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Abstract 
Mpv17 (mitochondrial inner membrane protein MPV17) deficiency causes severe mitochondrial DNA depletion syndrome in mammals and loss 
of pigmentation of iridophores and a significant decrease of melanophores in zebrafish. The reasons for this are still unclear. In this study, we 
established an mpv17 homozygous mutant line in Nile tilapia. The developing mutants are transparent due to the loss of iridophores and aggre-
gation of pigment granules in the melanophores and disappearance of the vertical pigment bars on the side of the fish. Transcriptome analysis 
using the skin of fish at 30 dpf (days post fertilization) revealed that the genes related to purine (especially pnp4a) and melanin synthesis were 
significantly downregulated. However, administration of guanine diets failed to rescue the phenotype of the mutants. In addition, no obvious 
apoptosis signals were observed in the iris of the mutants by TUNEL staining. Significant downregulation of genes related to iridophore differ-
entiation was detected by qPCR. Insufficient ATP, as revealed by ATP assay, α-MSH treatment, and adcy5 mutational analysis, might account for 
the defects of melanophores in mpv17 mutants. Several tissues displayed less mtDNA and decreased ATP levels. Taken together, these results 
indicated that mutation of mpv17 led to mitochondrial dTMP deficiency, followed by impaired mtDNA content and mitochondrial function, which 
in turn, led to loss of iridophores and a transparent body color in tilapia.
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Introduction
The mpv17 gene encodes a highly conserved mitochon-
drial inner membrane protein (Spinazzola et al. 2006). The 
exact function of Mpv17 is still unclear, even though most 
studies suggest that it acts as a transport channel similar to 
PXMP2 (Antonenkov et al. 2015; Mukherjee et al. 2023). 
Electrophysiological observation reveals that MPV17 re-
combinant protein forms a nonselective channel with a pore 
size of about 1.8 nm, which is sufficient for almost all mito-
chondrial solutes to pass through (Spinazzola et al. 2006). 
Knockdown of MPV17 in HeLa cells results in disruption of 
folate-mediated one-carbon metabolism and incorporation of 
uracil into mtDNA (mitochondrial DNA). These results sug-
gest that MPV17 might be a channel for transporting dTMP-
associated nucleotides because the presence of uracil in 
mtDNA is a marker of folate disorders and impaired dTMP 
(deoxythymidine monophosphate) synthesis (Alonzo et al. 
2018). Furthermore, Mpv17 ablation in mice leads to a signif-
icant reduction in dTTP (deoxythymidine triphosphate) and 
a severe decrease of dGTP (deoxyguanosine triphosphate)) 

(Dalla Rosa et al. 2016). These results suggest that Mpv17 is 
a nucleotide-related transport channel, especially for dTMP, 
in mitochondria in mammals.

Mpv17 deficiency causes severe mitochondrial DNA de-
pletion syndrome (MDDS) in mammals, a class of mitochon-
drial diseases characterized by varying degrees of reduction in 
mtDNA content (Löllgen and Weiher 2015). The number of 
mitochondria and the content of mtDNA in different tissues 
is variable, which causes obvious phenotypic differences 
after MPV17 mutation, especially in tissues with high mi-
tochondrial activity such as the liver, muscles, and nervous 
system, where mitochondrial activity is often severely affected 
(Karadimas et al. 2006). Interestingly, the different mutants of 
mpv17 in zebrafish show different phenotypes. The CRISPR/
Cas9-knockout mutants exhibit no significant changes in 
mtDNA copy number in whole zebrafish. The natural mpv17 
mutants tra exhibit little difference in mtDNA content in 
liver, muscle, and brain tissues (Krauss et al. 2013; Bian et al. 
2021), while natural mpv17 mutants (e.g. roy) show signifi-
cantly reduced mtDNA contents in embryos at 10 dpf and in 
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the skin tissue of adult fish (D’Agati et al. 2017; Martorano 
et al. 2019). mtDNA is essential for the normal function of 
mitochondria. The disordered mtDNA content would impair 
the energy metabolism as mtDNA encodes some members 
of the oxidative phosphorylation system (Boore 1999; 
Suomalainen and Isohanni 2010). In addition, mitochondria 
are also involved in cholesterol and steroid hormone syn-
thesis, β-oxidation of fatty acid, and apoptosis (Bratic and 
Trifunovic 2010; El-Hattab and Scaglia 2016; Basel 2020). 
Therefore, MDDS associated with Mpv17 dysfunction in 
humans and mice is fatal during their early developmental 
stages (Weiher et al. 1990; El-Hattab et al. 2010). Similarly, 
the zebrafish mpv17-knockout mutants almost all die in 1 
month (Krauss et al. 2013; D’Agati et al. 2017; Bian et al. 
2021). In contrast, both tra and roy mutants survive normally 
and are fertile. Therefore, it is necessary to verify whether 
mpv17 mutation affects the mtDNA content and whether the 
mpv17 mutants are lethal or viable in other teleosts.

