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    Chapter 5   

 Generation of Targeted Genomic Deletions Through 
CRISPR/Cas System in Zebrafi sh                     

     An     Xiao     and     Bo     Zhang      

  Abstract 

   Using TALEN or CRISPR/Cas system to induce small indels into coding sequences has been implicated 
in broad applications for reverse genetic studies of many organisms including zebrafi sh. However, com-
plete deletion of a large gene or noncoding gene(s) or removing a large genomic fragment spanning several 
genes or other chromosomal elements is preferred in various cases, as well as inducing chromosomal inver-
sions. Here, we describe the detailed protocols for the generation of chromosomal deletion mutations 
mediated by Cas9 and a pair of gRNAs and the evaluation for the effi ciencies in F 0  founder fi sh and of 
germline transmission.  

  Key words     Zebrafi sh  ,   TALEN  ,   CRISPR/Cas  ,   Gene targeting  ,   Genome manipulation  ,   Gene disrup-
tion  ,   Chromosomal deletion  

1      Introduction 

 As an ideal vertebrate model organism, zebrafi sh ( Danio rerio ) is 
valuable to study gene functions during embryonic development 
and organ regeneration, as well as in modeling human diseases. 
 Transcription activator-like effector nucleases (TALENs)      or  clus-
tered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated (Cas) systems   have been widely used to induce 
double-strand breaks (DSBs) in target genes and subsequent non-
homologous end-joining (NHEJ)-mediated repairing mutagene-
sis, leading to disruption of protein-coding genes, usually due to 
frameshift, in a variety of organisms including zebrafi sh [ 1 – 4 ]. 
NHEJ is error prone and tends to generate different types of small 
insertions and/or deletions (indels) around the DSB region, with 
the length ranging from a few to tens, or sometimes hundreds, of 
 nucleotides  . 

 However, the indel mutation strategy is not suitable or satisfac-
tory for all purposes. For example, it is usually not suffi cient to dis-
rupt the function of noncoding genes, untranslated or regulatory 
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regions in a genome; it is also tricky to use this approach to disrupt 
multiple adjacent genes or gene clusters simultaneously. Even for a 
single coding gene, indel mutations may not guarantee to disrupt 
the function of the target gene completely, especially for large genes, 
due to the existence of multiple transcripts or splice variants, or 
unexpected upstream/downstream alternative start codons. In all 
these cases, complete deletion of the whole gene(s) or sequence 
should be a reliable and better strategy to solve the above problems, 
which can be easily achieved by using two pairs of TALENs or two 
guide RNAs ( gRNAs  ) with Cas9 targeting two sites fl anking the 
region to be deleted. This strategy may also be used to precisely 
remove specifi c functional elements, e.g., a protein domain, from 
the coding sequence without affecting other parts of the gene, 
which is diffi cult to achieve for a single pair of TALENs or one 
CRISPR/Cas (or called Cas9/gRNA) system when the target 
sequence is more than several hundreds of nucleotides long. 
Furthermore, in order to disrupt the target gene completely, the 
fi rst several exons are usually selected for targeting to generate indel 
mutations and screen for frameshift alleles which could lead to early 
premature stop codons. However, this restriction for the targeting 
region may prevent the selection for high- effi cient target sites. In 
contrast, the targeted deletion strategy provides more choices for 
the target sites, which could extend the options for the target site to 
 introns and intergenic sequences  , in addition to exons [ 5 ]. In addi-
tion to generating large genomic deletions, one can also create 
genomic inversions by using two pairs of TALENs or paired gRNAs 
with Cas9. In this chapter, we provide the detailed protocols for 
using two gRNAs together with the Cas9 mRNA to generate large 
chromosomal deletions in the zebrafi sh genome.  

2    Materials 

       1.    zCas9 expression vector (pGH-T7-NLS-zCas9-NLS) [ 6 ].   
   2.    gRNA template plasmid (e.g., pX459-V2.0, Addgene 

#62988 [ 7 ]).   
   3.    mMessage mMachine T7 kit or mMessage mMachine T7 Ultra 

kit (Ambion, USA).   
   4.    MEGAshortscript T7 Kit (Ambion, USA).   
   5.    mirVana miRNA Isolation Kit (Ambion, USA).   
   6.    XbaI restriction enzyme (New England Biolabs, USA).   
   7.    PCR purifi cation kit (Qiagen, USA).   
   8.    Gel extraction kit (Invitrogen, USA).   

