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Nile tilapia (Oreochromis niloticus) is an important species in aquaculture and an excellent model fish for studying
teleost color patterns. Colony-stimulating factor 1 receptor a (csflra) is critical for xanthophores development
and body color formation in zebrafish and guppy. In this study, we established csfIra mutant lines with two
different targets by CRISPR/Cas9 in Nile tilapia. Unlike the wild type fish (WT) with vertical bars, the homo-
zygous mutants showed two different color patterns, either uniformly gray (GT) or gray with black tail (BT).
Compared with WT, the mutants had fewer melanophores, a few xanthophores and no erythrophores. Increased
numbers of melanophores were observed in the tail of BT mutants. However, the establishment of early em-
bryonic pigment cell precursors and the appearance of melanophores on the body were independent of csflra. In
contrast, the appearance of xanthophores on the body and the formation of the vertical bar pattern dependent on
the late metamorphic melanophores required csfIra. The deletion of xanthophores and erythrophores caused by
csflra mutation changed the body color pattern of Nile tilapia. These results demonstrated that csflra activity is
essential for the development of erythrophores, late developing xanthophores and late metamorphic melano-
phores. These mutants provided good models for analyzing the genetic basis of tilapia body color pattern for-
mation. Our study may help deepen the understanding of the formation of fish body color pattern, especially for
cichlids with vertical bars. In addition, the mutants might be developed as ornamental fish (BT) or new strains for

aquaculture.

1. Introduction

Unlike endothermic vertebrates that have a single neural crest-
derived pigment cell type, the melanocyte, ectothermic vertebrates
exhibit six classes of pigment cells, melanophores, xanthophores,
erythrophores, iridophores, leucophores and cyanophores, collectively
referred to as chromatophores (Fujii, 2000; Herbomel et al., 2001;
Parichy, 2006; Kelsh et al., 2009; Mills and Patterson, 2009). The
arrangement of these cells generates the pigment pattern in teleosts
(Johnson et al., 1995; Hirata et al., 2003). The model fishes, medaka
(Oryzias latipes) and zebrafish (Danio rerio), have melanophores, xan-
thophores and iridophores (Parichy and Turner, 2003a; Fang et al.,
2018). The black melanophores contain melanin and are the ectotherm

equivalent of melanocytes. The yellow or orange xanthophores contain
carotenoids and pteridines. The iridescent iridophores contain purine
rich reflecting platelets (Skold et al., 2016).

Unlike medaka and zebrafish, cichlids have four pigment cell types,
melanophores, xanthophores, iridophores and erythrophores, and
display a variety of body colors and pigment patterns. Nile tilapia
(Oreochromis niloticus), a cichlid species that is important in aquaculture
(Chen et al., 2018; FAO, 2020), has emerged as a model system for
studies of pigment pattern formation and chromatophore biology (Wang
et al., 2021; Lu et al., 2022). Their body color and low contrast black
bars make them unattractive to consumers in some countries (Hilsdorf
et al., 2002; Zhu et al., 2016). Therefore, it is of great significance to
improve tilapia body color patterns.

Abbreviations: dpf, days post fertilization; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR associated protein 9; WT, wild type;

GT, gray tail mutants; BT, black tail mutants.
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Xanthophores play an important role in the formation of body color
pattern in zebrafish and guppy, Poecilia reticulata (Parichy and Turner,
2003b; Kottler et al., 2013), but little is known about the role of
erythrophores in fish body color pattern formation. Both erythrophores
and xanthophores store carotenoids. In addition, erythrophores function
to produce signals in a variety of fitness-relevant contexts including
mate choice, social competition and species recognition in cichlids (Ahi
et al., 2020).

The body of adult Nile tilapia is composed of 7-9 black vertical bars
separated by light interbars (Wang et al., 2021; Lu et al., 2022). The
vertical bar pattern of Nile tilapia is different from the horizontal stripe
pattern of zebrafish. The black stripes of zebrafish are mainly composed
of melanophores, and the bright interstripes are mainly composed of
xanthophores. There is an obvious boundary between black stripes and
interstripes, as well as between melanophores and xanthophores (Pari-
chy and Turner, 2003a). Several lines of evidence indicate the stripes
form in part due to interactions between melanophores and xantho-
phores (Parichy et al., 2000a; Maderspacher and Niisslein-Volhard,
2003). In addition, by comparing the composition and development of
stripes, bars and spots in two cichlid species, it is shown that stripes
develop by differentiation of melanophores along horizontal myosepta,
while bars do not develop along obvious anatomical boundaries and
increase in number in relation with body size. Therefore, it is proposed
that metamorphic melanophore differentiation and migratory arrest
upon arrival to the skin lead to stripe formation, while bar formation
must be supported by extensive migration of undifferentiated melano-
phores in the skin (Hendrick et al., 2019). However, it is unclear whether
the formation of a vertical bar pattern in Nile tilapia involves the same
mechanism. In addition, it is unclear whether xanthophores and eryth-
rophores also play important roles in the formation of vertical bars.

