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ARTICLE INFO ABSTRACT

Keywords: Body color is a major factor determining the economic value of farmed tilapia. In the present study, we engi-

hps4 mutation neered a silver-white tilapia by mutation of hps4 using CRISPR/Cas9 gene editing of a target site in exon 2.

;[RIISPB/ Cas9 Homozygous mutation of hps4 led to a truncated protein of only 80 amino acids. Disruption of HPS4 led to a
elanin

significant decrease (even absence at the adult stage) of melanophores and melanin, and a significant increase of
iridophores, xanthophores and erythrophores. A sub-group of melanophores, even though very few in number,
was found in the early embryonic stages. White iridophores without iridescence, hypertrophic xanthophores, and
erythrophores with plenty of pigments were detected in the scales and caudal fins of the mutants, indicating
enrichment of guanine, pteridine and carotenoids. To our knowledge, this is the first report on disruption of HPS4
in teleosts, and the first report demonstrating that HPS4 regulates iridophore, xanthophore and erythrophore
numbers. Hps4 plays a fundamental role in LROs (lysosome-related organelles) -pigment development, mela-
nophore survival and melanin biosynthesis. Our hps4 mutants provide a new model for studies of HPS4 function

Pigment cells
Silver-white body color
Tilapia

in vertebrates, and might be used as new germplasm for aquaculture.

1. Introduction

It is well known that body color and color pattern play an important
role in survival, reproduction, behavior, and prevention of skin cancer in
vertebrates (Hoekstra, 2006; Protas and Patel, 2008; Skold et al., 2016).
Additionally, body color is also an important economic trait in domes-
ticated animals. Many studies have been conducted to improve the color
traits of domesticated animals, including cross-breeding, supplementa-
tion with carotenoid-rich food, and recently gene editing. Many pleasant
body color mutants have been created, and are favored by customers.
Fish is an important protein resources for human, and customers asso-
ciate body color with meat quality, and nutritional value (Lehnert et al.,
2019; Maoka, 2020; Wu et al., 2022). Thus improving color traits is a
priority. Even though many studies have been conducted to improve the
color traits of food fish (Chen et al., 2018; Xu et al., 2015; Wang et al.,
2022; Liu et al., 2019), this research still lags behind that for other
domesticated animals.

As the most common pigment cell type in animals, melanophores
have been studied for over 150 years, and more than 200 genes have
been found to affect melanoblast migration, melanophore differentia-
tion, survival and melanin biosynthesis (Yamaguchi and Hearing, 2009;
Ito and Wakamatsu, 2011). Most of the melanophore-related studies
were conducted in humans, mice, chicken, African frogs, medaka, and
zebrafish, and the majority of the research was conducted on the well-
known cAMP/CREB-mitf axis and tyrosinase metabolism pathways.
Many genes in these pathways, like mitf, tyr, dct, pmel, have been
acknowledged to be fundamental for directing melanophore survival
and melanogenesis (Hou and Pavan, 2008). The role of hps gene family
members in melanogenesis is less known. A total of nine human HPS
(Hermansky-Pudlak syndrome)-causing genes have been identified,
each of which corresponds to a different HPS subtype. Some genes in the
family have been shown to traffic melanogenic enzymes tyrosinase
(Tyr), tyrosinase-related protein 1 (Tyrpl), and tyrosinase-related pro-
tein 2 (Tyrp2), from the Golgi to the developing melanosome (Raposo
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et al., 2001; Huizing et al., 2004, 2008; Daly et al., 2013). Additionally,
nine HPS genes have been identified in mouse by mapping and mutation
(Wei, 2006). HPS4 is part of BLOC3 (biogenesis of lysosome-related
organelles complex 3) which is involved in trafficking of melanosome
cargo from the Golgi to stage III melanosomes (Wasmeier et al., 2008;
Gerondopoulos et al., 2012). Lack of BLOC3 has been found to lead to
accumulation of stage I melanosomes and the decrease of phase IV
melanosomes (Nguyen et al., 2002; Gerondopoulos et al., 2012).

Studies on the hps family in teleosts are rare. hps4 has been confirmed
to be fundamental for channel catfish body color variation through
GWAS (Genome-wide association study) mapping, in which a natural
mutation of the hps4 allele leads to completely albino fish (Li et al.,
2017). In mice, disruption of the HPS family, including HPS4, leads to
melanophore deficiency. However, to our knowledge, no loss of function
study of hps4 has been conducted in any vertebrate except for mice.

The specific composition and distribution of pigment cells is a major
contributor to the body color and color pattern of animals. Mammals
and birds contain only one kind of pigment cell (melanocytes), but lower
vertebrates like fish have additional types of pigment cells including
xanthophores, iridophores, erythrophores, leucophores and cyano-
phores (Fujii, 2000; Kelsh, 2004; Skold et al., 2016). Fish have rich and
dazzling pigment patterns composed of these different pigment cell
types, which make them ideal for studying the developmental basis of
body coloration (Patterson and Parichy, 2019).

Several studies have suggested that cichlids are a useful model for
studying the formation of vertebrate body color (Kocher, 2004; O'Quin
et al., 2013; Santos et al., 2014; Kratochwil et al., 2018; Hendrick et al.,
2019; Liang et al., 2020). Several loss of function studies have been
conducted in recent years (Kratochwil et al., 2018; Wang et al., 2021; Lu
et al., 2022; Li et al., 2021; Segev-Hadar et al., 2021; Pandey et al.,
2021). Tilapias are an important aquaculture species world-wide. The
Nile tilapia is the most popular aquaculture species, and is an excellent
model for study teleosts body color formation (Wang et al., 2021). In this
study, we engineered a silver-white tilapia strain and characterized its
phenotype by quantifying pigment cell numbers, cell sizes and the total
melanin content at different developmental stages.

