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Abstract
Background

While tilapia are the second most farmed group of �sh in the world, the Oreochromis niloticus ( ) × 
Oreochromis aureus ( ) hybrid is one of the most frequently observed tilapia crosses in China. Based on
its conservative nature and maternal inheritance pattern, mitochondrial DNA is often used in kinship
analysis. Evidence of paternal inheritance has been noted in some animal species.

Results

The mitochondrial CoI and Cytb genes, and D-loop gene regions of Oreochromis niloticus and 
Oreochromis aureus �sh were sequenced and aligned to their orthogonal and backcrossed offspring. As
evidence of paternal mitochondria DNA inheritance was found, the whole mitochondrial genome was
then sequenced. Results showed that in the Oreochromis niloticus ( ) × Oreochromis aureus ( ) hybrids,
certain �sh shared 92.88% of the maternal mitochondria genome, and 99.86% with the paternal
mitochondria genome. This implied that there was paternal mtDNA inheritance. However, all Oreochromis
niloticus ( ) × Oreochromis aureus ( ) hybrids had 100% identical mitochondria genome with their female
parent.

Conclusions

The study showed that while paternal mtDNA inheritance occurred in the Oreochromis niloticus ( ) × 
Oreochromis aureus ( ) hybrid, this did not happen in Oreochromis niloticus ( ) × Oreochromis aureus ( )
offspring. This implies that in hybrid species, different hybridization combinations might provide an
explanation for paternal mtDNA inheritance pattern. 

Background
Present in the mitochondria of most eukaryotic cells, mitochondrial (mt)DNA is a small, circular,
conserved double-chained DNA molecule when compared to nuclear DNA. While the mtDNA can self-
replicate and translate, it is also under the control of the nuclear genome. Animal mtDNA is 15–20 kb in
length, and houses 13 protein coding genes, two rRNA and 22 tRNA genes. The order in which genes are
found is stable [1, 2]. Generally, maternal mtDNA is inherited by offspring [3, 4] in most eukaryotes in
whom sexual reproduction takes place. Since paternal mtDNA is reduced during spermatogenesis or
eliminated after fertilization [5, 6], mtDNA is one of the most stable and useful tools in population
genetics and kinship analysis [3]. The theory that humans originated from Africa [7] is one example of
mtDNA analysis results.

However, studies have found several species, such as Mytilus galloprovincialis [8] and Modiolus
modiolus [9], Meloidogyne javanica [10], humans [11, 12], Drosophila [13] and triploid crucian carp [14],
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with evidence supporting the paternal inheritance of mtDNA. Do these evidences threaten the correctness
in the theory of maternal mtDNA inheritance?

Tilapia are the second most farmed group of �sh in the world [15] due to their high economic value and
environmental adaptability [2]. Belonging to the same genera, male Nile tilapia (Oreochromis niloticus)
and female Blue tilapia (Oreochromis aureus) are used by farmers to raise hybrids in China because it
produces a predominantly male population (more than 95% of �sh are male) that has superior growth
when compared to females [16]. Additionally, while the orthogonal hybrid tilapia have a higher growth
rate than either Nile or Blue tilapia, the male-dominated hybrid population helps reduce unwanted
reproduction that could cause overpopulation and malnutrition. The high-male population of orthogonal
hybrid tilapia is considered the consequence of different types of sex determination systems between
Nile (XX/XY) and Blue tilapia (ZW/ZZ) [16–18]. Because of this, orthogonal hybrid tilapia result in male
�sh that have a stable pair of sex chromosomes. However, unlike the orthogonal hybrid tilapia, the
backcrossing of tilapia results in a normal sex ratio of 50% male and 50% female. The difference in sex
chromosome pairing makes the backcrossed hybrid tilapia a better experimental animal in the study of
hybrid tilapia.