The number of genes which are known to affect carotenoid- and
pteridine-based pigment cells in vertebrates is rather small, especially
those related to erythrophores. In zebrafish, csflra, a tyrosine kinase
receptor and a key regulator of macrophage lineage cells, has also been
found to be expressed in neural crest progenitors and plays an important
role in xanthophore development and color pattern formation (Parichy
et al., 2000a; Parichy and Turner, 2003a; Salzburger et al., 2007; Tri-
pathy et al., 2019). Csflra is essential for xanthophore development in
guppy, as mutation of csflra is responsible for the blue mutant, in which
the skin lacks orange pigmentation (Kottler et al., 2013). Comparative
studies suggest some functional diversification of csf1ra even within the
same genus (Parichy, 2006; Kottler et al., 2013). However, the function
of csflra is less well understood in other teleost species, especially in
cichlids, which are rich in erythrophores and xanthophores and shows
gorgeous and diverse body colors. Moreover, little is known about the
genes affecting erythrophore development, because there are no eryth-
rophores in model organisms such as zebrafish and medaka.

Studies in zebrafish showed that there are two different types of
melanophores, early- and late-appearing metamorphic melanophores,
which are regulated by two tyrosine kinase receptor genes, kit and
colony-stimulating factor 1 receptor a, csflra, respectively (Parichy
et al., 1999, 2000a, 2000b; Parichy and Turner, 2003b; Lang et al.,
2009). These two types of melanophores play key roles during the
establishment of the adult zebrafish pigment pattern (Parichy et al.,
1999, 2000a, 2000b; Parichy and Turner, 2003b). Studies in guppy have
also shown that two temporally and genetically distinct melanophore
populations contribute to the adult pattern formation: one early
appearing and kit-dependent and the other late-developing and kit-in-
dependent (Kottler et al., 2013). However, it is unclear whether these
same two types of melanophores exist in other teleosts, and whether the
late-appearing melanophores are dependent on csflra.

In this study, we generated csfIra homozygous mutant lines with two
different target sites using the CRISPR/Cas9 technology and obtained
two different body color patterns, gray tail (GT) and black tail (BT) from
one target site, and only GT from the other target site in Nile tilapia. We
analyzed the phenotype of GT and BT mutants and demonstrated that
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csflra is crucial for the late-appearing melanophores, vertical bar for-
mation and development of xanthophores and erythrophores.

2. Materials and methods
2.1. Animals

The Nile tilapia in our laboratory was first introduced from Japan
(Prof. Nagahama’s lab, National Institute for Basic Biology), expanded
by multi-generation propagation and established a stable strain. Fish
were raised in recirculating aerated freshwater tanks at 26 °C under a
natural photoperiod. Fertilized eggs were obtained by artificial fertil-
ization and incubated in an artificial incubation system in re-circulating
water at 26 °C to obtain fry. Animal experiments were conducted in
accordance with the regulations of the Guide for Care and Use of Lab-
oratory Animals and were approved by the Committee of Laboratory
Animal Experimentation at Southwest University.

2.2. Establishment of csflra mutant line in Nile tilapia

Two target sites in the 3rd (target 1) and 2nd (target 2) exon of csflra
were selected to establish the homozygous mutant line. The csflra
chimera (FO) of each target was generated by CRISPR/Cas9, as described
previously in Nile tilapia (Wang et al., 2021). Briefly, gRNA and Cas9
mRNA were co-injected into one-cell stage embryos at a concentration of
150 ng/pl and 500 ng/pl, respectively. Twenty embryos were collected
72 h after injection. Genomic DNA was extracted from pooled control
and injected embryos and used for the mutation assays. DNA fragments
(365 bp) spanning the target 1 were amplified using the primers
csflra-F1 GGTGGTAGTGAAGGAGGGTGAG and csfIra-R1 CAGAGACA-
GAAGCAGCCAGTGA. DNA fragments (378 bp) spanning the target 2
were amplified wusing the primers csflra-F2 TGGAGCCAA-
GAGTCTTCAATCT and csflra-R2 TGTAGCGTCTGTGTTTGGGTAG. The
mutated sequences were analyzed by restriction enzyme digestion and
Sanger sequencing. The csfIra heterozygous XX, XY offspring were ob-
tained by mating a chimeric XY male with wild type (WT) XX females
and mutated sequences were confirmed by Sanger sequencing. The
siblings of heterozygous mutants carrying the same mutation were
mated to generate homozygous mutants. Each PCR mixture contained
15 pl 2 x Taq MasterMix (Vazyme Biotech, Nanjing, China), 0.5 pl each
specific primer (10 pM), 1 pl DNA (100 ng), and 13 pl double distilled
water (DDW), for a total volume of 30 pl. The PCR cycling conditions
were: one cycle at 95 °C for 3 min; 32 cycles at 95 °C for 30 s, 60 °C for
30 s, and 72 °C for 30 s for both target sites; one cycle of 72 °C for 10
min. In addition, the desired band (the uncleaved band) was extracted
from a 1.8% agarose gel using a Gel Extraction Kit (BIOER technology,
Hangzhou, China) and sub-cloned into pMD19-T vector (Takara, Dalian,
China), according to the manufacturer’s instructions. The positive
clones were isolated with M13 forward and reverse primers synthesized
by BGI (Beijing, China) and then sent to BGI (Beijing, China) for
sequencing. The resulting sequences were precisely aligned using
Lasergene software suite (DNAStar, Inc. Madison, WI, USA).