2. Materials and methods
2.1. Fish

The founder strain of Nile tilapia was obtained from Prof. Nagahama
(Laboratory of Reproductive Biology, National Institute for Basic
Biology, Okazaki, Japan). Experimental tilapia were reared in recircu-
lating aerated freshwater tanks and maintained at ambient temperature
(27 °C) under a natural photoperiod. Prior to the experiments, the fish
were kept in laboratory aquariums under 15:9 h light: dark conditions at
a temperature of 27 + 1 °C for one week. All animal experiments con-
formed to the Guide for the Care and Use of Laboratory Animals and
were approved by the Committee for Laboratory Animal Experimenta-
tion at Southwest University, China.

2.2. The expression level analysis of hps4 in different tissues

The expression levels of hps4 in different tissues of Nile tilapia were
downloaded from NCBI database (Brawand et al., 2014).

2.3. The gene functional domain prediction and promoter binding sites
analysis

The complete amino acid sequence of hps4 in Nile tilapia was down-
loaded from the NCBI database (with GenBank accession number
100709428) and functional domain prediction carried out using SMART
(http://smart.embl-heidelberg.de/). The 2kbp promoter sequences of
hps4 were downloaded from the NCBI database. The cis-regulating ele-
ments of the promoter were predicted using the AnimalTFDB3.0 program
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(http://bioinfo.life.hust.edu.cn/Animal TFDB/#!/tfbs_predict), and the
MITF binding consensus sequences were highlighted.

2.4. Establishment of hps4~/~ mutants by CRISPR/Cas9

CRISPR/Cas9 was performed to knockout hps4 in tilapia as described
previously (Wang et al., 2021). Briefly, the guide RNA and Cas9 mRNA
were co-injected into one-cell-stage embryos at a concentration of 150
and 500 ng/pL, respectively. About 400 fertilized eggs were used for
gene editing and 100 for control. Twenty injected embryos were
collected 72 h after injection. Genomic DNA was extracted from pooled
control and injected embryos and used to characterize the mutations.
DNA fragments spanning the target site was amplified. The gene-specific
sequences were listed in Table S1. The mutated sequences were analyzed
by restriction enzyme digestion with Ncol and Sanger sequencing.

The hps4 mutant fish with the highest indel frequency were used as
FO founders. Heterozygous F1 offspring were obtained by crossing FO XY
male founders to WT XX females. F1 larvae were collected at 10 dah
(days after hatching) and genotyped by PCR amplification and subse-
quent Ncol digestion. The F1 fish were genotyped by fin clip assay and
the individuals with frame-shift mutations were selected. XY male and
XX female siblings of the F1 generation, carrying the same mutation,
were mated to generate homozygous F2 mutants. The hps4~/~ mutants
were screened using restriction enzyme digestion and Sanger
sequencing. The genetic sex of each fish was determined by genotyping
using sex-linked marker (Marker 5) as described previously (Sun et al.,
2014).

2.5. Image recording and pigment cell observation of the mutants and
wild-type fish

Larvae (3, 5, and 7 dpf) submerged in clean water were photo-
graphed from the lateral view by Olympus SZX16 stereomicroscope
(Olympus, Japan) under bright field. Larval fish at 12 dpf and 30 dpf
were first anesthetized with tricaine methasulfonate (MS-222, Sigma-
Aldrich, USA), then shifted to an observation dish with clean water,
photographed from the lateral view by Olympus SZX16 stereomicro-
scope (Olympus, Japan) under bright field and transparent field with
various magnification. The 150 dpf, 6 months (180 dpf) and 19 month
(570 dpf) aged adult wild-type and mutant fish were shifted to 30 x 5 x
20 cm® glass water tanks, before being photographed with a Nikon
D7000 digital camera (Nikon, Japan) against a blue background. The
caudal fins of fish at 150 dpf were removed with medical scissors, soaked
in 0.65% Ringers' solution and directly observed with Olympus SZX16
stereomicroscope without cover slip under transparent or bright field.
Scales of fish at 6 months and 19 months stage were soaked in 0.65%
Ringers' solution under cover slip, and were observed under Leica EM
UC7 microscope (Leica, Germany). To analyze the number of melano-
phores and xanthophores, 5 mutants and 5 wild-type fish were anes-
thetized with tricaine methasulfonate (MS-222, Sigma-Aldrich, USA)
and immersed in 10 mg/ml epinephrine (Sigma, USA) solution for 15
min to contract melanin and erythrosome. Image recording of pigment
cells were conducted as quickly as possible after putting them in the
Ringers' solution as the preparations are not stable. The sizes of the
melanophores and relative iridophore content were measured using
Image J software (Schneider et al., 2012). ACDSee Official Edition
software (ACDSystems, Canada) and Adobe Illustrator CS6 (Adobe Inc.
USA) were used to format the pictures.

2.6. Melanin quantification and melanin biosynthesis abilities comparison

To analyze the number of melanophores, three fish per group were
anesthetized with tricaine methasulfonate (MS-222, Sigma-Aldrich,
USA). Skin sample suspensions were solubilized in 8 M urea/1 M so-
dium hydroxide and cleared by centrifugation at 10,700g for 10 min.
Chloroform was added to the supernatants to remove fatty impurities.
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Skin samples containing pheomelanin were cleared by centrifugation at
10,700g for 10 min and analyzed for absorbance at 400 nm (Dong et al.,
2012; Yan et al., 2013).

2.7. Data analysis

Data are expressed as mean + SD. GraphPad Prism 5.01 software
(Graphpad, USA) was used to analyze and export the differences in the
numbers and sizes of melanophores and the melanin content in hps4 /"~
mutants and wild type fish. Differences in the data between wild-type
and mutants were tested by two-tailed Student's t-test (***, P < 0.001;
** P < 0.01; *, P < 0.05; ns, not significant).

3. Results
3.1. Gene structure and functional domain of hps4/HPS4 in Nile tilapia

The Nile tilapia hps4 gene has 12 exons and 11 introns (Fig. 1A). The
binding sites predicted by Animal TFDB 3.0 suggested that there are
three mitf binding sites in the promoter regions of hps4, indicating that
hps4 is probably regulated by mitf (Fig. S1). Additionally, functional
domain predicted by SMART showed that there are seven low
complexity regions in the amino acid sequence, and these regions might
be necessary for the basic functions of HPS4 (Fig. 1F, indicated by green
boxes).

