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Targeted disruption of tyrosinase causes melanin reduction in
Carassius auratus cuvieri and its hybrid progeny
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The white crucian carp (Carassius auratus cuvieri, WCC) not only is one of the most economically important fish in Asia,
characterized by strong reproductive ability and rapid growth rates, but also represents a good germplasm to produce hybrid
progenies with heterosis. Gene knockout technique provides a safe and acceptant way for fish breeding. Achieving gene
knockout in WCC and its hybrid progeny will be of great importance for both genetic studies and hybridization breeding.
Tyrosinase (TYR) is a key enzyme in melanin synthesis. Depletion of tyr in zebrafish and mice results in mosaic pigmentation or
total albinism. Here, we successfully used CRISPR-Cas9 to target tyr in WCC and its hybrid progeny (WR) derived from the
cross of WCC (♀) and red crucian carp (Carassius auratus red var., RCC, ♂). The level of TYR protein was significantly
reduced in mutant WCC. Both the mutant WCC and the mutant WR showed different degrees of melanin reduction compared
with the wild-type sibling control fish, resulting from different mutation efficiency ranging from 60% to 90%. In addition, the
transcriptional expression profiles of a series of pivotal pigment synthesis genes, i.e. tyrp1, mitfa, mitfb, dct and sox10, were
down-regulated in tyr-CRISPRWCC, which ultimately caused a reduction in melanin synthesis. These results demonstrated that
tyr plays a key role in melanin synthesis in WCC and WR, and CRISPR-Cas9 is an effective tool for modifying the genome of
economical fish. Furthermore, the tyr-CRISPR models could be valuable in understanding fundamental mechanisms of pigment
formation in non-model fish.
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INTRODUCTION

The white crucian carp (Carassius auratus cuvieri, WCC) is
an important economical fish belonging to Cyprinidae
(genus Carassius) and possesses 100 chromosomes
(2n=100). WCC is characterized by a high body, small head,
short tail, strong reproductive ability, rapid growth rates and
spawn only once a year (Wang et al., 2015). In addition,

WCC represents a good germplasm with which to produce
hybrid progenies with heterosis (Luo et al., 2011). Hy-
bridization, defined as a cross between two genetically dif-
ferentiated strains or species, facilitates the transfer of
genomes between strains or species and gives rise to phe-
notypic and genotypic changes in the resulting progeny
(Chen, 2007; Zhang et al., 2014). This breeding technique is
widely used for the genetic breeding of fish to produce
progeny that exhibit hybrid vigor or positive heterosis
(Bartley et al., 2000). These hybrid progenies usually serve
as a rational model for studying genetics, evolution, devel-
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opment, physiology, nutrition and transgenics (Guo et al.,
2006; Liu et al., 2007; Xu et al., 2015; Yu et al., 2011). In our
previous study (Wang et al., 2015; Liu et al., 2018), we
created a hybrid population (WR) by crossing of WCC (♀)
and red crucian carp (Carassius auratus red var., RCC, ♂).
The morphology and genetic composition of WR exhibited
obvious hybrid traits. In particular, the body color of WRwas
gray in adulthood, which was different from its female par-
ent-WCC (silver) and its male parent-RCC (red) (Wang et
al., 2015).
Gene knockout technique provides a safe and acceptant

way to investigate fish genetics and breeding. Most recently,
a revolutionary site-specific genomic-editing technology
based on the type II prokaryotic CRISPR (clustered regularly
interspaced short palindromic repeats) adaptive immune
system has been developed (Hwang et al., 2013; Li et al.,
2013). The CRISPR-Cas9 system consists of the Cas9 nu-
clease and guide RNA (gRNA); the gRNA is responsible for
DNA-recognizing/binding while the Cas9 endonuclease acts
to cleave DNAs (Chang et al., 2013). In zygotes, the gRNA
and the Cas9 protein can cause site-specifice DNA double-
strand breaks (DSBs) that induce non-homologous end
joining (NHEJ) or homology-directed repair (HDR), result-
ing in indel mutations in target genes (Hwang et al., 2013).
After the initial development of a programmable CRISPR-
Cas9 system, it has been rapidly applied to achieve efficient
genome editing in human cell, zebrafish, mouse, rat, bacteria
and plants (Bikard et al., 2013; Feng et al., 2013; Hwang et
al., 2013; Ma et al., 2013; Shen et al., 2013), and in a range of
fields, including cancer treatment, human genetic disease,
basic research, and animal/agricultural husbandry (Zhen et
al., 2014; Men et al., 2017; Zhong et al., 2016). Moreover,
the CRISPR-Cas9 system allows for mutagenizing multiple
genes in the stem cells or zygotes, and generating bialleic
mutants with clear phenotypes in the F0 generation for
studying gene functions without crossing animals for several
generations (Cong et al., 2013; Jao et al., 2013; Wang et al.,
2013; Yang et al., 2013). However, as yet, there has been no
successful application of this system in WCC and its hybrids.
In order to achieve the application of gene editing tech-