2.3. DNA extraction

Genomic DNA samples were obtained from embryos or tail fin clips.
DNA was isolated by phenol/chloroform extraction following proteinase
(Sigma, Germany) digestion, as previously described (Sambrook et al.,
1989). After two phenol-chloroform, and one chloroform extraction,
DNA was precipitated with one volume of isopropanol. DNA was
collected by centrifugation at 4 °C, washed with 70% ethanol, then
washed with absolute ethanol, dried, and dissolved in DDW. The quality
and concentration of DNA were then assessed by agarose gel electro-
phoresis, and measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). Finally, the DNA was
diluted to a concentration of 100 ng/pl, and stored at — 20 °C for future
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use.

2.4. Genetic analysis of GT and BT

GT and BT mutants were raised to 240 days post fertilization (dpf) for
mating experiment. Three females and one male were put into an in-
dependent breeding pool (1.5 m x 2 m) and fed three times a day. There
were four groups: BT female x GT male, GT female x BT male, BT female
x BT male and GT female x GT male, with three repetitions in each
group. The fry were removed from the breeding pool every 14 days, and
each batch of fry was raised separately. At 90 dpf, the numbers of GT or
BT phenotype in each batch of offspring was recorded.

2.5. Phenotype analysis and image capture

GT and BT individuals used for phenotype analysis were derived
from the offspring of GT x GT mating and BT x BT mating, respectively,
since these two crosses produced all GT and BT offspring. Fish at 4, 6, 10,
40, 90, 240 dpf were sampled for phenotype analysis. Wild type fish as
the same stages were used as control. For imaging of live specimens,
individuals with the same development period and similar body shape
were selected and anesthetized with Tricaine (Sigma-Aldrich, Shanghai,

A
Birgl

Target 1 CCGCGGCATTCTCATCCACAGCC

ATG TGA
—E1 4~E2 4 E3 —E20——-E21 —
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China) at a concentration of 4.5 mg/mL. Then, L-Adrenaline treatment
(Sigma-Aldrich, Shanghai, China) was carried out at a concentration of
4.5 mg/mL to shrink the pigment cells. (Hendrick et al., 2019). To
calculate the number of melanophores and xanthophores, Leica M165FC
stereomicroscope was used to image WT, GT, BT at 4, 6, 10, 40 dpf. The
skin and tail fin of 90 dpf and adult fish (240 dpf) were also imaged by
this stereomicroscope. Three months old fish and adult fish images were
taken with a Canon SLR camera 700D (Canon, Taiwan). The number of
melanophores in the unilateral body surface (including the yolk sac) was
calculated using 6 fish for each strain at 4 dpf and 6 dpf. The number of
melanophores and xanthophores in the skin and tail fin were calculated
using 6 fish for each strain at 40 dpf, 90 dpf and 240 dpf. Chromatophore
density averages were obtained from regions representative of each
pattern in WT, GT or BT (n = 6). Image processing was performed in
Adobe Photoshop (CC2019).

2.6. Statistical analysis

Data are expressed as mean + SD. Significant differences in the data
among groups were tested either by two-way ANOVA followed by
Sidak’s multiple comparisons test or by one-way ANOVA followed by
Tukey test. P < 0.05 was considered to be statistically significant. All
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Fig. 1. Establishment of csflra mutant lines by CRISPR/Cas9 in Nile tilapia. Gene structures of csflra showing two target sites and restriction site of Btgl in
target 1 and BbvCI in target 2 (A). The indels in FO mutants were confirmed by two assays, restriction enzyme digestion (B) and Sanger sequencing (C). The Cas9
mRNA and gRNA were added as indicated. Sanger sequencing results from the uncleaved band were listed. Deletions are marked by dashes, and the PAM is marked in
light orange. The number (-) on the right side of the sequence indicates the bases loss of each allele. Schematic diagram showing the breeding plans of two targets
from FO to F2 fish (D). Successful establishment of the homozygous mutant lines (— 8 bp) of target 1 and (— 5 bp) of target 2 was confirmed by Sanger sequencing

(E). M, DNA Marker DL2000.
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analyzes were performed using GraphPad Prism Version 8.0.1 (Graph-
Pad Software Inc, San Diego, CA, USA).