3.2. Establishment of the hps4~/~ mutant line in tilapia

Similar to the expression patterns of all the hps family members in
mice and humans, hps4 also ubiquitously expressed in many tissues of
tilapia, even though the expression levels were not very high (Fig. S2).
To disrupt tilapia hps4 we targeted a site in exon 2 with CRISPR-cas9.
Ncol was used for enzymatic digestion of the amplified target regions.
The sequences of gRNA target was CCGGCGTGGGCCGCTGCGTCTCC, in
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which CCG were used as the PAM region (Fig. 1A and C). FO founders
were screened by restriction enzyme digestion and Sanger sequencing
(Fig. 1B and C). In the hps4 FO chimeras, various levels of hypo-
pigmentation were observed in body, and the eyes (RPE and iris) were
also hypo-pigmented, both in early embryonic developmental stage
(Fig. S3) and adult stage (Wang et al., 2021). The eyes in some of the
mutants (FO) showed unilateral and bilateral hypo-pigmentation (red),
while the majority showed black eyes like the wild-type fish. These re-
sults indicate that hps4 is fundamental for body color formation and eye
pigmentation in tilapia, and is probably necessary for melanin synthesis
in all melanophores (neural crest cells, NCCs-derived and optic-cup-
derived melanophores). The hps4 mutant fish with a high mutation
rate (over 75%) raised to sexual maturity and mated with wild-type
tilapia to create F1 fish. Heterozygous hps4 F1 offspring with a — 7 bp
deletion in the fourth exon were selected to breed the F2 generation
(Fig. 1D and E).

3.3. Melanophores were significantly decreased in the yolk sac and body
of mutants at 3, 5 and 7 dpf

Melanophores first appeared on the yolk sac at 27.5 hpf (hours post
fertilization), and rapidly increased at 3 dpf (Wang et al., 2021). The
wild-type fish had many pigmented melanophores on the yolk sac, a few
melanophores on the top head, and a few melanophores and iridophores
in the iris, but no melanin were detected in the RPE at 3 dpf (Fig. 2A). At
5dpf, many melanophores/melanin were detected on the yolk sac and
RPE, and the iris was filled with iridophores and melanophores (Fig. 2B).
At 7dpf, many melanophores were detected on the yolk sac, top head,
trunk and RPE (melanin). The majority of melanophores were macro-
melanophores on the top of the head (Fig. 2C).

In contrast, no pigmented melanophores were detected in the hps4~/
~ mutants at 3 or 5 dpf. Many iridophore-composed white spots (irido-
phores rich in lysosome) were detected in the head and along the dorsal
trunk at 3 dpf, suggesting that the iridophores could be observed

hps4 ATG 164
S R E B e
M +/+ =I- +/-
(CGGCGTGOGCCGCTGLGTCTCE D E
Neol i
B -+ -+ @RMA )
250 = Fl X
Cas9
100— =
C
F
GGCAGCTCGRIGCGT——-—~TGCGTCTCCGAGCTCT ~7bp 29200 38 41443 028
GGCAGCTCGRSS - wcaccieracoreceacerc o2 (NN
GGCAGCTCGROBGCGTGGG-—GCTGCGTCTCCGAGCTCT 20
GGCAGCTCGRBBGC-——-GCCGCTGCGTCTCCGAGCTCT 4bp ; 29 312 305 430 483
GOCAGCTOEGOTO0G00GCTGEONCTEOGACTET wr o«

Target site

Fig. 1. Establishment of hps4™/~ (A-F) mutant line in Nile tilapia.

A: Gene structures of hps4 showing the target site and the Ncol restriction site. B: Restriction enzyme digestion of the amplified fragment of hps4 using primers
spanning the target sites. The Cas9 mRNA and gRNA were added as indicated. C: Sanger sequencing results from the uncleaved bands were listed. The PAM is marked
in orange. Deletions are marked by dashes (—) and numbers to the right of the sequences indicate the loss of bases for each allele. WT, wild type. D: Identification of
hps4 F2 genotypes by hetero-duplex motility assay. Arrowheads show homo-duplexes and arrows show hetero-duplexes. E: Schematic diagram showing the breeding
plans of hps4 FO to F2 fish. F: Tilapia HPS4 intact (with seven low complicity regions, green box) and mutated protein. Mutation of hps4 resulted in a truncated
protein composed of 56 amino acids. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Melanophores were significantly decreased in
yolk sac and body of the mutants at 3, 5 and 7 dpf.

207 gexx A-C: Wild-type fish. Many melanophores on the yolk
T sac, a few on the iris were detected, while no melanin

154 was detected in the RPE at 3 dpf (A). Increased me-
lanophores were detected on the yolk sac. The RPE

104 was filled with melanin and the iris was filled with

iridophores and melanophores at 5 dpf (B). Further
increased melanophores were detected on the yolk
sac, the top head (mainly covered by macro-
melanophores) and the trunk, and increased
melanin was detected in the RPE at 7 dpf (C). D-F:
hps4~/~ mutants. No pigmented melanophores were
detected in the whole embryo, while many white
iridophore-composed spots (white arrow heads) were
detected in the head and trunk of the mutants at 3 dpf
500- (D). No pigmented melanophores were detected in
the whole embryo, while vast increase of iridophores
was observed in the iris. At the same time, apparent
capillary network was detected on the iris of the
mutants at 5 dpf (E). Several pigmented melano-
phores appeared in the top head, while no pigmented
melanophores were detected in the yolk sac and
lateral trunk. Besides, the RPE still showed no
melanin, the iris showed some pigmented melano-
phores and many iridophores in the mutants at 7 dpf
(F). G, H: Quantification of white pigment cell spots
in the whole embryo and melanophores in the head at
3 dpf and 7 dpf, respectively. White pigment cell spots
in mutants were significantly higher than those in
wild-type fish at 3 dpf (G). Melanophore numbers in
the head of wild-type fish were significantly higher
than those in mutants at 7 dpf (H). Data in G and H
are expressed as mean + SD (n = 5). Differences in
the data between wild-type and mutants were tested
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by two-tailed Student's t-test, ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant. A-F, 1 mm.

