpaired 
regions) (Fig. 8). Afterwards, the re-annealed PCR products were incubated with the T7 
Endonuclease I. This enzyme recognizes and cleaves non-perfectly matched DNA like 
heteroduplex. After 4h of incubation, fragments were analysed by gel electrophoresis (Fig. 
9). Multiple bands in the gel indicates the presence of heteroduplex, that have been cut by 
the enzyme. This method can be used to screen mosaic G0 individual and give a first 
estimate of whether our targeting was successful or not (Fig. 9).  
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Fig. 8 T7 endonuclease I assay  
PCR products are heat-denatured and then reannealed to allow correct (blue lines) and mutant (red lines) strands to 
re-hybridize and form heteroduplex. The heteroduplex are then cleaved by the T7 endonuclease enzyme, followed 
by fragment analysis by gel electrophoresis. 
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Fig. 9 T7 endonuclease I assay for yellow locus 
Genomic DNA of the yellow locus from single G0 wasps was used for the assay. Lines from 1 to 5 target region of 
sgRNA_y7 and from 6 to 9 target region of sgRNA_y. Individuals 2,3,4 and 5 show mismatches at the target site 
sgRNA_y7. NTC represents the non-template control.  
 

Application of CRISPR/Cas9 to knock-out period clock gene function 
Cinnabar and yellow are useful target genes because they facilitates the mutant screening 
due to their visible phenotype. However, applying the technique to other genes, that do not 
give a visible phenotype, might be challenging. For example, to get a knock out of the 
period (per) gene, G0 mosaics will be undistinguishable from wild type, and we thus need 
an efficient method to select for mutants. One alternative is to induce a precise deletion of 
the targeted genomic region using two sgRNAs that can create a larger deletion. We thus 
co-injected two sgRNAs targeting the per locus (Fig. 10A). They potentially can generate 
two DSB’s spanning a 600bp fragment that will be excised during the repair (Fig. 10B). 
Deletions created by multiple sgRNAs should be easily visualized by PCR and gel 
electrophoresis. In vitro, the two sgRNAs combination cleaved efficiently the DNA 
template spanning both sides (Fig. 11), but unfortunately successes were not achieved when 
injected in Nasonia embryos (G0) (table 3). We did not identify any large deletion, however 
the T7 endonuclease I assay detected efficient target mutation of the G0 (Fig. 12), namely 
one of the sgRNA was not efficiently working in vivo. 

In conclusion using CRISPR/Cas9 to induce gene knock-out of genes that does not 
have a visible phenotype is complicated. Therefore, a knock out gene would be much easier 
to follow in presence of a reporter gene, inserted in the gene of interest via HRD. 
Introducing GFP (green fluorescence protein), for example, could help to select mutant 
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individuals already during the development and would make the stabilization of the mutant 
line much easier.  
 

 
Fig. 10 Per gene structure and localization of sgRNA 
(A) Schematic representation of per in Nasonia vitripennis with a total length of 22.4kp. Exons are represented in 
boxes and introns by lines. Red boxes indicated the PAS domains, in green the PAC domain and in blue the 
Period_C domain. sgRNA1, sgRNA_2 and sgRNA_3and sgRNA_4 indicate the target region. the required PAM 
region (NGG) is depicted in red. (B) Schematic representations of the precise deletion of per genomic region using 
sgRNA_1-2 and Cas9. 
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Fig.11 In-vitro test of per 
Successful cleavage for sgRNA_1+2 /Cas9 complex is shown in the second and third lines. Successful cleavage 
for sgRNA_3+4 /Cas9 complex is shown in the sixth and seventh lines. Line 1 and 5 represent the negative 
controls without the sgRNAs.  
 
 
Table. 3. Injection of period sgRNA 1+2 

n° Injected embryos  
(G0) 

n° embryo 
transferred (G0) 

n° of adult emerging 
(G0) 

n° of mutant G0 
(showing big 

deletion) 
450 200 100 0 
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Fig. 12 T7 endonuclease I assay for period locus 
Genomic DNA of the period locus from single G0 wasps was used for the assay. Lines from 3 to 5, and 7 to 10 
show mismatches at the target site sgRNA_1+2.  
 
  



 

 
Implementation of genome editing by CRISPR/Cas9 in Nasonia vitripennis| 

 

 

 
139 

 

Bo
x 

2 

Conclusion 

Establishment of genetic tools in new model organism has always been a challenge for 
functional genetics approaches. CRISPR represents a promising tool for mutagenesis in 
new model organisms. However, implementation of this technique in new organisms can be 
challenging, as a lot of steps need to be optimized to assure efficiency, survival and germ 
line transmission of the mutations. Here, we described step by step how to use 
CRISPR/Cas9 in Nasonia to disrupt gene function. However, much more work needs to be 
done in order to increase embryos survival and efficiency. Furthermore, optimization of this 
tool to target genes that do not generate a visible phenotype is necessary. Our last 
successful attempt toward this direction, in collaboration with Pegoraro Mirko and Mallon 
Eamonn from Leicester University, generated transgenic Nasonia line, using CRISPR/Cas9 
mediated precise homology-directed repair (HDR) after double-stranded DNA (dsDNA) 
cleavage (Pegoraro et al. in prep). Transgenesis, represents a big step toward the 
establishment of Nasonia as an hymenoptera molecular model for many types of studies 
such as, epigenetics, sex determination, chronobiology, photoperiodism and much more.   
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