nology in WCC andWR, and evaluate the melanin formation
mechanism of WCC and WR. We employed the CRISPR-
Cas9 system to modify the tyrosinase (TYR) in WCC and
WR. Tyr is a key enzyme in the melanin biosynthetic path-
way and mutations in the tyr gene can result in oculocuta-
neous albinism (OCA) (Oetting and King 1999). Previous
research showed that tyr knockout mice displayed both a
mosaic color and total albinism within 9 d of birth (Zhang et
al., 2016). Bi allelic disruption of tyr zebrafish embryos re-
sulted in mosaic pigmentation patterns, some of which were
almost unpigmented (Jao et al., 2013).
Our present results showed that the skin of tyr-CRISPR

WCC and WR displayed differing degrees of melanin re-

duction in both embryos and the juvenile stage. The tran-
scriptional levels of a series of pivotal genes responsible for
the synthesis of pigment in skin tissue were analyzed by
quantitative polymerase chain reaction (PCR) which de-
monstrated clear down-regulation in tyr-CRISPR WCC.
Taken together, these results demonstrate that the CRISPR-
Cas9 system is an effective genome-editing tool for WCC
and its hybrids for studying genetic and breeding; and the tyr
gene plays an important and same role in the synthesis of
melanin synthesis in WCC and WR.

RESULTS

Body color and electron microscopic analysis of tail fin
among WCC, RCC, and WR

The result of electron microscopic of WCC tail showed that
WCC with much melanin (Figure 1D). The result of electron
microscopic of RCC tail showed that RCC with no melanin
(Figure 1E). The result of electron microscopic of WR tail
showed that WR with less melanin (Figure 1F). In short, the
melanin content in WR body is lower than that in WCC but
higher than that in RCC (Figure 1D–F); therefore, the gray
body color was a hybrid trait (Figure 1C), which was dif-
ferent from its female parent-WCC (silver) (Figure 1A) and
its male parent-RCC (red) (Figure 1B).

Design of the CRISPR-Cas9 target site

We obtained tyr cDNA sequences of WCC and WR by PCR;

Figure 1 Body color and electron microscopic analysis of tail fin among
WCC, RCC, and WR. A, The image of WCC with silver color. B, The
image of RCC with red color. C, The image of WR with gray color. D,
WCC with much melanin. E, RCC with no melanin. F, WR with less
melanin.
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analysis using BioEdit showed that the homology between
these two sequences was 99.57%. The tyr sequences of WCC
and WR were then BLAST searched against the tyr sequence
of zebrafish in order to predict exon-intron structure. A target
site was obtained from the first exon of the tyr gene using the
ZiFiT Targeter website (Figure 2A), which was suitable for
both WCC and WR. In addition, the selected target site was
BLAST searched against the goldfish genome with a re-
ciprocal top BLAST hit for the target regions to minimize
off-target effects. The target site included a 20-bp sequence
and the protospacer-adjacent motif (PAM) sequence.

Mutagenesis detection and efficiency of CRISPR-Cas9 in
WCC and WR

Cas9 mRNA (300 ng μL−1) plus the gRNA (30 ng μL−1) of
tyr gene was co-microinjected into one-cell WCC and WR

embryos using TransferMan NI2 (Eppendorf, Hamburg,
Germany), respectively. Each embryo was injected with 2 nL
of the solution. To generate tyr-CRISPR targeted WCC and
WR, 200 additional embryos were microinjected for each
group. DNA fragments harboring the target site were am-
plified by PCR from the tail fin of 2-month-old mutant WCC
and WR. When compared with the WT, the PCR products of
mutant WCC and WR showed multiple peaks near the PAM
sequence (Figure 2B). Sequences of single clones fromWCC
and WR revealed the deletion or insertion of some bases.
WCC specimens had four mutant types while the WR pos-
sessed three mutant types (Figure 2C). To examine the ef-
ficiency of CRISPR-Cas9-induced mutations, 320 single
clones from eight mutant WCC and eight mutant WR were
sequenced. Data showed that the mutation efficiency was
79.38% (127 out of the 160 clones) for WCC and 78.13%
(126 out of the 160 clones) for WR (Table S1 in Supporting