2.1   Reagents   
and Solutions 
for Molecular Biology 
Experiments

An Xiao and Bo Zhang
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   9.    TOPO TA-cloning vectors (Invitrogen, USA).   
   10.    50 mM NaOH.   
   11.    1 M Tris–HCl (pH 8.0).   
   12.    Nuclease-free water or RNase-free water.   
   13.    Hi-Taq DNA polymerase master mix.   
   14.    Forward primer to amplify the DNA template for gRNA synthesis: 

5′-TAATACGACTCACTATA GXXXXXXXXXXXXXXXXXXX    
GTTTTAGAGCTAGAAATAGC-3′. The nucleotides in bold 
letters (and framed) represent the 20-nt protospacer sequence 
and are variable according to different target sites.   

   15.    Reverse primer to amplify the DNA template for gRNA syn-
thesis: 5′-AAAAAAGCACCGACTCGGTGCCAC-3′. Univer-
sal for all gRNAs.   

   16.    Real-time PCR primers and probes: For evaluation of the effi -
ciency of  chromosomal deletions  . Variable according to differ-
ent target regions.      

       1.    Wild-type zebrafi sh or other desired zebrafi sh strains.   
   2.    E3 embryo buffer: 5 mmol/L NaCl, 0.17 mmol/L KCl, 

0.33 mmol/L CaCl 2 , 0.33 mmol/L MgSO 4 .   
   3.    0.5 % Phenol red.   
   4.    Glass capillaries: For making injection needles (e.g., O.D. 

1.0 mm, I.D. 0.58 mm; Harvard Apparatus, USA).   
   5.    Dumont #5 Tweezer (Inox, 11 cm) (Word Precision 

Instruments, Inc.) or other equivalents.   
   6.    1-μL disposable capillaries (R: 0.25 %, CV: 0.6 %) (CAMAG, 

Switzerland).   
   7.    Microloader tips (Eppendorf, USA).   
   8.    Microinjection molds or other equivalents to hold zebrafi sh 

embryos for  microinjection  .   
   9.    Mating tanks.   
   10.    Stereo microscope.   
   11.    28.5 °C incubator.   
   12.    PN-30 Puller (Narishige, Japan) or other equivalents.   
   13.    Nitrogen gas and tank.   
   14.    MPPI-2 Pressure Injector (Applied Scientifi c Instrumentation, 

USA), or PLI-90Pico-Injector (Harvard Apparatus, USA) or 
other equivalents.       

2.2  Equipment, 
Reagents, 
and Consumable 
Materials for Zebrafi sh 
Husbandry 
and Microinjection

Chromosomal Deletion Mutations Generated by CRISPR/Cas System
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3    Methods 

       1.    Each Cas9/gRNA target site (Cas9/gRNA recognition and 
binding site) consists of a 20-nt protospacer followed by a 3-nt 
PAM (protospacer adjacent motif) sequence (i.e., 5′-NGG-3′). 
Therefore, the general formula for a single target site is 
5′- NNNNNNNNNNNNNNNNNNNN    -NGG-3′, where N repre-
sents any nucleotide and the fi rst 20 nucleotides (framed) rep-
resent the sequence of the protospacer. In reality, T7 RNA 
polymerase is usually employed for the synthesis of gRNAs 
(beginning with the 20-nt protospacer sequence) by in vitro 
transcription. Since the T7 polymerase requires at least the fi rst 
transcribed nucleotide to be G for effi cient transcription, the 
target site or the protospacer sequence should begin with a G, 
and the practical formula for a target site should therefore be 
modifi ed as 5′-G-(N) 19 -NGG-3′, or further simplifi ed as 
5′-G-(N) 20 -GG-3′( see   Note    1  ).   