3. Results
3.1. Generation of csflra mutants by CRISPR/Cas9

The CRISPR/Cas9 gene editing method was used to create csflra
homozygous mutants in Nile tilapia as reported previously by our group
(Wang et al., 2021; Lu et al., 2022). We designed a target (target 1) on
the third exon of csflra and established a homozygous mutant line.
However, when homozygotes grew to 90 dpf, we observed two different
body color pattern phenotypes, either uniformly gray (GT) or gray body
with black tail (BT), although they had the same base deletion at the
target site 1. In order to be sure these phenotypes of GT and BT were
produced due to csfIra mutation, we designed a second target (target 2)
on the second exon of csflra and established the homozygous mutant
line. However, only GT phenotype was observed in the homozygous
mutants of target 2. The breeding plan for establishment of mutant lines
homozygous for each target is shown in Fig. 1. Sequences containing Btgl
restriction site (target 1) and BbvClI restriction site (target 2) adjacent to
proto-spacer adjacent motif (PAM) of csfIra gene of Nile tilapia were
selected as target sites (Fig. 1A). The guide RNA and CRISPR/Cas9 RNA
were injected into one cell stage embryos obtained by crossing male and
female. Genomic DNA from 20 pooled injected embryos of target 1 and
target 2 were extracted and used as template for PCR amplification and
mutation assays, respectively. The amplified products of target 1 and
target 2 were completely digested by restriction enzyme to produce
232 bp, 133 bp and 280 bp, 98 bp fragments, respectively, while intact
DNA fragments of approximately 365 bp of target 1 and approximately
378 bp of target 2 were observed in embryos injected with both Cas9
mRNA and target guide RNA (Fig. 1B). Representative Sanger
sequencing results from the uncleaved bands are listed, which confirmed
in-frame-shift or frame-shift deletions induced at the target sites
(Fig. 1C). The XX, XY csflra heterozygous mutants (F1) were obtained
by mating the chimera male with WT female. The allele of 8 bp deletion
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of target 1 and the allele of 5 bp deletion of target 2 in F1 offspring were
selected to breed the F2 generation (Fig. 1D). Due to the obvious body
color difference, the csfIra™/~ individuals were easily distinguished in
F2 population, and then confirmed by Sanger sequencing (Fig. 1E).

3.2. Melanophores significantly reduced in csflra homozygous mutants
during larval stages

In order to understand how the pigment pattern develops in csflra
homozygous mutants, images of wild type (WT), black tail (BT) and gray
tail (GT) individuals were taken during larval stages. Melanophores
were the first chromatophores to appear, on the yolk sac at about
27-30 h post fertilization (Fujimura and Okada, 2007; Wang et al.,
2021). In the present study, we also observed the appearance of mela-
nophores in WT, BT and GT at the same stage. Compared with WT, both
GT and BT showed no significant difference in melanophore numbers on
the body at 4 dpf, but they had significantly fewer melanophores at 6 dpf
(Fig. 2A-F; Fig. 3). The difference increased further and could be
distinguished by the naked eye at 10 dpf (Fig. 2G-L). This difference was
because the increase in the number of melanophores in GT and BT was
lower than that in WT, rather than a higher rate of melanophore
apoptosis in GT and BT, since the total number of melanophores in WT,
GT and BT all increased significantly from 4 to 6 dpf (Fig. 3). At 6 dpf
and 10 dpf, we detected the appearance of light colored xanthophores,
both on the head and trunk of WT individuals (Fig. 2D, G), but only on
the head of both GT (Fig. 2E, H) and BT (Fig. 2F, I) mutants.

3.3. No bars, no erythrophores and only a few xanthophores in csflra
mutants at 40 and 90 dpf

Melanophores, xanthophores and iridophores were observed in both
bars and interbars in WT at 40 dpf, indicating that they were composed
of the same pigment cell types (Fig. 4A, D). Significant differences were
observed for melanophore density, with densities higher in the bars than
in the interbars, while no such differences were observed for xantho-
phore density (Fig. 4A, D, R). In addition, significant differences were

(GT)

csflra-/- (BT)

| 6dpf | 4dpf

10 dpf

Fig. 2. Comparative analysis of melanophores and xanthophores in the body surface (including the yolk sac) of WT and csflra mutants from 4 to 10 dpf.
Melanophore and xanthophore numbers increased with the development of WT and csflra homozygous mutants from 4 to 10 dpf. At 4 dpf, there were no xan-
thophores and no differences in morphology or number of melanophores were observed in WT (A), GT (B) and BT (C). At 6 dpf, the light colored xanthophores
appeared both on the head (green box of D) and trunk (red box of D) of WT individuals (D), while only a few xanthophores appeared on the head in both csflra
mutants GT (E) and BT (F). At 10 dpf, more xanthophores appeared on the head of WT (G), GT (H) and BT (I). The number of melanophores in GT (H, K) and BT (I, L)
are significantly less than that in WT (G, J). Pictures in the lower right are higher magnifications of the green box and red box area. Red arrow heads indicate
xanthophores. dpf, days post fertilization; WT, wild type fish; GT, gray tail phenotype appears after 90 dpf; BT, black tail phenotype appears after 90 dpf; scale bar in

A-L, 1 mm.
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Fig. 3. Statistical analysis of melanophore number in unilateral body
surface (including yolk sac) of WT and csflra mutants at 4 and 6 dpf. The
melanophores increased significantly with development in WT, GT and BT.
There were no significant differences in melanophore numbers in WT, GT and
BT at 4 dpf, and significant increasing of melanophores were observed at 6 dpf
in WT, GT and BT. Significantly higher melanophore numbers were observed in
WT than those in GT and BT which displayed no significant difference between
themselves. Data are presented as mean + SD (n = 6 each). Different letters
above the error bar indicate significant differences at p < 0.05, as determined
by two-way ANOVA followed by Sidak’s multiple comparisons test. dpf, days
post fertilization; WT, wild type fish; GT, gray tail phenotype appears after 90
dpf; BT, black tail phenotype appears after 90 dpf.