Figure 2 Disruption of WCC and WR tyr gene by CRISPR-Cas9. CRISPR-Cas9-induced mutagenesis of the tyr gene in WCC and WR. A, Schematic of
the CRISPR target site in the WCC and WR tyr gene. Target sites are marked with green. The PAM sequence is labeled in blue. E: exon. B, PCR products of
mutant WCC and WR showing multiple peaks near to the PAM sequence compared with their WTs, as revealed by the sequencing and analysis of PCR
products. C, Four and three types of mutations in WCC and WR respectively, revealed by single clone sequencing analysis. Deleted bases are shown as green
dashes. Inserted bases are labeled in red.
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Information). These results demonstrated the feasibility of
using CRISPR-Cas9 to edit target genes in hybrid fish.

Melanin diminished in tyr mutant WCC and WR

We selected 30 fishes in each of the injected WCC and WR,
which included 20 mutant WCC (66.67%) and 20 mutant
WR (66.67%). To ensure the accuracy of our experiment, the
mutant WCC, mutant WR, and their respective wild type
siblings, were raised separately in the ponds under the same
conditions. The body color of the mutant WCC, mutant WR,
and their respective control fish were observed at 4 days post
fertilization (dpf) and 120 dpf. The mutant WCC and WR
showed obvious reductions in melanin compared with their
respective WTs, so that some mutant WCC and WR showed
pink (Figures 3 and 4). We selected tyr-CRISPR WCC with
90% mutation efficiency as high-rate subgroup (Figure 5A),
tyr-CRISPR WCC with 80% mutation efficiency as middle-
rate subgroup (Figure 5B), tyr-CRISPR WCC with 60%
mutation efficiency as low-rate subgroup (Figure 5C). The
melanin content of the body was significantly reduced in the
high-rate subgroup compared with that in the middle-rate

subgroup, and in the middle-rate subgroup compared with
that in the low-rate subgroup, showing that its level in the
body exhibits a phenotype-genotype correlation: the higher
the mutation rate (high-rate subgroup), the lower the con-
centration of melanin in the body. The level of TYR was
studied by Western blotting. Protein was extracted from the
skin of 120 dpf WT control WCC, and mutation WCC with
high mutation rate. Results showed that no TYR protein was
detected in the tyr-CRISPR WR compared with that in the
WT controls, implying that CRISPR-Cas9-induced muta-
tions affect the normal expression of TYR protein (Figure 6).
Moreover, we used an electron microscope to observe color
changes in the skin and tail in more detail and to allow
specific comparison between mutant WCC and WT control
WCC. This showed a clear reduction of melanin in the mu-
tant WCC compared with that in the WT control WCC
(Figure 7).

Mutation of tyr caused the down-regulation of pivotal
pigment synthesis genes in mutant WCC

To determine if tyr depletion affected the expression of other
pigment genes (Zhu et al., 2016) in mutant WCC, the tran-
scriptional levels of tyr, tyrp1, dct, mitfa, mitfb and sox10
were analyzed by quantitative PCR. RNAwas extracted from
the skin of 120 dpf WT control WCC and mutant WCC with
a high mutation rate. The expression levels of tyr, tyrp1, dct,
mitfa, mitfb and sox10 in mutant WCC were all significantly
down-regulated compared with WTcontrol WCC (Figure 8).

DISCUSSION

Until now, targeted gene editing has been reported in zeb-
rafish (Hwang et al., 2013), medaka (Chen et al., 2016), rice
field eel (Monopterus albus) (Feng et al., 2017), starlet
(Acipenser ruthenus) (Chen et al., 2018), Nile tilapia (Li et
al., 2014), rainbow trout (Yano et al., 2014), common carp

Figure 3 Disruption of tyrosinase (tyr) by CRISPR-Cas9 generates re-
duced melanin phenotypes in WCC. A–D, WT-WCC with obvious melanin
(A) and tyr-CRISPR WCC with little melanin at 4 dpf (B–D). E–G, WT-
WCC in black (E), tyr-CRISPR WCC with absolute albinism and showed
pink (F), tyr-CRISPR WCC with mosaic melanin at 120 dpf (G).