   2.    To delete a large fragment of  chromosomal sequence  , one 
needs to design two gRNAs targeting the 5′- and 3′-ends of 
the region to be deleted, respectively. Individual Cas9/gRNA 
target site can be selected manually using the above formula or 
identifi ed by using web tools, such as CRISPR Design Tool 
(  http://crispr.mit.edu/    ) [ 8 ] or ZiFiT Targeter (  http://zifi t.
partners.org/ZiFiT/CSquare9Nuclease.aspx    ) [ 9 ]. The Cas9/
gRNA target sites can be designed to locate in either exonic, 
intronic, or intergenic regions. Unless the purpose is to delete 
a defi ned  genomic element   (i.e., not much choice for the tar-
get sites), the target sites within exons are preferred since they 
have much less sequence polymorphism.   

   3.    (Optional) For a given sequence, usually there are quite a few 
choices for the Cas9/gRNA target sites. To simplify the evalu-
ation of targeting effi ciency of single gRNA site (and screening 
for indel mutations in other applications), the target sequence 
containing a unique restriction enzyme site is usually preferred, 
which is necessary for restriction enzyme (RE)-resistance assay 
( see   Note    2  ).   

   4.    Ensure that each selected target site is unique and highly spe-
cifi c in the zebrafi sh genome ( see   Note    3  ). Some web tools or 
software are available to help search for potential off-target 
sites in the zebrafi sh genome [ 8 ,  10 ,  11 ].   

   5.    For each target site, design a pair of primers for the amplifi ca-
tion of the genomic region spanning the target site. Choose the 
primers which are at least 100 bp away from the target site and 
which give rise to the PCR product of less than 500 bp. In addi-
tion, since we have to use a particular pair of primers, one from 
the upstream target site and the other from the downstream 

3.1  Design 
and Verifi cation 
of Cas9/gRNA Target 
Sites
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target site, to detect the large deletions, try to choose the two 
pairs of primers for the two target sites to have similar annealing 
temperature.   

   6.    PCR amplify the genomic DNA from parental fi sh and make 
sure only one single band is visible after  agarose gel electro-
phoresis  . Since mismatches in the target sites will affect the 
mutagenesis activity, to exclude polymorphisms in the target 
sites, it is important to confi rm their sequences from your 
 in-house fi sh stock by PCR and direct sequencing, and use the 
confi rmed zebrafi sh to collect embryos for the gene-targeting 
experiments.   

   7.    (Optional) Establish RE-resistance assay for the evaluation of 
targeting effi ciency: If one plans to use RE-resistance assay to 
determine the targeting effi ciency, PCR amplify the genomic 
sequence of the parental fi sh with the selected primer pairs, 
perform RE digestion, and evaluate by agarose gel electropho-
resis. The RE digestion should be complete and the digestion 
products should be easily identifi able and distinguishable with 
the undigested PCR product.      

       1.    We recommend to use zebrafi sh codon-optimized Cas9 (zCas9) 
rather than other versions of Cas9 (e.g., hCas9, the human 
codon-optimized Cas9) since zCas9 gives higher targeting effi -
ciency [ 6 ]. Our zCas9 plasmid (pGH-T7-NLS-zCas9-NLS) 
contains a T7 promoter upstream to the  NLS-zCas9-NLS  cod-
ing region and can be linearized for making mRNA through  in 
vitro transcription  . For linearization, 10 μg zCas9 plasmids are 
digested by XbaI in a 10 μL system overnight at 37 °C. To 
monitor the extent of linearization, load 0.5 μL of the reaction 
mixture to 0.8 % agarose gel and examine by electrophoresis 
( see   Note    4  ).   

   2.    When the digestion is complete, use a DNA purifi cation kit to 
purify the linearized plasmids and elute with 20 μL nuclease- 
free water ( see   Note    5  ). Determine the concentration of the 
linearized plasmid by a spectrophotometer. (Optional: The lin-
earized plasmid can be stored at −20 °C and used later.)   

   3.    Prepare capped zCas9 mRNA by using the mMessage mMa-
chine T7 Kit (or mMessage mMachine T7 Ultra Kit) ( see  
 Notes    6   and   7  ). Reaction mixture: 1 μg linearized DNA from 
the above step, 10 μL 2× NTP/CAP (or NTP/ARCA), 2 μL 
10× reaction buffer, and 2 μL T7 enzyme mix, and supplement 
the volume to 20 μL with nuclease-free water; mix well by 
pipetting. Incubate the mixture at 37 °C for 2–3 h. To moni-
tor the mRNA synthesis, load 0.5 μL reaction mixture to 1 % 
agarose gel and examine by electrophoresis ( see   Note    8  ).   