In zebrafish, mpv17 mutation also causes loss of pigmen-
tation of iridophores and a serious decrease of melanophores 
during development (Krauss et al. 2013; D’Agati et al. 2017; 
Bian et al. 2021). Iridophores are pigment cells of neural crest 
origin that contain orderly stacked guanine crystals forming 
reflective plates that refract or reflect light and produce a series 
of structural colors from white to violet (Denton and Land 
1971; Fujii 2000; Le Douarin and Dupin 2003; Schartl et al. 
2016). Many genes related to iridophores development have 
been identified, including tfec, pnp4a, ednrb1a, ltk, sox10, and 
the roles of these genes in differentiation, development, and 
pigmentation of iridophore are relatively clear (Parichy et al. 
2000; Dutton et al. 2001; Kimura et al. 2017; Petratou et al. 
2018). The mpv17 and mitfa double mutation results in casper, 
a complete transparent zebrafish strain, but the reason for the 
defects in iridophores and melanophores after mpv17 muta-
tion is still unknown (Krauss et al. 2013; D’Agati et al. 2017). 
In addition, there has been no study examining the global gene 
expression profile after mutation of mpv17. As tetrapods do 
not have iridophores, mutation of mpv17 in teleosts provide 
a new direction to further understand the function of Mpv17.

In zebrafish, iridophores normally appear early in the devel-
opment of wild-type fish, but in tra and roy mutants they al-
most completely disappear in later developmental stages. The 
purinosome in the residual iridophores in the mutants at 5 dpf 
(days post fertilization) exhibit a high degree of vesiculation 
similar to autophagosomes, indicating apoptosis of iridophores 
after differentiation (Krauss et al. 2013). In mpv17 knockout 
mutants, the iridophores are significantly reduced during 
early development, but can be restored by remedying dNTP 
(deoxynucleotide triphosphate) and orotic acid (Martorano et 
al. 2019). In addition to the loss of iridophores, the tra and roy 
mutants also display a decrease in melanophores (Krauss et al. 
2013; D’Agati et al. 2017). The iridophores and melanophores 
in teleosts share a common precursor derived from the neural 
crest in which mpv17 is also expressed (Fujii 2000; D’Agati et al. 
2017). Therefore, whether the defects of mpv17 mutants are due 
to the apoptosis of iridophores, the defects of iridophore pig-
mentation, or abnormal differentiation of common precursors 
of melanophores and iridophores remains to be answered. In ad-
dition, the normal function of mitochondria is essential to gua-
nine synthesis (Fox and Stover 2008; Ng et al. 2009; French et al. 
2016; Steele et al. 2020). Whether the iridophore defects caused 
by mpv17 mutation are related to guanine synthesis and mito-
chondrial dysfunction also remains to be investigated.

In this study, we used CRISPR/Cas9 gene editing to mutate 
mpv17 in Nile tilapia and obtained a transparent fish line. We 
analyzed the phenotype and performed transcriptome analysis 
using skin samples of fish at 30 dpf. We further administered 
guanine diets and performed TUNEL staining, qPCR, ATP 
and melanin assays, α-MSH (melanocyte-stimulating hor-
mone) treatment and adcy5 mutation analysis, and quanti-
fication of mtDNA content to understand the mechanisms 
underlying the loss of iridophore pigmentation and the loss 
of melanophore pigmentation. Our results indicate that mu-
tation of mpv17 leads to impaired mtDNA content and mito-
chondrial function, which in turn, leads to loss of iridophores 
and a transparent body color in tilapia.

Materials and methods
The Nile tilapia (Oreochromis niloticus) used in this experi-
ment was obtained from the Key Laboratory of Freshwater 
Fish Resources and Reproductive Development of the Ministry 
of Education of Southwest University (Chongqing, China). All 
experimental fishes were cultured in a 26 °C circulating water 
system under natural light conditions. Offspring were obtained 
by artificial fertilization and the fertilized eggs were incubated in 
an artificial incubator with circulating water at 26 °C to obtain 
the fry. Animal experiments were carried out in strict accordance 
with the provisions of the guide for the raising and using of labo-
ratory animals, and were approved by the Experimental Animal 
Ethics Committee of Southwest University.

Mutation of mpv17 and establishment of 
homozygotes
The target sequence (GGCCTTGGAGAGGCTACCAGG) 
was selected from the second exon of the tilapia mpv17 by 
the online website (http://crispr.dbcls.jp/), using an AGG PAM 
region. The Cas9-mRNA and guide-RNA were synthesized as 
reported previously (Li et al. 2014). Cas9-mRNA (1000 ng/μL) 
and guide-RNA (500 ng/μL) were mixed evenly at a ratio of 
1:1, and a 1/10 volume of phenol red was added as an indicator 
before microinjection of the mixture into zygotes. F0 chimera 
mutants were verified by restriction enzyme digestion with 
BstN I. F1 heterozygous with different mutation types were 
obtained by crossing F0 chimeric male fish with wild-type XX 
female fish and the mutation types were identified by Sanger 
sequencing. The +214 bp heterozygous mutants were chosen to 
establish mutant line, as this mutation type accounted for the 
highest proportion of F1 heterozygotes, resulted in frameshift, 
and allowed easy mutant screening in agarose gel. The primers 
used for gRNA (guide RNA) synthesis were as follows:

mpv17-gRNA-F: TAATACGACTCACTATAGGCCTTTG
GAGAGGCTACCGTTTTAGAGCTAGAAATAGC and

mpv17-gRNA-R: AGCACCGACTCGGTGCCAC

qPCR (quantitative polymerase chain reaction)
Total RNA from tilapia tissues of adult (n = 3) and 5 dpf whole 
embryos (n = 20) was extracted by RNAiso (Takara, Japan) and 
the RNA concentration was determined by Nanodrop 2000 
(Thermo, USA). Primescript RT reagent kit with gDNA eraser 
(Takara, Japan) was used for reverse transcription and cDNA 
(complementary DNA) synthesis, which was diluted 10-fold as 
a template for real-time quantitative PCR (polymerase chain 
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reaction). Real-time quantitative PCR was performed using 
TB Green Premix Ex Taq II (Takara, Japan) and the relative 
expression levels were calculated using the formula R = 2−△△Ct. 
β-actin was used as an internal reference gene. Specific gene 
primers can be found in Supplementary Table 1.