Figure 4 Disruption of tyrosinase (tyr) by CRISPR-Cas9 generates re-
duced melanin phenotypes in WR. A–D, WT-WR with obvious melanin
(A) and tyr-CRISPRWR with little melanin at 4 dpf (B–D). E–G, WT-WR
in gray (E), tyr-CRISPR WR with absolute albinism and showed pink (F),
tyr-CRISPR WR with mosaic melanin at 120 dpf (G).

Figure 5 Comparisons of the melanin content in different genotypes of
tyr-CRISPRWCC. tyr-CRISPR-A represents high-rate subgroup with 90%
mutation efficiency, tyr-CRISPR-B represents middle-rate subgroup with
80% mutation efficiency, tyr-CRISPR-C represents low-rate subgroup with
60% mutation efficiency. N represents the number of tyr-CRISPR WCC.
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(Chakrapani et al., 2016), channel catfish (Liu et al., 2016),
Chinese tongue sole (Cynoglossus semilaevis) (Cui et al.,
2017), and so on. However, the use of genome editing tools
has been rarely used in WCC and hybrid fish. In this study,
we successfully generated a tyr gene knockout WCC and
WR using the genomic-editing technology CRISPR-Cas9.
And, we observed a change of phenotype in the tyr-CRISPR
WCC and WR compared with that in their WT sibling con-
trols. The successful application of CRISPR-Cas9 in the
WCC and WR opens an exciting range of avenues for fa-
cilitating the study of genetics and breeding in freshwater
fish. Firstly, the technique is applicable for genes that func-
tion in later stages of development, or in adulthood, such as
ageing genes, mature osteoblast genes and circadian clock
genes (Zhong et al., 2016). Furthermore, in order to preserve
the advantages of hybrid fish, heterosis-related genes can be
determined by knockout, such as the growth hormone re-
ceptor (ghr), insulin like growth factor 2 (igf2) and myostatin
(mstn) genes, which are associated with growth and were
previously shown to be differentially expressed in diploid
and allotetraploid hybrids of RCC and common carp (Ren et

al., 2016). Finally, we can also apply the combination of gene
knockout technique and hybridization technique to fish ge-
netic breeding. For example, we can use CRISPR-Cas9
system to knock out muscle suppressor gene mstn in WR, so
that WR possess more advantages.
Color patterns in fish skin play an important role in nu-

merous biological processes, such as camouflage, mate
choice, and the perception of threatening behavior (Kelsh,
2004; Protas and Patel, 2008). However, the method re-
sponsible for skin color formation in fish has been a source of
debate among biologists for some time and may be asso-
ciated with a series of genetic, cellular, environmental and
physiological factors (Aspengren et al., 2009). In the present
study, the body color of WR is a hybrid trait (Figure 1D–F),
which provides a good system for us to study fish skin color.
Thus far, a series of genes have been reported to be involved
in the determination of skin color, such as pro-opiomelano-
cortin (pomc), melanocytestimulating hormone (msh), mi-
crophthalmia-associated transcription factor (mitf), kit
oncogene (kit), and tyr (Hubbard et al., 2010; Kelsh, 2004).
In particular, the tyr gene has been shown to play a key role
in the biosynthesis of melanin (Oetting and King, 1999).
We cloned WCC and WR tyr cDNA sequences and edited

the tyr gene in WCC and WR to investigate the tyr gene
function both in WCC and WR. According to our results
(Figures 3 and 4), the tyr-CRISPR WCC and tyr-CRISPR
WR both showed different degrees of melanin reduction
compared with their WT sibling controls. The finding was
consistent with previous studies in zebrafish and mice (Jao et
al., 2013; Zhang et al., 2016). It suggested that the tyr is a
fairly conservative gene in different species and even in a
new hybrid species; and the hybrid progeny (WR) has the
same regulation mode of melanin with WCC. In addition,
these phenotypes (Figure 5) were similar with previous re-
search describing individuals with OCA1 caused by tyr
mutation; individuals with OCA1A show a complete lack of
pigment through their life, while other individuals with
OCA1B possessed mutations that resulted in residual tyr-
osinase activity, producing a spectrum in the amount of
pigment in the skin, hair, and eyes (Oetting and King, 1999).
So, on the basis of previous study, we provided further ex-
planation for the albinism: both the mutation rates and mu-
tation sites of tyr can influence the activity of tyrosinase, so
that the reduction of melanin.
Finally, we measured the expression of key pigment-re-