through the overlying unpigmented melanophores in the mutants
(Fig. 2D). Many iridophores were detected in the iris at 5 dpf (Fig. 2E).
At 7 dpf, several melanophores were appeared in the top head while
melanophores were still not detected on the yolk sac or lateral trunk.
Additionally, even though no melanin was detected in the RPE, some
melanophores and many iridophores were detected in the iris (Fig. 2F).
The hps4~/~ mutants showed obvious hypo-pigmentation from the early
embryonic stages.

Quantification of the pigment cells revealed significantly higher
number of iridophores at 3 dpf, and significantly lower number of pig-
mented melanophores on top head at 7 dpf in hps4~/~ mutants than in
wild-type fish (Fig. 2G and H).

3.4. Melanophores were significantly decreased in number and size on
head and eye and completely lost in body of the mutants at 12 dpf

Both bright and transparent fields were used to analyze the pigment
cells and color patterning of fish at 12 dpf. Many melanophores in head,
eyes and the trunk were detected in the wild-type fish. The melano-
phores were spread evenly in the trunk as it was within the time period
after the disappearance of yolk sac but before the formation of the bars
and inter-bars. In addition, many iridophores were detected in the
peritoneum, followed by the operculum and iris (Fig. 3A). Under higher
magnification, the majority of melanophores on the head were “macro-
melanophores” with sizes larger than the melanophores on the trunk. A
few iridophores neighboring the macro-melanophores or attached on
the main body of the melanophores, and a few xanthophores in the gap
between the melanophores were also detected on the head (Fig. 3B). The
eyes had a heavily pigmented black RPE and an iridescent-black iris
composed of many melanophores and iridophores (Fig. 3C).

In contrast, almost no melanophores were detected in the hps4 ™/~

mutants, while iridophores were present in large numbers. The perito-
neum was less transparent than earlier stages as the number of irido-
phores greatly increased (Fig. 3D and E). Only a few fragmented small
melanophores were observed on the head. Almost no black pigmenta-
tion was observed in the RPE, which displayed a pink-yellow color due
to blood capillaries. The iris contained excessive iridophores like the
trunk (Fig. 3F).

Quantification of the pigment cells revealed significantly lower
number and size of melanophores on the head and also significantly
lower relative melanin content in the iris (Fig. 3G, H and J), but
significantly higher relative iridophore content on top of the head in
hps4~/~ mutants than in wild-type fish at 12 dpf (Fig. 3I).

3.5. Significantly decreased melanophores and increased iridophores in
trunk and eye of mutants at 30 dpf

Thirty dpf is the key time point for the formation of vertical bars
during metamorphosis in wild-type fish, in which a higher density of
melanophores and more large sized melanophores appear in the bar
than in the inter-bar (Fig. 4A). Many widely spread iridophores and
xanthophores were detected in both the bars and inter-bars (Fig. 4B).
The RPE was black with abundant melanin, while many melanophores
and iridophores were detected in the iris (Fig. 4C).

In hps4~/~ mutants, no pigmented melanophores or melanin were
present, hence the fish displayed a uniform silver-white body color
(Fig. 4D). Many iridophores gathered as big spots, which gave a strong
iridescence in the skin and scales (Fig. 4E). The RPE displayed a dark red
color, due to increased capillaries and carotenoid pigment. The iris was
silver-white with some carotenoid-derived reddish color patterning
(Fig. 4F).

Quantification of the pigment cells revealed significantly lower
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Fig. 3. Melanophores were significantly decreased in number and size in head and iris and completely lost in body of the mutants at 12 dpf.

A-C: Wild-type fish. Many evenly distributed melanophores were detected in the trunk and iris. The RPE was black, and the iris was detected with many mela-
nophores and iridophores (A). Higher magnification of the top head showing the macro-melanophores and iridophores (B). Dark melanin was observed in the RPE,
and many melanophores and iridophores were observed in the iris (C). D-F: hps4 /~ mutants. Serious hypo-pigmentation was detected, with a few small-sized
melanophores in the head and absence of pigmented melanophores in the trunk, RPE (melanin) and fins. In contrast, significantly increased iridophores were
observed in the whole fish (D). Higher magnification of the top head showing a few small sized melanophores and significantly increased iridophores (E). The RPE
was pink-yellowish, due to the absence of melanin. The iris was fulfilled with iridophores and a few pigmented melanophores (F). G, H: Quantitative analysis of the
numbers and sizes of the melanophores in the head of the mutants and wild-type fish, respectively. I, J: Quantitative analysis of the relative iridophore and melanin
content in the top head and iris, respectively. Data in G-J are expressed as mean =+ SD (n = 5). Differences in the data between wild-type and mutants were tested by
two-tailed Student's t-test, ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

number of melanophores, while significantly higher relative iridophore
content in the skin of hps4~/~ mutants than in wild-type fish at 30 dpf
(Fig. 4G-4J).

3.6. Significantly increased iridophores were observed in the ventral skin
and scales of hps4~/~ mutants at 30 dpf

Under bright field, the wild-type fish and hps4~/~ mutants showed a
strong iridescent color in skin and scales. The iridescent signal in wild-
type ventral skin was stronger than the dorsal trunk, which was in
consistent with dorsal-ventral counter shading in vertebrates. The
hps4~/~ mutants displayed a stronger iridescence in the skin and scales
than the wild-type fish due to more iridophores (Fig. 5A and B). In
contrast with the wild-type fish, the dorsal-ventral counter shading was
disrupted in the mutants. Quantification analysis revealed significantly
higher relative iridophore contents in ventral skin of hps4~/~ mutants
than in wild-type fish at 30 dpf (Fig. 5G-5J).