Phenotype analysis and chromatophore counting
Five wild-type fish and 5 mpv17−/− mutants were 
photographed at 3, 5, 30, and 90 dpf. Fish less than 30 dpf 
were photographed using Leica M165FC stereomicroscope 
(Leica, Germany), while fish at 90 dpf were photographed 
using Nikon D7000 camera (Nikon, Japan). The shape and 
number of melanophores in the skin vertical bars, non-barred 
areas, dorsal fins, tail fins, and anal fins of 90 dpf mutants 
were quantified by taking photos and counting. To facilitate 
the counting of skin chromatophores, fishes were anesthetized 
with 4.5 mg/mL Tricaine (MS-222, USA) and then placed in a 
10 mg/mL l-Adrenaline (Sigma, USA) solution for 15 min to 
contract the chromatophores. Surgical scissors were used to 
cut off 25 mm2 sized fin pieces which were placed on a glass 
slide and photographed using an Olympus optical micro-
scope BX53 (Olympus, Japan). Differences in the number of 
chromatophores were analyzed using GraphPad Prism 8.01 
software (GraphPad, USA).

Transcriptome analysis
The skin tissue of wild-type and mpv17 mutant fish (n = 3) 
at 30 dpf were removed to extract the total RNA. The in-
tegrity and quantity of total RNA was characterized by 
specialized agarose electrophoresis, and the purity was 
measured using the Nanodrop2000. The mRNA was then 
fragmented to 300 bp using a solution of Mg2+. The first 
strand of cDNA was synthesized by reverse transcription 
using 6-base random primers, and the second strand cDNA 
was synthesized using the first strand cDNA as a template. 
The sequencing library was enriched by amplifying cDNA 
with high-fidelity polymerase. The size of the library was 
quantified using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA) and the total concentration of the library 
was quantified by real-time PCR. Transcriptome sequencing 
was performed on the Illumina HiSeq 2000 RNA-Seq plat-
form (Illumina, USA). A single-stranded library was pre-
pared from 0.75 μg of RNA and then used as a template for 
bridge PCR amplification. Then the raw data was filtered 
to remove low-quality reads, adaptor reads, and ambiguous 
nucleotides. The clean reads were aligned to the reference 
genome of tilapia (GCF_001858045.2_O_niloticus_UMD_
NMBU_genomic.fna) by using HISAT2 software (Kim et al. 
2019). The expression level of each gene was calculated and 
used for expression difference analysis, enrichment analysis, 
and cluster analysis. The reads were assembled to restore the 
transcript sequence.

Guanine treatment
The wild-type fish and mpv17−/− mutants (n = 20) at 60 dpf 
were fed with 6 mg/g guanine-treated diets three times a day 
for 5 weeks. The phenotypes were recorded using a Leica 
stereo microscope (Leica, Germany). The liver tissues of the 
control and treated fish (n = 3) were sampled to extract RNA 
for detection of gda (a key gene involved in guanine catabo-
lism and highly expressed in the liver) expression to verify the 
intake of guanine at the end of the treatment.

TUNEL apoptosis assay
Wild-type and mpv17−/− mutants of 5 dpf (n = 6) were fixed 
with 4% PFA (phosphonoformate) overnight at 4 °C. The fixed 
materials were washed with PBS and then processed by gra-
dient ethanol dehydration, xylene transparency, and paraffin 
embedding. The embedded materials were sliced and pasted 
onto glass slides. Then xylene, gradient ethanol, and 0.3% 
Triton X-100 were used to dewa, rehydrate, and penetrate, re-
spectively. After washing in PBS, TUNEL testing solution was 
prepared according to the One Step TUNEL Apoptosis Assay 
Kit (Beyotime, China) and incubated in the dark at 37 °C for 
1 h. The slides were washed in PBS again and sealed; finally, 
photos were taken with an Olympus FV3000 laser confocal 
microscopy (Olympus, Japan).

α-MSH treatment
Wild-type fish and mpv17−/− mutants (n = 3) at 30 dpf were 
put into a solution of 1 mM α-MSH for 30 min to disperse 
the melanosomes. Photos of the body and the melanophores 
of vertical bars were taken before and after treatment using a 
stereomicroscope (Leica, Germany).

Melanin content quantification
The eyes, peritoneum, and skin tissues of wild-type and 
mpv17−/− mutants (n = 4) at 30 dpf were removed and cleaned 
with PBS. Then these tissues were dried in an oven. About 
10 mg of each dried sample were dissolved in 1M NaOH 
for 4 h at 85 °C. A Multiskan Go (Thermo, USA) microplate 
reader was used to measure the absorbance at 375 nm. Each 
sample was tested three times with 1M NaOH used as a 
blank. The relative melanin content was calculated by di-
viding the absorbance of each sample by the average absorb-
ance of wild-type fish.