lated genes in tyr-CRISPR WCC skin tissue using quantita-
tive PCR. Our results showed that the expression levels of
tyr, tyrp1, dct, mitfa, mitfb and sox10 were significantly
down-regulated (Figure 8), which caused a reduction in
melanin synthesis (Braasch et al., 2009; Li et al., 2012). In
particular, the expression of mitfa, a key regulator for pig-
ment, and the upstream gene for tyr, tyrp1 and dct (Nishi-
mura et al., 2002; Altschmied et al., 2002), was down-

Figure 6 Western blotting analysis of TYR in WT and tyr-CRISPRWCC.
No TYR protein was detected in the tyr-CRISPRWCC with high mutation
rate (left) when compared with the WT control (right).

Figure 7 Electron microscopy observation of the skin and tail fin from
WT and tyr-CRISPR WCC. A, The skin of WT WCC with much melanin.
B, The skin of tyr-CRISPR WCC without melanin. C, The tail fin of WT
WCC full of melanin. D, The tail fin of tyr-CRISPRWCC without melanin.
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regulated in mutant WCC. This finding suggested that less
melanin was synthesized in the tyr-CRISPR WCC may be
caused by the co-action of these key pigment genes, and it
also provided a view that deletion of the tyr gene may in-
fluence the expression of mitf. In the future, we will further
explore the mechanisms of melanin reduction.
In summary, our studies demonstrate that CRISPR-Cas9 is

an effective tool for genetics studies in WCC and its hybrid
fish, which will promote genetic engineering in aquaculture
and is likely to play a significant role in the improvement of
fish quality and economic value. Furthermore, the tyr-
CRISPR models generated herein are of significant value in
understanding the fundamental mechanisms of pigment pat-
terns formation in non-model fish. To our knowledge, this is
the first paper to report the targeted disruption of endogenous
genes in WCC and its hybrids using CRISPR-Cas9.

MATERIALS AND METHODS

Ethics statement

Animal care and experimenters were certified by a profes-
sional training course for laboratory animal practitioners
held by the Institute of Experimental Animals, Hunan Pro-
vince, China.

Gene cloning and sequencing

To isolate WCC and WR tyr cDNA sequences, we designed
primers (Table S2 in Supporting Information) based on the
tyr gene of RCC (accession number: AB334215.1). PCR was
performed using these primers and products were separated
on a 1.2% agarose gel, purified using a Gel Extraction Kit
(Sangon Biotech Co., Ltd., Shanghai, China), ligated into a
pMD18-T vector, and finally transferred into E. coli DH5α.

Positive clones were screened by colony PCR and se-
quenced. Finally, sequences were aligned using BioEdit
(Hall, 1999).

Design of the CRISPR-Cas9 target site

The gRNA for CRISPR-Cas9 was designed using the ZiFiT
Targeter website according to the 5′-GGNNNNNNNN-
NNNNNNNNNNNGG-3′ roles (Hwang et al., 2013). The
first two G were necessary for the T7 RNA polymerase and
the end NGG was the protospacer-adjacent motif (PAM).
The minmal number of nucleotides (N) was 19 bp depending
on the sequence of the tyr gene.

Production of gRNA and Cas9 mRNA

gRNA and Cas9 mRNA were synthesized as described pre-
viously (Hwang et al., 2013). In brief, the DNA template for
gRNA was generated by PCR with a pair of primers (Table
S2 in Supporting Information), and then purified using
phenol and chloroform. gRNA was then in vitro transcribed
using the MAXIscript T7 kit (Ambion, USA) according to
the manufacturer’s protocol. The Cas9 mRNA was then
transcribed using the Xba I-digested vector and the mMES-
SAGE mMACHINE T7 ULTRA kit (Ambion) according to
the manufacturer’s protocol. Both the gRNA and the Cas9-
encoding mRNA were then purified by LiCl precipitation
and re-dissolved in RNase-free water.