3.7. Significantly increased iridophores, xanthophores/erythrophores, but
no pigmented melanophores/melanin, were observed in trunk, RPE, iris,
fins and scales of mutants at 150 dpf

At 150 dpf, the wild-type fish had stable vertical bars and inter-bars
(Fig. 6A). The RPE and the iris were black (Fig. 6C). The fins and scales
were pigmented with many melanophores, many xanthophores
distributed in the gap between bars, and many iridophores gathered in
spots (Fig. 6D, D' and 6E).

In contrast, the hps4 /~ mutants displayed a strong silver-white body
color, without bars and inter-bars due to the absence of pigmented
melanophores and increased numbers of iridophores (Fig. 6B). The RPE
became dark red with increased carotenoids pigment. The iris was
basically silver-white but with some carotenoids-derived reddish
pigmentation (Fig. 6F). Many xanthophores (projecting “airenemes” in
the scales) and white iridophores, but no melanophores, were detected
in fins (Fig. 6G and G') and scales (Fig. 6H). Increased numbers of
erythrophores were also observed in the fins of the mutants compared
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Fig. 4. Significantly decreased melanophores and increased iridophores were observed in the trunk and eye of the mutants at 30 dpf.

A-C: In the wild-type fish, the trunk was detected with many melanophores with higher densities in the dark bars than in the light inter-bars, and many iridophores
spread in both the bars and inter-bars (A, B). The RPE was fulfilled with melanin, and the iris was detected with many iridophores and xanthophores (C). D-F: In the
hps4~/~ mutants, serious hypo-pigmentation was detected. No pigmented melanophores, but increasing reddish coloration, were detected in the trunk, fin and iris. In
contrast, significantly increased iridophores were detected in both skin and scales (D, E). No melanin was observed in the RPE which displayed dark red color.
Significantly increased iridophores and red coloration were detected in the iris, similar to the body (F). G, H: Quantitative analysis of the numbers of the mela-
nophores in the bar and inter-bar regions of the mutants and wild-type fish. I, J: Quantitative analysis of the relative iridophore content in the bar and inter-bar
regions of the mutants and wild-type fish. Data in G-J are expressed as mean + SD (n = 5). Differences in the data between the mutants and wild-type were
tested by two-tailed Student's t-test, ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Significantly increased iridophores were

£ 059 4us observed in the ventral skin and scales of the hps4_/ -
‘E = mutants at 30 dpf.

g _ 041 A: In wild-type fish, the ventral skin was detected
o £ gl with many iridophores and some melanophores. The
.g_ .—m‘ ’ iridophores gathered in big spots on the scales gave a
2 -‘é 0.24 strong iridescent color in the area. B: In the hps4 "/~
=2 mutants, the ventral skin was detected with many
_g 0.1 iridophore-composed big spots covering the scales. C:
'Ef - Significant higher relative iridophore content was

detected in the mutants than in the wild-type fish.
:.*»QQQ“’“ Data in C are expressed as mean + SD (n = 5). Dif-
ferences in the data between groups were tested by
two-tailed Student's t-test, ***P < 0.001, **P < 0.01,
*P < 0.05, ns: not significant.

with the wild-type fish. significantly higher relative iridophore content and erythrophore/xan-
Quantification of the pigment cells revealed significantly lower thophore numbers in caudal fin of hps4~/~ mutants than in wild-type
number of melanophores in caudal fin and dorsal scales, while fish at 150 dpf (Fig. 4I-4L). In consistent, melanin content was very
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Fig. 6. Significantly increased iridophores, erythrophores/xanthophores and no melanophores/melanin were observed in the trunk, RPE, iris, fins and scales of the
mutants at 150 dpf.

A, C, D, D' and E: The wild-type fish displayed dark bars separated by light inter-bars in the trunk and fins. The RPE was heavily pigmented, and the iris showed many
melanophores. The caudal fin and scales showed many melanophores and xanthophores. B, F, G, G' and H: The hps4~/~ mutants displayed dark red RPE and silver-
white body with no bars in the trunk and fins due to the absence of pigmented melanophores/melanin. The fins showed significantly higher relative iridophore
content, and a higher number of erythrophores/xanthophores, compared with the wild-type fish. Scales were filled with increased white iridophores and dispersed
xanthophores. I-K: Quantitative analysis of the numbers of the pigmented melanophores, relative iridophore content and number of erythrophores/xanthophores in
the caudal fins of the mutants and wild-type fish. L: Quantitative analysis of the numbers of the pigmented melanophores in the dorsal scales of the mutants and wild-
type fish. M: Quantification of the melanin content in the dorsal skin. Abundant melanin was detected in the wild-type fish, while almost no melanin was detected in
the mutants. Data in I-M are expressed as mean + SD (n = 5). Differences in the data between the wild-type fish and mutants were tested by two-tailed Student's t-
test, ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

high (0.78 mg/g skin) in the wild-type fish, while almost no melanin was of reddish coloration, due to increased erythrophores in red spots, were
detected in the mutants (Fig. 6M). detected in whole trunk, fins, RPE and iris in the hps4_/ ~ mutants at 19
months (Fig. 7B and B'). Additionally, the mutants were still detected
with some banding in the dorsal, anal and caudal fins (Fig. 7B and

3.8. Increased xanthophores/erythrophores in trunk and fins and Fig. S4), suggesting that melanophores were probably there, while just
iridophore spots in scales were observed in hps4~/~ mutants at 6 and 19 not pigmented.
months Under bright and transparent field, no erythrophores were observed

in scales of either the wild-type fish or the mutants at 6 months (Fig. 8A,
Different from the wild-type fish (Fig. 7A and A", an obvious increase
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A, 8B and 8B)). Increased iridophores and xanthophores were observed
in the mutants compared to the wild-type fish (Fig. 8C, C', 8D and 8D").
In contrast, at 19 months increases of erythrophores, iridophores and
xanthophores were observed in the mutants (Fig. 8G, G, 8H and 8H')
compared to the wild-type fish (Fig. 8E, E', 8F and 8F'). Additionally,
wild-type fish had fewer erythrophores, with less carotenoid pigmen-
tation, spread randomly in the dorsal scales (Fig. 8I), while mutants had
more erythrophores, with more carotenoid pigmentation (Fig. 8J).