3.2  Preparation 
of  zCas9 mRNA   
by In Vitro 
Transcription

Chromosomal Deletion Mutations Generated by CRISPR/Cas System
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   4.    If the transcription is successful, add 1 μL TURBO DNase I 
supplied by the kit and incubate at 37 °C for 15 min to remove 
the DNA template.   

   5.    Purify the zCas9 mRNA. Option I: According to the manual 
of the kit, stop reaction by adding 30 μL LiCl and 30 μL 
nuclease- free water provided by the kit. Mix well and store at 
−20 °C for at least 30 min. Then centrifuge at 4 °C for 15 min 
at top speed. The RNA pellet should be visible at the bottom 
of the Eppendorf tube. Remove the supernatant and wash with 
1 mL cold 70 % ethanol. Centrifuge at 4 °C for 10 min at top 
speed. Remove the 70 % ethanol, air-dry the pellet, and add 
30–50 μL nuclease-free water to dissolve the pellet. Option II: 
use RNeasy kit to purify the  zCas9 mRNA   following the manu-
facturer’s instructions. After purifi cation, determine the 
 concentration of mRNA by a spectrophotometer (typically 
500–800 ng/μL;  see   Note    9  ), and aliquot them into small vol-
umes (e.g., 5 μL). Store the aliquots at −80 °C for later use and 
long-term storage ( see   Note    10  ).      

       1.    We use purifi ed PCR product as the in vitro transcription template 
for making gRNAs. Any plasmid containing a full gRNA scaffold 
sequence can be used as the PCR template (e.g., Addgene plasmid 
pX459-V2.0 #62988 [ 7 ];  see   Note    11  ). Synthesize (by order from 
company service) a 57-nt oligo for each gRNA with the sequence 
5′-TAATACGACTCACTATA GXXXXXXXXXXXXXXXXXXX    
GTTTTAGAGCTAGAAATAGC-3′, where the  nucleotides   
framed in bold represent the 20-nt protospacer sequence of 
each particular gRNA, preceded by a 17-nt T7 promoter 
sequence at the 5′-upstream; and synthesize a universal reverse 
primer oligo with the sequence 5′-AAAAAAGCACC
GACTCGGTGCCAC- 3′. PCR reaction mixture: 2 ng plasmid 
template ( see   Note    12  ), 4 μL 10 μmol/L oligos each, and 
20 μL 2× hi-fi delity DNA polymerase master mix, and supple-
ment the volume to 40 μL with nuclease-free water. PCR pro-
gram: 95 °C 5 min, then 45 cycles of (95 °C 20 s, 55 °C 20 s, 
72 °C 30 s), and then 72 °C 6 min. The PCR products can be 
examined by electrophoresis, the length of which should be 
119 bp (17 bp T7 promotor + 102 bp gRNA template).   

   2.    Purify the PCR product by ethanol (EtOH) precipitation 
( see   Note    13  ). Adjust the volume by water to 150 μL, add 
2.5× volume (375 μL) EtOH and 0.1× volume (15 μL) 
3 mol/L NaOAc, and mix well. Store at −20 °C for at least 
1 h. Then centrifuge at 4 °C for 10 min at top speed. The pel-
let of PCR product should be visible at the bottom of the tube. 
Remove the supernatant and wash with 1 mL cold 70 % etha-
nol. Centrifuge at 4 °C for 10 min at top speed. Remove the 
70 % ethanol, air-dry the pellet, and add 30 μL nuclease-free 

3.3  Preparation 
of gRNAs by In Vitro 
Transcription
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water to dissolve the pellet. Determine the concentration of 
gRNA DNA  template by a spectrophotometer (typical 200–
300 ng/μL) (Optional: The PCR product can be stored at 
−20 °C and used later.).   