also observed in the density of melanophores and xanthophores between
dorsal and ventral areas bounded by the horizontal myosepta (Fig. 4A,
D, Q), with densities in the dorsal areas higher than the ventral (Fig. 4A,
D, F, I, K, N). Unlike the WT (Fig. 4A, D; Fig. S1), no pattern of bars and
interbars was observed for BT and GT mutants. A few xanthophores were
restricted to the top of the head, and almost no xanthophores were
observed on the trunk and tail fin (Fig. 4F, I, K, N; Fig. S1). Melanophore
numbers were significantly reduced in BT and GT mutants compared
with WT (Fig. 4C, E, H, J, M, O, P, S; Fig. S1). The melanophores were
evenly distributed in BT and GT mutants (Fig. 41, N, R). The highest
density of melanophores was observed in the dorsal bar, followed by the
ventral bar, the dorsal interbar in WT, the dorsal skin of GT and BT, and
then the ventral interbar in WT, the ventral skin of GT and BT (Fig. 4D, I,
N, R). No erythrophores were observed in WT, BT and GT at 40 dpf
(Fig. 4). The erythrophores appeared on the head, ventral skin, dorsal
fin, anal fin and tail fin in WT around 50 dpf and were maintained into
adult stages (Wang et al., 2021).

The phenotypic differences between BT and GT appeared at around
90 dpf (Fig. 5A-C). Different from the body color pattern of WT with
bars and interbars (Fig. 5A), the body color of GT was uniform gray
(Fig. 5B). Most of the trunk of BT was the same gray as GT, but the tail
(including the peduncle, posterior dorsal fin, anal fin and tail fin)
became light black with increased melanophores at 90 dpf (Fig. 5C, D).
In WT, there were almost no erythrophores in bar and interbar of trunk
surface but many erythrophores were observed on the ventral skin and
tail fin, while no erythrophores were observed on the ventral skin and
tail fin in GT and BT (Fig. 5A-C).

3.4. Adult pigment pattern of WT, BT and GT

At least four types chromatophores (melanophores, xanthophores,
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iridophores and erythrophores) were observed in adult WT (Fig. 6A, D),
as described previously (Wang et al., 2021; Lu et al., 2022). The body of
WT is composed of 7-9 dark vertical bars and light interbars (Fig. 6A).
Similarly, dark or light bars were also formed on the tail fin of WT
(Fig. 6A, D). However, no bars or interbars were observed on the body
trunk or tail fin in GT and BT mutants (Fig. 6B, C). The whole trunk and
all fins of GT are uniformly gray, so the phenotype is defined as gray tail
"GT" (Fig. 6B). The trunk anterior to the caudal peduncle, pectoral fin,
ventral fin, most dorsal fin and part of anal fin of BT (Fig. 6C) displayed
the same uniform gray color as GT (Fig. 6B), while the dorsal fin end,
anal fin, entire caudal peduncle and tail fin became dark black (Fig. 6C),
and therefore, the phenotype is defined as black tail “BT”. More xan-
thophores and erythrophores were observed in the bars than in the
interbars of tail fins in WT (Fig. 6D), but not in GT (Fig. 6E) and BT
(Fig. 6F) which displayed an absence of both types of pigment cells. The
highest density of melanophores was observed on the caudal peduncle in
BT (Fig. 6C), followed by bar in WT (Fig. 6A), and then interbar in WT
(Fig. 6A), caudal peduncle in WT (Fig. 6A), pseudo bar (PB) in GT
(Fig. 6B), caudal peduncle in GT (Fig. 6B), pseudo bar in BT (Fig. 6C),
and there was no significant difference among the latter five (Fig. 6A-C,
G). In addition, the density of melanophores on BT tail fin (Fig. 6F) was
significantly higher than that on the bars of the tail fin in WT (Fig. 6D),
and the tail fin of GT (Fig. 6E) was significantly higher than on the
interbar of tail fin in WT (Fig. 6D, H).

3.5. Crosses and offspring statistics in different GT and BT combinations

To determine which phenotype is dominant, crosses were performed
using GT and BT male and female fish in different combinations and
repeated three times. The phenotype identification of GT and BT for the
offspring was performed at 90 dpf for statistics (Fig. 7). Crosses of BT
female and GT male produced BT:GT = 4:184 (1:45, 1:68, 2:71)
(Fig. 7A). Crosses of GT female and BT male produced BT:GT = 2:254
(1:95, 0:82, 1:77) (Fig. 7B). Crosses of BT female with BT male produced
BT:GT = 171:3 (64:1, 49:1; 58:1) (Fig. 7C). Crosses of GT female and GT
male produced BT:GT = 0:179 (89, 54, 36) (Fig. 7D). Taken together,
these results indicated that probably GT is dominant to BT. However,
another generation (F2) is needed to determine whether it is controlled
by one locus with a simple Mendelian inheritance.