ATP content quantification
ATP (adenosine triphosphate) content was quantified using 
the ATP Assay Kit (Beyotime, China). The ATP standard so-
lution was diluted with lysis buffer to seven concentrations: 
10, 30, 100, 300, 1,000, 3,000, and 10,000 nM. The 
chemiluminescence was detected with Luminoskan Ascent 
(Thermo, USA) to obtain a standard curve. Fish at 5 dpf 
(n = 20) and skin (20 mg) from fish at 30 dpf (n = 5) were 
homogenized with 200 μL lysis solution. After centrifuga-
tion at 12,000 g for 5 min at 4 °C, the supernatant was 
collected, and the protein concentration was measured by 
the Nanodrop2000 (Thermo, USA). The ATP detection so-
lution was added to the supernatant. The actual value of 
chemiluminescence was detected. The luminescence value 
was divided by the protein concentration to convert ATP 
concentration into nmol/g protein value for eliminating in-
terference of protein concentration differences. The average 
value of wild-type was used as the standard. The relative 
ATP content was calculated by dividing the mutant value to 
the average value of the wild-type.

mtDNA content detection
The nd1 (mitochondrial gene) and enc1 (nuclear gene) gene 
fragments were amplified by PCR using genomic DNA 
extracted from tilapia fins with gene-specific qPCR primers, 
the primers were listed in Supplementary Table 1. The PCR 
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products were purified, cloned into the pMD19-T vector 
(Takara, Japan), and transformed into DH5α (Tsingke, 
China). The plasmids were extracted and linearized with 
SacI to obtain the standard plasmid. The concentration 
of standard plasmid was converted into copy number 
using the formula copy/μL = (6.02 × 1023 × n)/(660 × m), 
where “n” represents concentration and “m” represents 
numbers of base pairs. The standard plasmid was serially 
diluted by 10-fold. qPCR was performed to obtain CT 
values in different copy numbers to draw standard curves. 
Subsequently, qPCR was performed using genomic DNA 
extracted from fish (both wild-type and mutants) at 5 dpf 
and skin from fish (both wild-type and mutants) at 30 dpf 
to obtain CT values and compared to the standard curves 
to determine the corresponding copy numbers. The mtDNA 
content was calculated by the following formula: mtDNA 
content = (2 × mtDNA copy number)/nDNA copy number. 
Finally, the relative mtDNA content was obtained by di-
viding the mtDNA content of mpv17−/− mutants to the av-
erage of that of wild-type.

Data analyses
All data were expressed as mean ± SD and Student’s t-test 
was used to determine the differences between the two 
groups. The data were statistically analyzed using the 

GraphPad Prism 8.01 software (GraphPad, USA). In all 
analyses, “*” represented statistical difference (P < 0.05), 
“**” represented significant difference (P < 0.01), “***” 
represented extremely significant difference (P < 0.001), and 
“ns” represented no significant difference.

Results
Establishment of tilapia mpv17 homozygous 
mutants
A specific target (GGCCTTGGAGAGGCTCCAGG) was 
designed in the second exon of the mpv17 gene of Nile ti-
lapia. CRISPR/Cas9 gene editing was used to knockout this 
gene (Fig. 1A). Wild-type XY zygotes were microinjected 
with mpv17-guide-RNA and Cas9-mRNA mix to obtain 
F0 chimeras. The target sequence was digested with BstN 
I to verify whether the mutation was successful. An undi-
gested band was observed when the mpv17-guide-RNA and 
Cas9-mRNA were injected simultaneously and mutated the 
site successfully (Fig. 1B). After the F0 generation chimeras 
were sexually mature, they were mated with wild-type XX 
female fish to obtain the F1 heterozygotes. Various types of 
F1 heterozygotes were identified by Sanger sequencing (Fig. 
1C). The +214 bp heterozygous mutants were chosen to 

Fig. 1. Target selection and establishment of tilapia mpv17 homozygous mutant line. Gene structure of mpv17 in tilapia showing target sequences 
and PAM region on exon 2, with a restriction endonuclease BstN I cleavage site on this target (A). The mutation was confirmed by restriction enzyme 
digestion, the unmutated DNA from the embryos injected with either Cas9-mRNA or mpv17-guide-RNA was cleaved into two bands, while mutated 
DNA from the embryos injected with Cas9-mRNA and mpv17-guide-RNA showed an uncleaved band (B). Mutant types of F1 offspring produced by F0 
XY male fish and wild-type XX female fish were identified by Sanger sequencing, and the type of +214 bp was selected to establish the homozygous 
mutant line, the added nucleotide sequence was indicated in green (C). The process of establishing the homozygous mutant line (D). The normal and 
mutated protein structures of Mpv17 of tilapia, the blue box represented the domain of transmembrane region. The mutation of +214 bp caused a 
frameshift and a premature stop codon, which resulted in only 18 amino acids in the peptide and only 6 amino acids were consistent with those in the 
wild-type (E). M, DNA Marker DL2000. WT, wild-type.
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establish mutant line, as this frameshift mutation accounted 
for the highest proportion of F1 heterozygotes and allowed 
easy mutant screening in agarose gel. An F2 generation was 
obtained by mating +214 bp F1 male with the same mu-
tation type female. F2 fishes were screened for homozy-
gous mpv17 mutants (Fig. 1D). This mutation causes the 
frameshift mutation and premature termination of Mpv17 
translation (Fig. 1E).