   3.    Prepare gRNAs by using the MEGAshortscript T7 Kit or other 
T7 in vitro transcription system (Fig.  1 ;  see   Note    6  ). Reaction 
mixture: 1 μg DNA template from the above step, 2 μL each 
ATP/CTP/GTP/UTP, 2 μL 10× reaction buffer, and 2 μL 
T7 enzyme mix, and supplement the volume to 20 μL with 
nuclease- free water; mix well by pipetting. Incubate the mix-
ture at 37 °C for 2–3 h. Add 1 μL TURBO DNase I supplied 
by the kit and incubate at 37 °C for 15 min to remove the 
DNA template.

       4.    Purify the short  gRNAs   with mirVana miRNA Isolation Kit, 
following the manufacturer’s instruction. Elute the gRNAs 
with 50 μL elution buffer. Determine the concentration of 
gRNA by a spectrophotometer (typically varies from 300 to 
>1000 ng/μL;  see   Note    9  ).      

       1.    The parental zebrafi sh intended to give rise to founder embryos 
for  gene targeting   should be genotyped to confi rm the seq-
uence of the target sites ( see   Note    14  ). One day before the 
injection day, set up mating tanks and put one pair of zebrafi sh 
in each tank and separate by genders with a divider. In the day 
of injection, remove the divider from one tank each time and 
collect embryos after spawning.   

   2.    Prepare 3–5 μL injection mixture: ~300 ng/μL zCas9 mRNA 
and 20–50 ng/μL of each gRNA, add some phenol red to a 
fi nal concentration of no more than 0.05 %, and supplement 
the fi nal volume to 20 μL with nuclease-free water. Use dispos-
able capillaries to calibrate the injection volumes by injecting 
several drops into it. The total volume can be measured by the 
length of the liquid in the capillary by using a ruler. Then the 
volume of each drop can be calculated by the inner diameter of 
the capillary, the length of liquid column made by injection, 
and the count of drops.   

   3.    Inject 2 nL mixture into the cytoplasm of one-cell stage zebraf-
ish embryos, i.e., ~600 pg zCas9 mRNA and 40–100 pg of 
each gRNA per embryo ( see   Notes    15   and   16  ). When using 
different batches of zCas9 mRNA, we recommend reevaluat-
ing the optimal injection dosages ( see   Note    17  ).   

   4.    After injection, incubate the embryos in E3 embryo buffer at 
28.5 °C. Save some uninjected sibling embryos as a control 
and process them the same as the injected ones for the deter-
mination of the effi ciency of individual gRNA. The dead and 
deformed embryos are counted and removed at 5–6 h post- 
fertilization (hpf) and 1-day post-fertilization (dpf).      

3.4  Generation 
of Founder Fish 
by Microinjection 
of  zCas9 mRNA 
and gRNA Pairs   
into Zebrafi sh 
Embryos

Chromosomal Deletion Mutations Generated by CRISPR/Cas System
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Sequence of the gRNA DNA-template of Step 2:
5’-TAATACGACTCACTATAGXXXXXXXXXXXXXXXXXXXGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT-3’
(Underlines: Primers used in Step 1)

  Fig. 1    The schematic diagram of the steps to prepare gRNAs       
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   Evaluation of individual gRNA for its targeting effi ciency can help 
in choosing proper gRNAs for the  chromosomal deletion   exp-
eriments or troubleshooting if the deletion is not successful. 
We  generally use RE-resistance assay to evaluate the effi ciency of 
 individual gRNA (Option I) [ 12 ]. Other methods can also be 
used, such as Surveyor (CEL-I) or T7E1 assay (Option II), melt-
ing curve assay, and direct sequencing.

    1.    The genomic DNA of control (uninjected siblings) and 
injected embryos is extracted using NaOH lysis method [ 13 ]. 
Five to ten normally developing 2–4 dpf embryos are pooled 
into one PCR tube. Remove extra buffer and add 50 μL 
50 mmol/L NaOH. The embryos are lysed by heating for 
10–30 min at 95 °C using a PCR machine; then cool down to 
4 °C. Vortex the tubes briefl y once or twice to break up the 
embryos. Then add 5 μL Tris–HCl (pH 8.0) to neutralize 
NaOH and centrifuge for 5 min at 14,000 ×  g . The supernatant 
contains crude genomic DNA and is ready to be used as PCR 
templates.   