4. Discussion

For more than a century, a large number of studies on pigment
pattern mutants have identified many loci required for pigment cell
development and pattern formation (Bennett and Lamoreux, 2003).
Many mutants have obvious phenotypes limited to the pigment cells
themselves, often reflecting defects in pigment synthesis and pigment
cell development. However, some mutants exhibit pleiotropic defects in
other neural crest derivatives or other organ systems (Zsebo et al., 1990;
Besmer et al., 1993; Parichy et al., 2000a, 2000b; Parichy and Turner,
2003a, 2003b; Lang et al., 2009). In this study, we demonstrated that
csflra plays an important role in the development of xanthophores,
erythrophores and melanophores and is essential for the formation of
body color pattern in Nile tilapia.

4.1. Melanophores with different temporal and spatial distribution were
observed in Nile tilapia

As mentioned above, there are two types of melanophores in
zebrafish. The early metamorphic melanophores require kit for their
development, while the late metamorphic melanophores depend on
csflra. Both play key roles during the establishment of the adult
zebrafish pigment pattern (Parichy et al., 1999, 2000a, 2000b; Parichy
and Turner, 2003b). Different from zebrafish, based on the observations
of wild type fish and mutants, we speculate that Nile tilapia may have
three types of melanophores regulated by different signals, and they
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Fig. 4. Phenotype/color pattern of WT, GT and BT at 40 dpf. The WT, with obvious vertical bars, looked obviously darker than the mutant fish, while the mutant
fish had no bars, and there was no significant difference in body color between GT and BT mutants (A, F, K). Both bars and interbars were composed of melanophores,
xanthophores and iridophores in WT at 40 dpf (A, D), and more melanophores and xanthophores were observed in the dorsal skin than the ventral skin (D). More
melanophores were observed in bars than interbars (D). At high magnification, there were obvious xanthophores in the head of both WT and mutants, but the WT had
significantly more xanthophores than the mutants, and the yellow color was deeper (B, G, L). There were also a large number of xanthophores in the body of the WT
(C, D), but there were almost no xanthophores in the body skin of mutants (H, I, M, N). The melanophores and xanthophores in the back of WT were obviously more
than those in the abdomen, and the melanophores in the bars were obviously more than those in the interbars (D). The melanophores in the back of mutants were also
significantly more than those in the abdomen (I, N). Consistently, the statistical analysis of C, H and M regions showed that the number of melanophores of the WT
were significantly higher than those of the mutants (P). The statistical analysis of D, I and N regions showed that the number of melanophores in the bars was
significantly higher than that in the interbars. There was no significant difference in xanthophore numbers, both at the dorsal and ventral side, between the bars and
the interbars (Q), and the number of melanophores and xanthophores at the dorsal side was significantly higher than those at the ventral side (R). The number of
melanophores in the mutants was significantly lower than that in the WT, and the number of melanophores in the dorsal side was also higher than that at the ventral
side (R). Similarly, the statistics of E, J and O regions showed that the number of melanophores in the peduncle of WT was also significantly higher than that of
mutants (S). The picture framed with different colored lines under each fish (B-E, G-J, L-O) corresponds to the area surrounded by small boxes of the same color in A,
F and K, respectively. P shows the melanophore density of C, H and M. Q shows the xanthophore density of D. R shows the melanophore density of D, I and N. S shows
the melanophore density of E, J and O. Data are presented as mean + SD (n = 6 each). Different letters above the error bar indicate significant differences at
p < 0.05, as determined by one-way ANOVA followed by Tukey test. dpf, days post fertilization; WT, wild type fish; GT, gray tail phenotype appears after 90 dpf; BT,
black tail phenotype appears after 90 dpf; D, dorsum; V, ventral; B, bar; I, interbar; scale bar in A-O, 1 mm.

have different temporal and spatial distribution: One type of melano-

differentiated, and not migrating in from the gray area, as no differences
phores was appeared from embryo to early larval stage (6 dpf), which is

in melanophore density were observed in gray area between the GT and

independent of csflra signal. The second type of melanophores devel-
oped from late larval stage and depended on the csflra signal, is crucial
for the formation of bar pattern in tilapia. The third type of melano-
phores was appeared on the tail of BT after 90 dpf, but the gene
responsible for this phenotype is still unclear. Of course, more evidences
of different cellular function or structure are needed to prove whether
they are different type or sub-type of melanophores. Our data demon-
strated that the melanophores on the tail of BT were newly

BT. The first two types of melanophores are crucial for the formation of
body color patterns in late larval stage, juvenile stage and adult stage of
Nile tilapia. However, the switch of the emergence of the third mela-
nophore in BT remains unclear.
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Fig. 5. Formation of body color pattern in WT, GT and BT at 90 dpf.
Different from the body color pattern of WT (A), with bars and interbars, the
body color of GT (B) and BT is uniformly gray, excepted that the peduncle and
tail of the BT is black (C) due to increased melanophores at 90 dpf. A large
number of erythrophores were observed on the ventral skin and tail fin of WT
(green box and red box in A), while no erythrophores were observed in skin and
tail fin of GT and BT. D shows statistical analysis of the melanophore density of
red box in A-C. Data are presented as mean + SD (n = 6 each). Different letters
above the error bar indicate significant differences at p < 0.05, as determined
by one-way ANOVA followed by Tukey test. dpf, days post fertilization; WT,
wild type fish; GT, gray tail mutants; BT, black tail mutants; scale bar in
A-C, 1 cm.