Microinjection of WCC and WR embryos

WCC and WR embryos were collected from the State Key
Laboratory of Developmental Biology of Freshwater Fish,
Hunan Normal University, Changsha, China during the re-

Figure 8 Transcriptional expression levels of six pigment genes in tyr-CRISPRWCC and WT. In each panel, different lowercase letters indicate significant
differences (P<0.05).
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productive season (from April to June). The protocol for
crosses was described previously (Wang et al., 2015). A
mixture of Cas9 mRNA (300 ng μL−1) and gRNA
(30 ng μL−1) was injected into embryos 15 min after fertili-
zation. Embryos were allowed to develop in culture dishes at
a water temperature of 19–22°C. Juveniles were housed at an
appropriate density in a 0.067-ha open pool. The pH range of
the water was 7.0–8.5 and the dissolved oxygen range was
5.0–8.0 mg L−1.

Mutagenesis detection assays and efficiency analyses

DNA fragments containing the targeted site was amplified by
PCR with DNAs extracted from the tail fin of 2-month-old
WCC and WR with melanin reduction. First, the PCR pro-
ducts were purified and directly sequenced to reveal the
presence of double peaks or indels. Next, the purified PCR
products were ligated into a pMD18-T vector, and trans-
ferred into E. coli DH5α cells. A single clone was picked up,
amplified by PCR and sequenced to verify mutated se-
quences and determine mutational efficiencies. The mutated
sequences were from single WCC and WR individuals. Five
WCC and five WR were chosen to calculate their respective
mutational efficiency. The primers used for PCR amplifica-
tion with DNAs are listed in Table S2 in Supporting In-
formation.

Total RNA isolation and gene expression levels quanti-
fied with real-time PCR analyses

Total RNAs were extracted from the skin of tyr-CRISPR
mutated WCC with TriZol (Invitrogen, USA) and used for
quantitative PCR (qPCR) analysis. Real-time PCR analysis
was then performed using the Prism 7500 Sequence Detec-
tion System (Ambion) with a miScript SYBR Green PCR kit
(Qiagen, Germany). The amplification conditions were as
follows: 50°C for 5 min and 95°C for 10 min, followed by 40
cycles at 95°C for 15 s and 60°C for 45 s. Real-time qPCR
was performed on biological replicates in triplicate (and
triplicate technical qPCR replicates). All results were nor-
malized to the expression level of the housekeeping gene β-
actin and were determined as a relative expression level
calculated using the 2–ΔΔCt method. Primers for tyr, tyrp1,
mitfa, mitfb, dct and sox10 are listed inTable S2 in Sup-
porting Information.

Western blotting

Protein samples were collected from the skin of 120 dpf
mutated WCC, and wild-type (WT) WCC, using a tissue
total protein extraction kit (Sangon Biotech, Wuhan, China).
In brief, the same amount of protein was isolated by 8%
sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, USA). After blocking, the
PVDF membranes were separately incubated with an anti-
TYR rabbit polyclonal antibody (1:800; BBI life sciences,
Wuhan, China) or mouse-anti-actin antibody (1:4000; Sig-
ma, USA). Then, the membrane was washed and separately
incubated with goat-anti-mouse or goat-anti-rabbit IgG
(1:30000; Sigma, USA). Target proteins were then visualized
with a BCIP/NBTAlkaline Phosphatase Color Development
Kit (Sigma, USA).

Electron microscopic analysis of skin and tail fin

The skin and tail fin of tyr-CRISPR mutated WCC and the
tail of WCC, RCC andWRwere quickly dissected, soaked in
phosphate buffer solution, and directly observed under a
Leica inverted CW4000 microscope and a Leica LCS SP2
confocal imaging system (Leica, Germany).

Statistical analysis

Statistical analyses were performed with the unpaired, two-
tailed Student’s t-test or one-way analysis of variance (AN-
OVA) with the post hoc least significant difference (LSD)
method. All statistical analyses were performed using SPSS
16.0 software and P<0.05 was regarded as a statistically
significant difference.
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SUPPORTING INFORMATION

Table S1 Primer sequences used in the PCR

Table S2 CRISPR-Cas9-induced mutagenesis efficiencies evaluated in WCC and WR

The supporting information is available online at http://life.scichina.com and http://link.springer.com. The supporting
materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content
remains entirely with the authors.
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