   2.    Take 1 μL crude genomic DNA extract as template and assem-
ble a 10 μL PCR reaction ( see   Note    18  ). Recover the PCR 
products.   

   3.    (Option I) RE-resistance assay: Digest 2 μL PCR products 
with the proper RE and buffer ( see   Note    19  ). Load reaction 
mixture to 2–3 % agarose gel and examine the digestion by 
 electrophoresis  , using undigested PCR products as a reference. 
If the DNA from control embryos is digested completely, the 
effi ciency of the gRNA can be estimated with the percentage of 
the resistant (undigested) band by measuring their intensity. 
The resistant band can be extracted from the gel and verifi ed 
by sequencing after cloning into TA-cloning vectors.   

   4.    (Option II) Surveyor (CEL-I) or T7E1 assay: Mix ~250 ng 
PCR product (from control or Cas9/gRNA injected embryos, 
respectively) with 1 μL NEB Buffer 2; supplement the volume 
to 9.5 μL with nuclease-free water. Slowly anneal the DNA in 
a thermocycler with the following program: 95 °C, 5 min; 
95–25 °C at −0.1 °C/s; hold at 4 °C. Then add 0.5 μL Surveyor 
or T7E1 enzyme on ice. Mix well; incubate in 37 °C for 
45 min. Add 1 μL 0.5 mol/L EDTA to stop reaction. Then 
load reaction mixture to 2–3 % agarose gel and examine the 
digestion by electrophoresis. If the DNA from control embryos 
is not digested and the DNA from injected ones is, that means 
the Cas9/gRNA is functional and small indels have been gen-
erated ( see   Note    20  ). The effi ciency of mutated allele can be 
estimated by the corresponding formula [ 7 ].    

3.5  (Optional) 
Evaluation of Targeting 
Effi ciency of Individual 
gRNA in Founder 
Embryos

Chromosomal Deletion Mutations Generated by CRISPR/Cas System
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         1.    To examine the success of the  chromosomal deletion  , the 
genomic regions containing the target sites are amplifi ed by 
PCR with the primers outside the region to be deleted 
(Fig.  2a ). If the distance of the two primers at the chromosome 
is short enough, the DNA from control embryos can be ampli-
fi ed with a single amplicon, and DNA from injected embryos 
may have two  amplicons  : one with the same length as the con-
trol and the other should be shorter, which represents the 
alleles bearing deletions (Fig.  2b ). If the distance of the two 
primers is too long, there may be no amplicon from control 
DNA, and only a short amplicon from injected embryos can be 
detected (Fig.  2c ). Recover the shorter band and verify the 
deletions by sequencing after cloning into TA-cloning vectors.

       2.    The general PCR is not accurate in revealing the exact effi -
ciency of chromosomal deletions [ 5 ]. To accurately evaluate 
the deletion effi ciency, design quantitative real-time PCR 

3.6  Detection 
and Evaluation 
of Chromosomal 
Deletion Effi ciency 
in Founder Embryos

wild-type allele

a

b c

allele with dele�on

target site 1 target site 2

A
B B

(A)

(B)

  Fig. 2    Detection of  chromosomal deletions   induced by two Cas9/gRNAs. ( a ) The schematic diagram of the 
target region and PCR primers used to amplify the genomic fragment. ( b ) In wild-type embryos, if the genomic 
fragment between the two target sites is short enough to be amplifi ed by PCR, one single PCR product ( band 
A ) will be obtained from the control (uninjected) embryos. In the injected embryos, an additional and shorter 
PCR product ( band B ), which corresponds to the deletion allele, should be clearly visible if the two Cas9/gRNAs 
are functional. ( c ) If the genomic fragment between the two target sites in wild-type embryos is too long to be 
amplifi ed, no PCR product will be obtained from the control embryos, while only one single band could be 
detected from the injected embryos if the two Cas9/gRNAs are functional.  Ctrl  control       
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primers and probes for wild-type only alleles (one primer 
located outside the deletion region and the other located 
inside) and deletion alleles (primers located at each sides out 
side the deletion region) (Fig.  3 ). Use the same amount of 
DNA template and evaluate the relative ratio of different alleles 
by ΔCt approach [ 14 ] ( see   Note    21  ).