Quantification of the pigment cells revealed significantly higher
number of xanthophores in dorsal scales of hps4~/~ mutants at 6 months,
and significantly higher number of erythrophores in dorsal scales of
hps4~/~ mutants at 19 months than in wild-type fish (Fig. 8K-8L). The
number of erythrophores in the aged mutants was 2-3 times higher than
that in wild-type fish (Fig. 8L).

4. Discussion
4.1. Disruption of HPS4 led to a silver-white body color in Nile tilapia

Body color is fundamental to the economic value of domesticated
animals, as people naturally associate their color with health, orna-
mental or nutritional value and even meat quality (Jiang et al., 2014;
Zhang et al., 2017b; Lehnert et al., 2019; Maoka, 2020; Widjaja-Adhi
and Golczak, 1865; Wu et al., 2022). In teleosts, many studies have been
conducted to improve color traits, including studies in zebrafish (Pat-
terson and Parichy, 2019), medaka (Nagao et al., 2018; Fang et al.,
2018), carp (Chen et al., 2018; Mandal et al., 2019; Du et al., 2021),
crucian carp (Xu et al., 2015; Liu et al., 2019) and even tilapia (McAn-
drew et al., 1988; Huang et al., 1996; Wang et al., 2021). The hundreds
of color mutants in zebrafish provid excellent materials for the pet fish
market and the study of mechanisms of color patterning (Kelsh et al.,
1996; Singh and Niisslein-Volhard, 2015; Patterson and Parichy, 2019).
In farmed fish, body color also directly determines economic value. For
example, in tilapia, naturally red mutants were preferred by customers
than the black wild-type fish in some countries and regions around the
world (McAndrew et al., 1988; Huang et al., 1996; Zhu et al., 2016;
Wang et al., 2020). Disruption of tyr in red tilapia results in a red strain
without black patches (Lu et al., 2022). Recently, we developed Nile
tilapia as an excellent model for studies of fish pattern development
(Wang et al., 2021). In this study, we engineered a hps4 mutant line
using CRISPR/Cas9 in Nile tilapia. The mutants displayed a silver-white
body color and more carotenoids pigmentation in the adult mutants,
without bars, inter-bars or any black patches. A previous study sug-
gested that hps4 is the locus for a natural albino of channel catfish
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Fig. 7. Obvious reddish-silver-white color patterning was
observed in mutants at 19 months.

A and A": The wild-type fish showed black body color, while
the caudal fin and pectoral fins showed reddish color
patterning. The iris was filled with melanophores and the RPE
was heavily pigmented with melanin. B and B': The hps4 /"~
mutants showed a global reddish-silver-white body color. No
pigmented melanophores were detected in the whole fish. The
iris showed a yellow-white color, with reddish pigmentation
around the RPE. The RPE was dark red. (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article.)

through GWAS mapping (Li et al., 2017), but to our knowledge, this is
the first report of artificial mutation of hps4 in teleosts. Increasing
amount of erythrophores in the reddish-silver-white hps4 adult mutants
might help them to be favored by the customers, as they not only showed
an attractive global color patterning but also may be enriched in ca-
rotenoids. It should be not ignored that even though body color has also
been acknowledged to be linked with growth rates in vertebrates (Hou
and Pavan, 2008), so far, there is no evidence that there is a significant
difference between the growth rate of the silver-white tilapia mutants
and wild-type fish. However, during feeding and breeding, we found
that these silver-white mutants preferred to stay in areas with weak
light, which suggested that the color mutants may be more sensitive to
light than the wild-type fish. Additionally, mutants of the F3 generation
displayed a stable silver-white body color.

4.2. HPS4 was indispensable for melanin biosynthesis in tilapia

Pigment-containing organelles belong to a larger class of cellular
organelles, i.e., lysosome-related organelles (LROs). Melanosomes are
the most widely studied LROs (Dell'Angelica et al., 2000; Dell'Angelica,
2004). As one of the key genes in directing melanosome biosynthesis,
hps4 has been suggested to be fundamental for the melanophore stability
in humans (Bachli et al., 2004), mice (Suzuki et al., 2002), and even
teleosts like channel catfish (Li et al., 2017). Disruption of another hps
family gene, hps5, in zebrafish led to significant hypo-pigmentation
across the whole fish, which showing a “snow-white” phenotype (but
still with many hypo-pigmented melanophores) in larvae (Daly et al.,
2013). Another study conducted on stickleback suggested that a natu-
rally mutation of hps5 locus was related to the casper-like phenotype,
indicated by a loss of black pigmentation and iridescent color in body
surface, eyes and even inner organs (Hart and Miller, 2017). In this
study, we found that hps4 was important for melanin biosynthesis in
tilapia, as the hps4~/~ mutants had no pigmented melanophores or
melanin. However, as the mutants were still detected with some banding
in the dorsal, anal and caudal fins in aged mutants, we deduced that
some melanophores were probably still in the fins, while just not pig-
mented. This situation was similar to the studies in zebrafish tyr mu-
tants, in which melanophores were found to be still in the mutants as
mitfa (the most important marker gene for melanophore differentiation)
staining was detected (Taylor et al., 2011). It should be mentioned that
in the previous studies of transcriptome data of other body color mutants
including common carp, tilapia, crucian carp and rainbow trout, etc., the
key genes of canonical melanin synthesis pathway were always signifi-
cantly down-regulated in mutants with insufficient or no melanosome (a
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Fig. 8. Increased white iridophores, xanthophores/erythrophores and no melanophores were observed in scales of the young (6 months) and old (19 months) hps4~/
~ mutants.