4.2. There may be two types of xanthophores regulated by different
signals in Nile tilapia

The csflra promotes the migration of the xanthophore precursors
from the neural crest and is essential for development of early larval and
adult xanthophores in zebrafish (Parichy et al., 2000b). In c¢sflra mutant
zebrafish, all xanthophores fail to develop (Parichy and Turner, 2003a,
2003b). However, in Nile tilapia, even in the homozygous mutants of
csflra, some xanthophores still appeared on the head at about 6 dpf. The
number and time of appearance of these xanthophores was not signifi-
cantly different between the mutants and WT. Compared with WT, few
xanthophores were observed on the trunk or fins in mutants, because the
development of these xanthophores requires csflra activity (a very small
number of xanthophores independent of csflra activity occasionally
appeared in some mutants). These findings suggest that there may be
two types of xanthophores in Nile tilapia. One starts to develop on the
head in the early stage of larvae, persists into the adult stage, and is
independent of csflra signal. The other develops in the late larval stage,
participates in the formation of the bar pattern, and requires csf1ra ac-
tivity. Therefore, csflra is required for recruitment of pigment cell
precursors to the fate of xanthophore from the late larval stage to the
adult stage, but is not required for establishing a population of precursor
cells during embryogenesis and early larval stage in Nile tilapia.

4.3. The development of xanthophores and erythrophores were csflra
dependent in Nile tilapia

Cells characterized by high concentrations of carotenoids and pter-
idines are known as xanthophores or erythrophores (Ban et al., 2005;
Chen et al., 2014, 2015). Several genes are known to affect carotenoid-
and pteridine-based color diversity and development of xanthophores
and erythrophores. For example, BCO2 encodes a carotenoid-cleavage
enzyme which is associated with yellow or white skin and plumage
color polymorphism in domestic chicken (Eriksson et al., 2008), wood
warblers (Toews et al., 2016) and an East African cichlid fish, Tropheus
duboisi (Ahi et al., 2020); CYP2J19 encodes a ketolase that catalyzes the
metabolic conversion of dietary yellow carotenoids into red ketocar-
otenoids in birds and turtles (Twyman et al., 2016; Mundy et al., 2016;
Lopes et al., 2016; Ahi et al., 2020); SCARBI encodes a high-density
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lipoprotein receptor that mediates the cellular uptake of carotenoids
and was found to be responsible for the presence/absence of carotenoid
plumage coloration in canary breeds (Toomey et al., 2017) and the body
color of Oujiang color common carp, Cyprinus carpio var. color (Du et al.,
2021). As described above, csf1ra was found to play an important role in
the development and maintenance of xanthophores in zebrafish and
guppy (Parichy and Turner, 2003b; Kottler et al., 2013). Tilapia have
both xanthophores and erythrophores, while zebrafish and medaka have
no erythrophores. Consistent with zebrafish and guppy, in this study, we
demonstrated that csflra was necessary for the development of late
metamorphic xanthophores. In addition, we demonstrated for the first
time that csflra plays a key role in the development of erythrophores in
Nile tilapia. In WT, erythrophores were mainly distributed in the head,
ventral skin, anal fin and tail fin, but not in the vertical bar and interbar
on the trunk surface. The number of erythrophores on the bar was more
than that on interbar on tail fin. However, in c¢sfIra mutants, no eryth-
rophores, xanthophores, bars and interbars were observed on the tail fin.
Therefore, we speculate that erythrophores play an important role in the
formation of the bar and interbar in the tail fin, but not the bar and
interbar pattern on the trunk.

4.4. The formation of vertical bars required the late metamorphic
melanophores dependent on csflra signal

The results of this study showed that csflra is not necessary to
establish precursor cell populations during embryogenesis but is
required for recruiting pigment cell precursors to a xanthophore and
melanophore fate, with concomitant effects on chromatophore organi-
zation and formation of the bar pattern in Nile tilapia. These results are
similar to those in zebrafish (Parichy and Turner, 2003a, 2003b). The
black bars and light interbars of tilapia are both mainly composed of
melanophores and xanthophores. Further, no significant differences in
composition of pigment cell types and density of xanthophores
(csf1ra-dependent) were observed between bar and interbar in wild-type
individuals, and there was no obvious boundary between melanophores
and xanthophores. Therefore, the distribution and density of xantho-
phores were probably not the cause of the formation of the bar and
interbar. Rather, the existence of csfIra dependent xanthophores and
late-appearing metamorphic melanophores was essential for adult ver-
tical bar pattern formation in Nile tilapia. But there was no direct evi-
dence showing that melanophores interact with csflra-dependent
xanthophores to form the adult bar pattern in Nile tilapia.