              1.    If the chromosomal deletion effi ciency is acceptable (e.g., >1 %; 
 see   Note    22  ), raise enough amount of the same batch of evalu-
ated injected embryos to adulthood as founder (F 0 ) fi sh for 
screening of heritable mutations.   

   2.    Out-cross the mosaic F 0  fi sh with wild-type zebrafi sh. After 
breeding, each F 0  fi sh is placed and raised separately in a single 
tank until the F 1  embryos are evaluated. Collect F 1  embryos 
from each individual F 0 , prepare the  genomic DNA  , and detect 
the chromosomal deletion with the same strategy as described 
above. We normally screen 50–100 F 1  embryos (fi ve to ten PCR 
tubes of ten pooled embryos) for each F 0  fi sh ( see   Note    23  ).   

   3.    If heritable deletion alleles were identifi ed and confi rmed by 
sequencing, breed the positive F 0  fi sh to get more F 1  offspring. 
F 1  zebrafi sh heterozygous for the  chromosomal deletion   muta-
tions are identifi ed by genotyping of the genomic DNA from 
fi n clips from each individual, with the same strategy as 
described above.   

   4.    Homozygous zebrafi sh mutants can be obtained by in-cross of 
pairs of heterozygous carriers. They can be verifi ed again with 
the same process.       

3.7  Evaluation 
of Germline 
Transmission 
Effi ciency 
of Chromosomal 
Deletions and Screen 
for Mutants

target site 1 target site 2
3F
1F

1R 2R

2F

3R

1F-1R / 2F-2R: real-time PCR primers to amplify wild-type allele
3F-3R: real-time PCR primers to amplify deletion allele
(1F & 3F can be the same)

  Fig. 3    The schematic diagram of the real-time PCR primers to quantify the ratio of wild-type and deletion 
alleles       
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4                             Notes 

     1.    The promoter sequence for the T7 RNA polymerase is 
5′-TAATACGACTCACTATAGGG-3′, where the last triple G 
(GGG) will also serve as the transcription start site and be 
incorporated into the RNA transcript; however, one or two 
G’s (i.e., GNN or GGN) is also acceptable for the normal 
function of T7 RNA polymerase. Alternatively, if the proto-
spacer sequence in the target site does not begin with G, one 
can simply replace its fi rst nucleotide with G for the synthesis 
of gRNA with T7 polymerase. The mismatch between the 
gRNA and the target sequence for the fi rst  nucleotide   does not 
seem to signifi cantly compromise the targeting activity of the 
Cas9/gRNA system (Unpublished observation).   

   2.    The Cas9 protein theoretically cleaves the target sequence 
between the third and fourth nucleotides upstream of the 
PAM. The RE recognition and cleavage sites used for the RE- 
resistance assay should not be too far from this Cas9 cleavage 
position, since indel mutations may only affect a small region 
around this position.   

   3.    Since the chromosomal deletion strategy introduces more than 
one type of gRNA simultaneously in the same embryo, one 
should be more cautious about the potential off-targeting 
effects of the Cas9/gRNA system.   

   4.    Make sure all the circular plasmids are digested completely. 
Use the original (undigested) plasmids as a control in  electro-
phoresis  , and there should be no visible bands at the same 
position as the original plasmid in the lanes loaded with the 
linearized plasmids. Insuffi cient linearization will lead to low 
yield of mRNA from in vitro transcription.   

   5.    Follow the supplier’s protocol of the purifi cation kit. Avoid 
loading too much linearized plasmids into the column, or it 
may be overloaded and lead to low yield of purifi ed product.   

   6.    All the reagents and consumables used for in vitro transcrip-
tion should be free of RNase.   

   7.    Both the T7 Kit and T7 Ultra Kit from Ambion are acceptable. 
The T7 Ultra Kit uses Anti-Reverse Cap Analog (ARCA) 
instead of the general Cap in the T7 Kit. We found the zCas9 
mRNA prepared by using the ARCA Kit showed higher target-
ing effi ciency [ 6 ].   