A, A, B and B’: Scales from the wild-type fish at 6 months displayed many xanthophores (yellow arrow heads) and many colorful iridophores (blue arrow heads)
covering the main bodies of the melanophores (black arrow heads). C, C', D and D': The scales from the mutants at 6 months displayed many big iridophore-composed
round spots and increased xanthophores, while no pigmented melanophores were observed. E, E', F and F': Scales from the wild-type fish at 19 months displayed
many xanthophores and many colorful iridophores covering the main bodies of the melanophores and erythrophores. G, G, H and H': Scales from the mutants at 19
months displayed increased erythrophores and big white iridophore-composed round spots, with some of them covering the main body of erythrophores. In contrast,
no pigmented melanophores were observed. I, J, L: Scales from the wild-type fish (I) at 19 months displayed significantly fewer erythrophores than scales from the
mutants (J). Besides, erythrophores in the scales from the wild-type fish spread randomly, while those from the mutants were restricted in a specific area. K:
Significantly higher number of xanthophores was detected in scales from the mutants at 6 months. L: Significantly higher number of erythrophores was detected in
scales from the mutants at 19 months. Data in K and L are expressed as mean + SD (n = 5). Differences in the data between the wild-type fish and mutants were tested
by two-tailed Student's t-test, ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

pigment granule formed from a protein that appears black, gray, or even
brown) (Jiang et al., 2014; Zhu et al., 2016; Zhang et al., 2017a, 2017b;
Wu et al., 2022). Besides, the protein levels of Mitfa, Tyr and Dct in red
crucian carp were also significantly lower than in wild-type fish (Zhang
et al., 2017a). Additionally, a previous knock-out study of tyr in crucian
carp also suggested that the expression profile of other genes in melanin
synthesis and regulatory pathways were significantly decreased in the

white mutants (Liu et al., 2019). However, we did not perform skin
transcriptome analysis, Western-blot or other follow-up analysis of the
mutants. As we detected no melanosomes in the melanin-free skin of the
silver-white mutants (5 months) by melanin quantification analysis, we
predicted that the expression levels of other genes in melanin synthesis
and regulatory pathways also decreased or silenced.
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4.3. Modeling on the effects of hps4 mutation on pigment cells relative
abundance, melanin biosynthesis and LROs-pigment development in Nile
tilapia

The hps4 mutants showed significant hypo-pigmentation across the
whole fish (trunk, fins, RPE and iris), which led to a complete silver-
white tilapia. Strikingly, with the development of the mutants, a red-
dish-silver-white body color was detected for the old fish due to accu-
mulation of carotenoids pigmentation (Fig. 9A). The wild-type fish had
melanophores across the whole body, fins and eyes, with sufficient
melanin. Iridophores frequently associate with the main body of mela-
nophores, especially in the skin and scales. However, in hps4 albino
mutants lacking melanophores, iridophores increased explosively and
spread widely, no longer gathered near the main body of melanophores
or showing blue/purple/red colors. Instead, they gathered as a big round
spots and showed a uniform white color, which finally led to a complete
silver-white body color (Fig. 9B).

The HPS/BLOC gene family is fundamental for directing melanin
biosynthesis and melanosome pH levels. Previous studies suggested that
hps5 participates in the zebrafish melanosome phase transition (from
phase I to phase II, and phase II to phase III), as the hps5 mutants
(BLOC2) showed significant hypo-pigmentation in melanophores and

Aquaculture 559 (2022) 738420

the whole larvae (Daly et al., 2013). The hps4 natural mutation in
channel catfish leads to dysfunction of BLOC3 complex, which in turn,
leads to a defect in Rab GTPase activation and recruitment, and thus
disrupts melanin biosynthesis (Li et al., 2017). In this study, we found
that hps4 (BLOC3) is a major factor in directing melanin biosynthesis
from lysosome to phase I melanosome (Fig. 9C). As we detected almost
no melanophores and melanin in the mutants, while detecting a vast
increase of white iridophores and white iridophore-composed big round
spots.

It has been well documented that different kinds of pigment cells
arise by alternative differentiation of LROs, and the LROs were able to
transition into organelles producing different kinds of pigment: mela-
nosomes producing melanin, xanthosomes producing pteridine, eryth-
rosomes accumulating carotenoids and iridosomes synthesizing
guanine, to determine the color patterning (pigment granules develop-
ment) of melanophores, xanthophores, erythrophores and iridophores,
respectively (Ullate-Agote et al., 2020). Additionally, in this study, a
significant increase of carotenoids/pteridine pigmentation and eryth-
rophores/xanthophores were detected in the older reddish-silver-white
mutants, which was slight different from the complete silver-white
young fish, suggesting that lysosomes originally destined to synthesize
melanosomes probably latter developed as the basis of LROs in other

A D
Wild-type
e g ) TP Wild-type Lysosome
=\ i =\
= SIZ =il |
A !

HPS4 disrupted (young)

HPS4 disrupted (old)

Melanosome/melanin ~ Xanthosome/pteridine

Erythrosome/carotenoids

HPS4-disrupted

Iridosome/guanine

Lysosome

Xanthosome/pteridine

Erythrosome/carotenoids

Iridosome/guanine

Fig. 9. Proposed model of the phenotype of hps4 ™/~ mutants and function of HPS4 in melanin biosynthesis and pigment development in Nile tilapia.