Mutation of mpv17 led to a transparent body color 
in tilapia
Iridophores began to appear on the iris in wild-type fish 
at 3 dpf (Fig. 2A and B), significantly increased on the 
iris at 5 dpf (Fig. 2C and D), also appeared on the peri-
toneum at this time (Supplementary Fig. S1), and gradu-
ally covered the body surface at 30 dpf (Fig. 2E and F). In 
mpv17−/− mutants, a few iridophores appeared at 3 dpf (Fig. 
2G). Except for this, these were no obvious differences be-
tween the wild-type and mutants during this period (Fig. 
2B and H). The iridophores of mutants stopped increasing 
(Fig. 2I and J), and finally disappeared during later devel-
opment (Fig. 2K and L). In addition, the wild-type fishes 
displayed clear black vertical bars at 30 dpf (Fig. 2F). In 
contrast, no vertical bars were observed in the mutants at 
this time (Fig. 2L). The absence of iridophore pigmenta-
tion and black bars led to a transparent body color in the 
mutants, with the viscera clearly visible (Fig. 2L). At 90 dpf, 
iridophores covered the whole trunk surface of the wild-
type fish (Fig. 3A). Two types of melanophores, dendritic, 

and punctate melanophores, were observed to form the bars 
and inter-bars, respectively (Fig. 3B). The mpv17−/− mutants 
displayed the color of muscle with the black peritoneum 
visible (Fig. 3F). Statistically, no significant differences in 
melanophore number were observed on the body surface 
between the wild-type and mutants (Fig. 3G and K). Most 
of the dendritic melanophores became punctate and failed 
to form bars in mpv17−/− mutants (Fig. 3G). Interestingly, 
the melanophores in the fins were normal, both in number 
and shape (Fig. 3L).

Transcriptome analysis of skin tissue in mpv17 
mutants and wild-type fish
Transcriptome sequencing was performed using skin tissues 
from mpv17−/− mutants and wild-type fish (n = 3) at 30 dpf. 
A total of 26,909 genes were annotated according to the 
sequencing results, covering over 95% of the tilapia genome. 
Among them, 492 genes were significantly upregulated, 778 
genes were significantly downregulated, and 25,639 genes were 
not significantly changed in mpv17−/− mutants compared with 
wild-type (Fig. 4A). The clustering of our samples is shown in 
the heatmap (Fig. 4B). KEGG (kyoto encyclopedia of genes 
and genomes) enrichment analysis showed that the differen-
tially expressed genes (DEGs) were enriched in five categories, 
including cellular processes, environmental information proc-
essing, human diseases, metabolism, and organismal systems. 
Among these, the category of metabolism was the most ob-
viously enriched. The one-carbon pool by folate, steroid 
hormone biosynthesis, and purine metabolism pathways 

Fig. 2. The mpv17 mutants displayed transparent phenotype with few iridophores at larval and juvenile stage in tilapia. At 3 dpf, some iridophores 
were observed on the iris in wild-type fish (A, B), while few iridophores were observed in mpv17−/− mutants (G, H). At 5 dpf, increased iridophores was 
observed on the iris in wild-type fish (C, D), while almost no iridophores were observed in mpv17−/− mutants (I, J). At 30 dpf, the whole body of wild-
type fish was almost covered up by iridophores, with melanophore-pigmented black vertical bars on the trunk (E, F). In contrast, in mpv17−/− mutants, 
no iridophores and no black bars (but with some melanophores visible), were observed, displaying a transparent phenotype (K, L). dpf, days post 
fertilization.
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were significantly enriched, and some other pathways such 
as lipid metabolism and amino acid metabolism were also 
enriched (Fig. 4C). Most of these metabolic processes occur 
in or were related to mitochondria, reflecting severe defects 
in mitochondrial metabolism. Genes related to the de novo 
synthesis of purine, like gart, pfas, paics, and atic which 
are involved in the processing of PRPP (5-phosphoribosyl 
1-pyrophosphate) to IMP (inosinemonphosphate), were signifi-
cantly downregulated. In addition, genes involved in purine ca-
tabolism, including xdh and pnp4a, were also downregulated 
(Fig. 4D). The one-carbon pool by folate pathway, with all the 
enriched genes downregulated, was the most enriched pathway 
(Fig. 4C and E). Surprisingly, the genes associated with both 
folate-dependent de novo dTMP synthesis and salvage syn-
thesis in mitochondria were upregulated (Fig. 4F). In addition, 
expression of genes related to differentiation and survival of 
melanophores, such as mitf, kita, foxd3, etc., were normal (Fig. 
4G), while most genes related to melanin synthesis, such as dct, 
pmel, tyrp1, etc., were downregulated (Fig. 4H).

Abnormal differentiation of pigment cell precursors 
led to loss of iridophores
The loss of iridophore pigmentation might have arisen from 
either guanine insufficiency or loss of iridophores. Thus, we 
first fed mpv17−/− mutants with guanine-containing feed for 
5 weeks, but failed to rescue the iridophore pigmentation 
(Fig. 5A). The expression level of gda in guanine-treated fish 
increased significantly compared with the control group, 
indicating successful ingestion of guanine (Fig. 5B). These 
results demonstrated that the phenotype of the mutants was 
caused by loss of iridophores, either apoptosis or abnormal 
differentiation of precursors, rather than guanine insuffi-
ciency. We further performed TUNEL assays, however, we 
did not find obvious signals of apoptosis in the iris (Fig. 5C). 
Apoptosis occurred in some cells of the whole fish, but not the 
iridophores of iris. Then we examined the expression of genes 
related to iridophore differentiation, including sox10, tfec, 
ednrba, ltk, and pnp4a. All of these genes were significantly 
downregulated in the mutants compared with the wild-type 