In this study, the CoI, Cytb and D-loop region of the Oreochromis niloticus ( ) × Oreochromis aureus ( )
(AN), and the Oreochromis niloticus ( ) × Oreochromis aureus ( ) (NA) hybrids’ mitochondrial genes were
sequenced. Evidence of paternal mtDNA inheritance was found. The whole mt genomes of hybrid AN and
NA tilapia were subsequently sequenced and aligned against the sequences obtained from their
Oreochromis niloticus and Oreochromis aureus parents. By analyzing the data, it was observed that
paternal mtDNA transfer occurred in the hybrid AN tilapia, while maternal mtDNA was inherited in the NA
hybrid tilapia. This result may provide new insights into mtDNA inheritance in different populations
crossing.

Results
The difference in appearances

Images of the experimental Nile tilapia, Blue tilapia, orthogonal hybrid tilapia (female Nile tilapia × male
Blue tilapia) and backcrossed hybrid tilapia (male Nile tilapia × female Blue tilapia) are shown in Fig. 1.
Nile tilapia have a striped caudal �n pattern with no spots on the operculum. Blue tilapia have dotted
caudal �n patterns and spots on the operculum. The orthogonal and backcrossed hybrid tilapia had the
same appearance that combined the characteristics of their male and female parents. This included
striped but light caudal �n patterning and colored spots on the operculum.

CoI gene

The mt CoI gene length was 1,595 bp in all four experimental tilapia groups. The similarity in CoI genes
between the parent Nile and Blue tilapia was 93.17%, proving that the CoI gene in Nile and Blue tilapia
share the same coding sequence but have different codons. The orthogonal hybrid AN17 and AN18
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tilapia shared 100% identity with their female parent Nile tilapia, suggesting the CoI gene in AN17/AN18
and NA are maternally inherited. Moreover, the CoI gene of orthogonal AN3 and AN4 hybrid tilapia both
shared 93.17% identity with their female Nile tilapia parent, and 100% identity with their male Blue tilapia
parent. This suggested that paternal mt CoI gene leakage occurred in orthogonal AN3/AN4 hybrid tilapia.
Contrarily, the CoI gene of backcrossed hybrid NA tilapia shared 100% identity with their female Blue
tilapia parent, suggesting that the CoI gene in backcrossed hybrid NA tilapia strictly followed the maternal
inheritance pattern.

Cytb gene

The mt Cytb gene that was sequenced in parental and offspring tilapia was 1,140 bp in length. Showing
the difference between the male and female parent tilapia, the similarity between the Cytb gene across
the parent Nile and Blue tilapia �sh was 89.66%. The AN17 and AN18 mt Cytb gene shared 100% identity
with its female Blue tilapia parent. However, the AN3 and AN4 Cytb gene both share 89.83% identity with
their female Nile tilapia parent, and 99.82% identity with their male Blue tilapia parent. Since the paternal
identity is signi�cantly higher than the maternal identity, it is suggested that the paternal mt Cytb gene
was inherited by the orthogonal hybrid AN3/AN4 tilapia. The results also showed that the mt Cytb gene of
the backcrossed hybrid NA tilapia shared 100% identity with its female Blue tilapia parent. This suggests
that paternal mtDNA inheritance did not occur in NA �sh.

D-loop region

The mt D-loop region obtained from all four experimental tilapia groups showed variability in gene
lengths. The similarity across the D-loop region of both the Nile and Blue parent tilapia was 92.66%.
AN17, AN18 and their female Nile tilapia parent shared a similar D-loop region length of around 540 bp,
while AN3, AN4 and NA showed similarity to Blue tilapia, with a length of approximately 530 bp. The
Blast analysis showed 100% identity of AN17/AN18 with their female parent Nile tilapia, while AN3/AN4
shared 92.47% identity with their female Blue tilapia parent, and 99.82% identity with their male Nile
tilapia parent. This suggests that paternal mtDNA was inherited in orthogonal AN3/AN4 hybrid tilapia.
However, the analysis results showed that NA has a high identity with its female Blue tilapia parent
(99.82%), and low identity with its male Nile tilapia parent (92.47%), suggesting that the D-loop region of
NA was inherited from their female Blue tilapia parent with no sign of paternal mtDNA inheritance.