A: Disruption of hps4 resulted in silver-white body color and dark red eyes in Nile tilapia. Additionally, the old sexually matured fish were detected with a red-
dish-silver-white body color as an accumulation of erythrophores/carotenoids. B: Disruption of hps4 resulted in absence of melanophores and melanin in the mutants,
suggesting that hps4 was fundamental for melanophores (both NCCs-derived and optic cup-derived melanophore) survival and melanin biosynthesis. In wild-type
fish, iridophores like the melanophores as reflected by the attachment of iridophores on the main body of the melanophores. However, in the mutants, an in-
crease of iridophores was detected. C: Schematic view of melanin biosynthesis. Mitf as the key transcription factor for melanogenesis is responsible for cis-directing
the mitf-axis down-stream genes such as hps4. There are four phases for melanin biosynthesis, hps4 was fundamental for lysosome to phase I melanosome transition in
tilapia. In HPS4-disrupted Nile tilapia, the lysosome to phase I melanosome process in melanin biosynthesis was blocked, as no melanosomes at any phases were
observed. D: In wild-type fish, LROs (lysosome-related organelles) were able to be developed into melanosome/melanin, xanthosome/pteridine, erythrosome/ca-
rotenoids and iridosome/guanine, thus four kinds of fully functional pigment cells were detected. However, in the HPS4-disrupted mutants, the LROs originally
destined to synthesize melanosomes were high likely to be latter developed as pigments of other pigment cells, resulted in an increase of iridophores, xanthophores
and erythrophores in the mutants, which gave the whole fish a reddish-silver-white body color. Hps4 played a fundamental role in LROs-pigments development,
melanophores survival and melanin biosynthesis. m, melanophores; i, iridophores. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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types of pigment cells like iridophores, xanthophores and even eryth-
rophores in the HPS4-disrupted mutants (Fig. 9D). However, it is
possible that some of the xanthophores and erythrophores were masked
by melanophores in the wild-type fish. The critical transcription factor
mitf has been acknowledged to be fundamental for melanogenesis and
even lysosome formation in mice and human (Hou and Pavan, 2008).
Three mitf-binding sites predicted in hps4 promoter suggested that it is
probably regulated by mitf, which was further supported by the similar
phenotype observed in mitfa~/~ mutants in zebrafish and hps4~/~ mu-
tants in tilapia.

4.4. The appearance of macro-melanophores on the head was
independent of hps4 in tilapia

Even though disruption of HPS4 led to a complete silver-white body
color in tilapia, and no melanophores or melanin were detected since 30
dpf, the mutants were detected with melanophores only on top of the
head at 12 dpf, suggested that a subgroup of melanophores were inde-
pendent of hps4. Additionally, the number of remaining melanophores
was much less than the wild-type fish and the melanophores were much
smaller in size than the wild-type fish. In our previous studies, several
waves of melanophore differentiation (normal melanophores in yolk
sac, trunk and fins, and macro-melanophores in head and trunk,
respectively) were detected during tilapia development (Wang et al.,
2021). The melanophores on top of the head were mainly macro-
melanophores in wild-type fish at 12 dpf, while the remaining macro-
melanophores became tiny spots in the hps4/~ mutants at 12 dpf,
suggesting that hps4 was required for maintaining the size of macro-
melanophores. With further development, no melanophores nor
melanin were detected anymore, suggesting that melanin biosynthesis in
all the melanophores (including the macro-melanophores) was depen-
ded on hps4, and the tiny “macro-melanophores” detected in the top
head of the mutants at early 12 dpf were probably broken down and
eliminated during development.

4.5. RPE pigmentation reflected both blood capillary and carotenoids in
the hps4~/~ mutants, and was different from that of the wild-type fish or
usual ocular albino

The natural hps4 mutants in channel catfish display a pink body and
eyes, thus hps4 was supposed to be closely linked with ocular albinism in
catfish (Li et al., 2019). In tilapia and other cichlids, several albino
mutants have been created by disruption of the melanogenesis genes,
such as tyr, slc24a5, slc45a2, and significant ocular albinism phenotypes
were detected in them (Wang et al., 2021; Li et al., 2021; Pandey et al.,
2021; Segev-Hadar et al., 2021; Lu et al., 2022). It should be highlighted
that all those albinos displayed non-pigmented RPE that was easy to be
distinguished from the lateral view by naked eyes. However, in this
study, we found that it was difficult to distinguish the color of eyes
between hps4~/~ mutants and the wild-type fish, especially at the adult
stage. Additionally, the RPE color was also different from the hps4 '~
channel catfish mutants as catfish mainly contain melanin/melano-
phores. In the very early developmental stages (3, 5, 7 and 12 dpf), the
RPE in the tilapia hps4~/~ mutants were pink in coloration, as a
reflection of capillary network. However, in later stages (from 30 dpf),
RPE coloration of the mutants was gradually difficult to distinguish from
the wild-type fish, due to the accumulation of carotenoids. It has been
well documented that carotenoids are rich in the eyes of teleosts (Du
et al., 2021) and other vertebrates like birds and turtles (Twyman et al.,
2016). Genes responsible for carotenoids absorption and transportation
are highly expressed in the RPE. In tilapia, carotenoids are also critical
for body color formation, as demonstrated by specific gene knock out
(Wang et al., 2021). To our knowledge, the traditional view on hps
family members is that they are critical for melanogenesis, and it has
rarely been reported that carotenoids were regulated by hps family
members. The RPE of tilapia hps4~/~ adult mutants displayed deep red
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color due to the increased red carotenoids pigmentation overriding the
coloration of the capillary network. This was consistent with the
increasing amounts of reddish coloration (carotenoids-rich eryth-
rophores) in whole trunk, fins and even iris. However, whether the ca-
rotenoids were significantly increased in eyes of the tilapia mutants
remains to be investigated.

5. Conclusion

Body color is an important economic trait in teleosts. In this study,
we engineered a new silver-white tilapia by disrupting hps4 in Nile
tilapia with CRISPR/Cas9. Phenotype analysis of the mutants confirmed
the role of hps4 in directing melanogenesis and melanophore survival.
Additionally, hps4 was also found to be closely linked with LROs-
pigment development by directing iridophore, xanthophore and eryth-
rophore relative abundance. To our knowledge, this is the first report on
hps4 mutation in vertebrates, which provide a new model for studies of
hps4 function. Besides, the silver-white tilapia created by us may also
serve the aquaculture industry as an excellent ornamental and food fish.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2022.738420.
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