   8.    The size of mRNA might not be accurately revealed by the 
 agarose gel electrophoresis   and may show up as multiple bands, 
possibly due to the formation of secondary structures of the 
mRNA.   
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   9.    If the concentration of zCas9 mRNA or gRNA is not high 
enough, open the cap of the tubes and carefully put the tubes 
in a 37 °C incubator (avoid RNase contamination) for a few 
hours to concentrate the liquid. If the original concentration is 
too low, check the troubleshooting section in the manual of 
the kit and make new reactions.   

   10.    We suggest using a new aliquot of  mRNA   each time for mic-
roinjection, since it may degrade if thawing and freezing 
frequently.   

   11.    Most of the popular Addgene Cas9 plasmids from Feng Zhang 
Lab (pX330, pX458, pX459-V2.0, etc. [ 7 ,  15 ]) can be used as 
the PCR template for making  gRNA   in vitro transcription 
template, since they contain the gRNA (or called chimeric 
RNA) scaffold sequence. Avoid using the fi rst-generation Cas9 
plasmids (such as pX260), since they do not contain the gRNA 
scaffold, but use crRNA and tracrRNA instead.   

   12.    Avoid adding too much plasmid template; otherwise it will 
remain as the main component in the fi nal PCR product.   

   13.    Most PCR purifi cation kits are not designed to recover small 
fragments. Read the manual carefully and make sure it is suit-
able for recovering the 119-bp gRNA template if you want to 
use a kit.   

   14.    Mismatches in the  Cas9/gRNA target sites   may dramatically 
decrease targeting effi ciency. Due to the strong sequence poly-
morphisms of the zebrafi sh genome, we strongly recommend 
to confi rm the actual sequence of each selected target site in 
each individual fi sh before using their offspring to perform the 
mutagenesis experiments.   

   15.    Adjust the parameters of pressure and duration time of the 
microinjection machine to calibrate the volume of each drop 
to be 2 nL. 1 nL is also acceptable; however, larger injection 
volumes make relatively smaller variations between each shot. 
The injection needle should be recalibrated after any change 
in the balance pressure, eject pressure, duration time, or re- 
breaking of the tips of the needles. Avoid plugging of the nee-
dle tips, and occasionally try to inject several drops into the 
medium to see whether the needle still work normally.   

   16.    The dosage of the zCas9 mRNA and gRNAs injected into the 
embryo varies by different target sites and needs to be opti-
mized. We always choose the dosage which gives no less than 
50 % embryo survival rate at 2 dpf. We suggest better to inject 
the RNAs directly into the cytoplasm instead of the yolk.   

   17.    For different batches of zCas9 mRNA, even though the con-
centrations of mRNA might be the same, the activity may still 
be different due to variations of the capping effi ciency during 
in vitro transcription.   
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   18.    The crude lysate obtained from this fast  genomic DNA extraction 
method   is suffi cient for the amplifi cation of small fragment 
(<500 bp).   

   19.    The RE needs to be tested in advance to make sure it can com-
pletely digest the PCR product from control embryos (can be 
done at the step of target sequences confi rmation). It is even 
better if the RE can function with the unpurifi ed PCR system, 
which can save time by omitting purifi cation steps.   

   20.    The ratio of PCR products and enzymes is important for a suc-
cessful assay. If the PCR products from control  (uninjected) 
embryos are digested and showed a smear pattern, the concen-
tration of the enzymes should be reduced (particularly for 
T7E1).   

   21.    Designing good real-time PCR primers and probes for a spe-
cifi c genomic region is an important but elaborate process. 
Many different types of PCR probes are available; refer to the 
supplier’s instructions or tools for choosing and preparing 
good probes.   

   22.    The effi ciency of large  genomic deletions   depends on both the 
activity of individual Cas9/gRNA and the size of deletion 
and also other undefi ned factors. We have successfully gener-
ated deletions with the length up to 122 kb with paired cus-
tomized endonucleases and found ~1/10 of the founder fi sh 
can transmit the mutations to offspring with an average mosa-
icism of 14 %.   

   23.    Since the purpose of this detection approach is to get a positive 
PCR signal, more embryos (up to 50 as we have tested) can be 
pooled in one PCR tube to reduce the amount of samples. 
One should ensure that all the embryos are broken up com-
pletely when preparing the genomic DNA.         
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