Fig. 3. The mutants displayed pink-colored semi-transparent phenotype with no iridophores and punctuated melanophores at 90 dpf. At 90 dpf, the wild-
type fish displayed silver–white body color due to the coverage of iridophores and with 7–9 black vertical bars formed by dendritic melanophores (A, B). 
In mpv17−/− mutants, no iridophore pigmentation and dendritic melanophores, punctuated melanophores (equal number of the dendritic and punctuated 
melanophores observed in the wild-type fish) were observed (K), displaying a pink-colored semi-transparent phenotype (F, G). No differences were 
observed between the wild-type fish and mpv17−/− mutants in shape of melanophores, xanthophores, and erythrophores in dorsal fin (C, H), caudal 
fin (D, I), and anal fin (E, J). Statistical analysis revealed no significant changes in number of melanophoresbetween the wild-type fish and mpv17−/− 
mutants (L).
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fish at 5 dpf (Fig. 5D), indicating abnormal differentiation of 
iridophores.

Insufficient ATP caused by decreased mtDNA 
content in melanophores led to melanophore 
aggregation of the mutants
The aggregation of melanosomes could be the result of lim-
ited dispersion of melanin and/or the insufficient melanin 
content in melanophores due to ATP insufficiency. To verify 
the former, both wild-type fish and mpv17−/− mutants were 
treated with 1 mM α-MSH (alpha-melanocyte-stimulating 
hormone) at 30 dpf for 30 min. Compared to untreated fish 

(Fig. 6A, A’, C and C’), enhanced melanin dispersion was 
observed in both wild-type fish and mutants as reflected by 
darker body coloration after treatment (Fig. 6B, B’, D and 
D’). However, the treatment failed to produce bars on the 
trunk of the mutants (Fig. 6D and D’). These results suggested 
that the morphological function of melanophores was normal 
in mpv17−/− mutants, but the mutation of mpv17 led to lim-
ited melanosome dispersion. We also examined the melanin 
content of melanin-deposited tissues, including skin, eyes, and 
peritoneum, by NaOH digestion, and found that the NaOH 
digested solution was clearer in mpv17−/− mutants than that 
of wild-type fish (Fig. 6E). The melanin content in the melanin 

Fig. 4. Transcriptome analysis of differentially expressed genes between skin of mutants and wild-type fish at 30 dpf. A total of 26,909 genes were 
annotated in the sequencing results, covering more than 95% of the tilapia genome. Among them, 492 genes were upregulated and 778 genes were 
downregulated (A). Heatmap generated by gene expression clustering between wild-type and mpv17−/− mutants (B). KEGG enrichment analysis of 
differentially expressed genes (DEGs). The top 20 enriched pathways were displayed, and the enrichment factor represented the ratio of the number 
of DEGs in a specific signaling pathway to the total number of genes; the sizes and color of the dots represented the number of genes and FDR (false 
discovery rate), respectively (C). The DEGs of purine metabolism pathway (D). FPKM of genes related to one-carbon pool by folate (E), dTMP synthesis 
in mitochondria (F), differentiation and survival of melanophores (G), and melanin synthesis (H). n = 3.
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deposited tissues was significantly less in the mutants than 
that in the wild-type fish (Fig. 6F). The ATP content of these 
tissues in the mutants was less than half that of the wild-type 
fish (Fig. 6G). Mutation of adcy5, the key enzyme for cycli-
zation of ATP into cAMP (cyclic adenosine monophosphate) 
in melanophores, resulted in loss of bars and increased punc-
tate melanophores in F0 chimeras with high mutant rates 
(Supplementary Fig. S2). We also detected the mtDNA content 
of skin at 30 dpf. The mtDNA content in skin of mutants was 
much less than that in wild-type fish (Fig. 6H). These results 
suggested that mpv17 deficiency resulted in mtDNA deficits 
leading to low ATP production, indirectly affecting melanin 
synthesis and diffusion, which in turn, led to an aggregated 
phenotype in the melanophores. Consistent with that, the 
mtDNA and ATP content also significantly decreased in the 
embryos at 5 dpf (Fig. 7A and B).

Discussion
Since the first report of MDDS in humans, the mtDNA deple-
tion caused by Mpv17 mutation has been confirmed in sev-
eral organisms, including human, mouse, zebrafish, and yeast 
(Dallabona et al. 2010; Spinazzola 2011; Krauss et al. 2013; 

Dalla Rosa et al. 2016; El-Hattab et al. 2017). In this study, 
we disrupted mpv17 by CRISPR/Cas9 and investigated the 
roles of this gene in tilapia. Our results showed that mpv17 
mutation led to a reduction in mtDNA content, mitochon-
drial dysfunction, loss of iridophores, and aggregation of 
melanosomes in tilapia.