4.5. The BT phenotype probably resulted from cryptic polymorphism at
another locus

In order to determine whether both GT and BT phenotypes were
produced by csflra mutation, we designed a new target (target 2) on the
second exon of csflra and established a homozygous mutant line.
However, only GT was observed in the homozygous mutants of target 2.
This showed that GT was indeed caused by the functional defect of csf1ra
gene, while BT probably not. The mating experiment showed that the
offspring from GT female and BT male and BT female and GT male were
almost all GT, the offspring from GT female and GT male were all GT,
while the offspring from BT female and BT male were almost all BT. A
very small amount of BT appeared in the offspring from GT and BT, and
a very small amount of GT from BT and BT, which may be caused by
manual identification error or escape during breeding as some BT dis-
played none typical features. On this premise, GT is dominant for BT,
since all the offspring of GT mating with BT were GT. As only 20% (3/
15) of the homozygous mutants (F2) obtained by sibling cross of F1
heterozygous mutants displayed BT phenotype, we speculated that this
may be caused by either off-target effect or cryptic variation. By blasting
the sequence of target 1 against the genome sequence of Nile tilapia, we
found potential off-target sequences (POTS) highly similar to the target
1 sequences. Primer pairs spanning the POTS were designed to amplify
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Fig. 6. Adult body color pattern of WT, GT and BT. (A-C) Body color of adult WT, GT and BT. Vertical bars were observed obviously on the trunk and tail fin of
WT (A), while almost uniform gray body color pattern, with no vertical bars, was observed in GT and BT, except that the peduncle and tail of the BT is dark black (C)
due to further aggravated melanophores. (D-F) Higher magnification of green box in A-C. Many xanthophores (blue box in D) and erythrophores (white box in D)
were observed in the tail fin of WT (A, D), while few xanthophores and erythrophores were observed in GT (B, E) and BT (C, F). (G-H) Statistical analysis of the
density of melanophores in WT, GT and BT (box area in A-C). The highest density of melanophores was observed on caudal peduncle (CP) (red box) of BT, followed
by bar area (blue box) of WT, and then interbar area (white box) of WT, caudal peduncle area (red box) of WT, pseudo bar (PB) area (blue box) of GT, caudal
peduncle area (red box) of GT, pseudo bar area (blue box) of BT, and there was no significant difference among the latter five (G). For the tail fin, the highest density
of melanophores was observed on BT-TF, followed by WT-TF-B, the GT-TF and then by WT-TF-I (H). The bars in different color (blue, white, red, green) in G and H
correspond to the same color boxed areas in A-C, respectively. Blue arrows indicate melanophores in D-F. Data are presented as mean + SD (n = 6 each). Different
letters above the error bar indicate significant differences at p < 0.05, as determined by one-way ANOVA followed by Tukey test. dpf, days post fertilization; WT,
wild type fish; GT, gray tail mutants; BT, black tail mutants; B, bar; I, interbar; TF, tail fin; PB, pseudo bar; CP, caudal peduncle; scale bar in A-C, 1 cm; scale bar in
D-F, 1 mm.

the POTS by PCR using BT and WT genomic DNA as templates for Sanger
sequencing. The results showed that no mutation was detected in any
POTS, thereby excluding any off-target effect for BT phenotype. There-
fore, we believe that BT may be caused by a pre-existing allele, and the
csflra mutation probably revealed cryptic polymorphism at another
locus. Crosses between target 1 (exon 3) and target 2 (exon 2) mutants
are on the way to determine whether BT is linked to csfIra or not. BT is a
unique phenotype has never been observed in WT fishes and never ob-
tained by gene editing before.

5. Conclusions

In this study, we established two mutant lines with different target
loci of csflra gene in Nile tilapia and found that csflra activity is

essential for the development of erythrophores, late developing xan-
thophores and late metamorphic melanophores. However, the estab-
lishment of early embryonic pigment cell precursors and the appearance
of melanophores on the body in the late stage are independent of csf1ra.
In contrast, the formation of vertical bar pattern requires the late
metamorphic melanophores and the xanthophores dependent on csflra
signal. The csflIra mutants are important animal models for dissecting
xanthophore and erythrophore function. Our study may help deepen the
understanding of the formation of fish body color pattern, especially for
cichlids with vertical bars. In addition, the mutants might be developed
as ornamental fish (BT) or new strains for aquaculture.
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Fig. 7. Crosses and offspring statistics in
different GT and BT combinations. Crosses
were performed using GT and BT male and fe-
male fish in different combinations and
repeated three times. The phenotype identifi-
cation of GT and BT for the offspring was per-

formed at 90 days post fertilization for
quantitative statistics. Crosses of BT female and
GT male produced BT:GT = 4:184 (1:45, 1:68,
2:71). Crosses of GT female and BT male pro-
duced BT:GT = 2:254 (1:95, 0:82, 1:77).

BT 171

Crosses of BT female with BT male produced
BT:GT = 171:3 (64:1, 49:1; 58:1). Crosses of GT
female and GT male produced BT:GT = 0:179
(89, 54, 36). GT, gray tail mutants; BT, black
tail mutants.
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