Studies in zebrafish have shown that the differentiation of 
neural crest cells into iridophores is progressive, and each 
process requires corresponding gene expression to promote 
the differentiation of precursor cells to the next stage, espe-
cially pnp4a which encodes purine nucleoside phosphorylase 
that degrades guanosine to guanine. Pnp4a is expressed in 
both iridophores and their precursor cells (Curran et al. 
2010; Petratou et al. 2018, 2021). In tra mutants, the ex-
pression of pnp4a is normal in the iridophore precursor cells 
at the beginning, but sharply downregulated at 48 hpf when 
no obvious iridophores appear in the wild-type (Krauss 
et al. 2013). In the present study, a very small number of 
iridophores and significant downregulation of genes re-
lated to iridophore differentiation, including pnp4a and 
tfec, was observed in tilapia mpv17 mutants at 5 dpf. The 
initial normal expression of pnp4a in tra mutants and the 
very small number of iridophores that appeared in tilapia 

Fig. 5. Abnormal differentiation of iridophore precursor cells in mpv17 mutants. The mpv17 mutants at 60 dpf were fed with 6 mg/g guanine-treated 
diets for 5 weeks, but failed to recover the iridophore pigmentation (A), even though the expression of guanine degradation gene gda was significantly 
upregulated in treatment group (B). No obvious apoptotic signal was observed in mutants and wild-type fish at 5 dpf (C). The expression of genes 
related to iridophore differentiation was significantly downregulated (D).
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Fig. 6. Limited melanin diffusion and reduced melanin synthesis in mpv17−/− mutants. In wild-type fish at 30 dpf, the bars and inter-bars were alternately 
distributed on the body surface, and the dendritic melanophores exhibited a radiate shape (A, Aʹ). There was no bar-formed color pattern in mpv17−/− 
mutants, the melanophores displayed a limited dispersion and appeared to be punctate at low magnification (B, Bʹ). After treatment with 1 mM 
α-MSH for 30 min, both the wild-type and mpv17−/− mutants became darker (C, Cʹ), and the dendritic melanophores, especially the melanophores in 
the wild-type, became further dispersed while the punctate melanophores were not affected (D, Dʹ). Compared with wild-type, the NaOH solution of 
black tissue in mpv17−/− mutants was lighter (E), and the melanin content of mpv17−/− mutants was less than half than that of the wild-type (F). The 
ATP contents of skin, eyes, and peritoneum in mpv17−/− mutants were even less than a quarter of those of wild-type (G). The mtDNA content of skin in 
mutants was significantly decreased (H). n = 3.

Fig. 7. mtDNA and ATP content in embryos at 5 dpf. The mtDNA and ATP contents were significantly lower in the mpv17 mutants compared with wild-
type fish at 5 dpf (A, B). n = 20.
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mpv17 mutants might represent the normal function of 
mitochondria of maternal origin at the early stage (Giles 
et al. 1980; Artuso et al. 2012). However, as development 
progresses, the iridophores gradually disappear due to ab-
normal functions of the newly assembled mitochondria with 
defects due to Mpv17 deficiency. Another possibility is that 
there is not enough ATP to support the survival or migra-
tion of the iridophore precursor cells. It is well documented 
that the iridophore precursor cells migrate along specific 
routes, colonize at a specific location, and differentiate into 
pigment cells (Kelsh et al. 2009). In this study, guanine diets 
administration failed to rescue the iridophore pigmentation 
and no apoptosis of iridophores were observed in the iris 
of the mutants. Taken together, these results suggest that 
defects in iridophore differentiation, rather than defects in 
iridophore pigmentation or apoptosis, are responsible for 
the loss of iridophores observed in mpv17 mutants in ti-
lapia. However, there is another possibility that cannot be 
completely excluded, as purine biosynthesis and normal 
mitochondrial function have been proved to be inseparable 
(French et al. 2016; De Vitto et al. 2021). In fact, iridophores 
were supposed to be alive in the tra mutants, but guanine 
failed to form the structural coloration (Krauss et al. 2013). 
Therefore, an alternative explanation is that the iridophores 
were still there, but the guanine crystals could not be formed 
without normal mitochondrial function in mpv17 mutants.

The phenotypic differences of melanophores between 
mpv17-mutated zebrafish and tilapia might be related to 
the differences in color patterning mechanisms. In zebrafish, 
iridophores were the first chromatophore to appear, and the 
correct colonization of iridophores specifies the localization 
of other types of pigment cells. The subsequently appeared 
melanophores and xanthophores form the horizontal 
stripes with iridophores (Frohnhöfer et al. 2013; Gur et al. 
2020). Therefore, the loss of iridophores also affects other 
chromatophores and the color pattern. For example, muta-
tion of bnc2 (basonuclin-2), which is involved in the expan-
sion of the iridophores, leads to loss of iridophores and results 
in significantly reduced melanophores and xanthophores 
and almost complete loss of horizontal stripes of the trunk 
in zebrafish (Lang et al. 2009; Patterson and Parichy 2013). 
However, in tilapia, melanophores appear first, long before 
other types of chromatophores, and the formation of vertical 
bars on its trunk is also dominated by melanophores (Wang 
et al. 2021; Lu et al. 2022). This explains why a significant 
decrease in number of melanophores was observed in mpv17 
mutants in zebrafish but not in tilapia. It is well documented 
that mitochondrial dysfunction impairs energy metabo-
lism and causes insufficient ATP production. ATP could be 
converted into cAMP which promotes the dispersion of 
melanosomes and also facilitates melanin synthesis through 
the cAMP-PKA pathway (Wasmeier et al. 2008; D’Mello 
et al. 2016). In tilapia mpv17 mutants, insufficient ATP led 
to decreased cAMP contents, followed by reduced melanin 
synthesis and failure of dispersion, which in turn, resulted 
in miniaturized melanophores and disappearance of vertical 
bars. In line with this, mutation of adcy5 in guppy results in 
the replacement of the corolla and dendritic melanophores 
observed in wild-type fish with punctate melanophores 
in the mutants and disappearance of the net-like reticulate 
pattern which is mainly composed of corolla and dendritic 
melanophores, in addition, it was also confirmed in zebrafish 
(Kottler et al. 2015; Zhang et al. 2022a). A similar phenotype 

of punctate melanophores was observed in tilapia adcy5 
mutants in the present study.

Tilapia mpv17 mutants are viable and fertile like the 
zebrafish tra and roy mutants, different from the low survival 
rate in mpv17-mutated humans, mice, and knockout mutant 
zebrafish (Weiher et al. 1990; El-Hattab et al. 2010; Krauss 
et al. 2013; Bian et al. 2021). The normal survival rate in 
our mutants could be attributed to the Mpv17-like proteins. 
In zebrafish, the expression of mpv17l2 (MPV17 mitochon-
drial inner membrane protein-like 2) was upregulated in 
mpv17 null mutant compared to that in the wild-type, and 
the number of iridophores in mutated larvae increased sig-
nificantly after mvp17-mRNA or mpv17l2-mRNA injection, 
which were supposed to be functional redundancy of Mpv17 
and Mpv17-like (Martorano et al. 2019). Consistently, 
upregulation of mpv17l2 expression was also observed in our 
tilapia mpv17 mutants (Supplementary Fig. S3). However, the 
mpv17-knockout zebrafish die at early developmental stages, 
and is hard to explain by this view. Interestingly, the knockout 
zebrafish have seven fewer normal amino acids compared 
with tra mutants, which is suggested to affect the survival of 
the knockout mutants (Bian et al. 2021). However, our tilapia 
mpv17 mutants have even fewer normal amino acids than 
tra and mpv17 knockout mutants in zebrafish, with a stop 
codon before the conservative transmembrane structural do-
main. Therefore, the discrepancy might be attributed to the 
diversity in tolerance of different animals or different tissues 
to mpv17 mutation. For example, in humans, patients with 
mutation of MPV17 mainly exhibit the most severely affected 
liver mtDNA contents and liver diseases; the mouse Mpv17 
mutants often die of nephrotic syndrome and chronic renal 
failure; while the mpv17-knockout zebrafish develop ab-
normal muscle and liver, thus leading to significant growth re-
striction (Weiher et al. 1990; El-Hattab et al. 2010; Bian et al. 
2021). Consistently, the dysfunction of mitochondria had sig-
nificant impacts on normal life of tilapia mpv17 mutants, as 
demonstrated by delayed growth and spermatogenesis, even 
though their survival was not affected.

Current research tends to regard Mpv17 as a channel for 
transporting dNTP in mitochondria (Antonenkov et al. 2015; 
El-Hattab et al. 2017; Alonzo et al. 2018). It is essential for 
the balance of the nucleotide pool and the maintenance of 
the relative abundance of various dNTPs in mitochondria, 
which is an important prerequisite for supporting normal 
replication of mtDNA (López et al. 2009; Suomalainen and 
Isohanni 2010; González-Vioque et al. 2011). Studies of 
MPV17 mutated HeLa cells indicate that dTMP is the cargo, 
as there is an increase in de novo and salvage synthesis of 
dTMP in mitochondria and a significant incorporation 
of uracil into mtDNA (Alonzo et al. 2018). In the absence 
of dTMP mtDNA replication uses uracil, and therefore the 
incorporation of uracil is a marker of impaired dTMP syn-
thesis (Alonzo et al. 2018; Field et al. 2018). The partial 
incorporation of uracil into DNA could be recognized and 
removed by the repair system, but excessive uracil would 
cause continuous repair and DNA breakage, and even MDDS 
(Fenech 2001). Consistent with this, mitochondrial thymidine 
kinase 2 (TK2) deficiency leads to depletion of mitochondrial 
dTTP pool and causes human MDDS and severe mitochon-
drial dysfunction (Zhou et al. 2008). In the present study, 
disordered folate metabolism and dTMP synthesis in skin and 
decreased mtDNA contents were observed in some tissues. 
We hypothesized that Mpv17 might be involved in nucleotide 
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transport for mtDNA synthesis, including deoxy-thymidine 
and its phosphorylated products (dTMP, dTDP, and dTTP), 
and even rGMP (riboguanosine monophosphate) as reported 
in mouse (Moss et al. 2017). Deficiency of Mpv17 leads to 
a severe shortage of dTMP transported from cytoplasm to 
mitochondria and increases mitochondria de novo dTMP 
synthesis for mtDNA synthesis, with serious consumption of 
the folate, but not enough to compensate the dTMP insuffi-
ciency. The imbalanced dNTP and insufficient dTMP result 
in depletion of mtDNA, leading to subsequent mitochondrial 
dysfunction, and eventually result in the transparent tilapia.

In summary, these results in the present study indicated 
that mutation of mpv17 led to mtDNA contents reduction 
and mitochondrial dysfunction, which in turn, led to loss 
of iridophores and a transparent body color in tilapia. The 
upregulated expression of genes related to dTMP synthesis 
and the disordered folate pathway in mitochondria imply that 
the function of Mpv17 was associated with dTMP content. 
In addition, the disrupted folate pathway provides a pos-
sible research direction of the study of iridophores. For ex-
ample, in GWAS (genome-wide association studies) analysis 
of some blue and green fighting fish, mthfd1l, a key gene for 
tetrahydrofolate synthesis is found to be a dominant candi-
date gene (Lee et al. 2017; Zhang et al. 2022b).
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