Nucleotide identities: From the Blast results in orthogonal AN3/AN4 hybrid tilapia, the paternally inherited
CoI, Cytb and D-loop region genes covered over 11,000 bp of the whole mt genome. Whether the
remaining mt genome is inherited paternally or maternally is still unclear. To verify whether the leakage of
the paternal mt genes was the result of paternal and maternal mtDNA recombination, the whole mt
genome of the orthogonal AN and backcrossed NA hybrid tilapia were aligned against both of their male
and female parents. The results are shown in Tables 1 and 2. The mt genomes of Nile and Blue tilapia
was 92.88% identical. The mt genomes of orthogonal AN3 and AN4 hybrid tilapia were closer to their
male Blue tilapia parent (99.86%) than their female Nile tilapia parent (92.88%), while AN17 and AN18
had the same mt genome as the female Nile tilapia parent (100%). This suggested that the paternal
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mtDNA was included in the mt genome of AN3/AN4 hybrids, while AN17/AN18 hybrids inherited the
whole maternal mt genome. In addition, in the whole AN3/AN4 mt genome, the separate gene nucleotide
identity between the hybrid AN3/AN4 tilapia and its male Blue tilapia parent was higher than or equal to
that between the hybrid AN3/AN4 tilapia and its female Nile tilapia parent. This indicated that in hybrid
AN3/AN4 tilapia, instead of the recombination of paternal with maternal mtDNA, the whole paternal mt
genome was inherited. The slight difference (0.14%) between the mt genome of AN3/AN4 with their male
Blue tilapia parent was considered the result of a point mutation in the paternal mtDNA that occurred
during fertilization.

While paternal mtDNA inheritance happened in orthogonal hybrid AN tilapia, the complete mtDNA
nucleotide identity of the backcrossed hybrid NA tilapia was found to be 100% identical to their female
Blue tilapia parent and 94.16% identical with their male Nile tilapia parent. All sequenced mt CoI, Cytb and
D-loop region genes shared more similarity with the female Blue tilapia parent, suggesting that the
mtDNA of hybrid NA tilapia were maternally inherited, and paternal mtDNA was reduced or eliminated as
expected.

Phylogenetic tree analysis

We obtained the complete mtDNA sequences of zebra�sh (NC_002333.2), Japanese medaka
(NC_004387.1) and crucian carp (NC_006291.1) from GenBank while constructing the phylogenetic tree
with the complete Nile tilapia, Blue tilapia, orthogonal hybrid AN tilapia and backcrossed hybrid NA tilapia
mtDNA sequences. The results are displayed in Fig. 2. As shown, AN3/AN4 tilapia were closely related to
their male Blue tilapia parent, implying that the AN3/AN4 mtDNA was paternally inherited. Moreover,
AN17/AN18 was genetically close to their female Nile tilapia parent, while NA was close to their female
Blue tilapia parent. This suggested that their mtDNA was maternally inherited. The phylogenetic tree
supported the previous results that paternal mtDNA inheritance happened randomly in AN, but not NA,
�sh.

Discussion
In this paper, and using the mt CoI, Cytb genes and D-loop gene region as markers, signi�cant evidence of
paternal mtDNA inheritance in Oreochromis niloticus ( ) × Oreochromis aureus ( ) (AN) hybrids was
provided, while the Oreochromis niloticus ( ) × Oreochromis aureus ( ) (NA) hybrids strictly followed the
maternal mtDNA inheritance pattern. Blast analysis of these three markers revealed high levels of
homology between orthogonal hybrid AN3/AN4 tilapia and their male Blue tilapia parent, and low levels
of homology with their female Nile tilapia parent. NA tilapia had complete homology with the maternal
mtDNA. The results indicated that paternal mtDNA leakage and inheritance occurred in the Oreochromis
niloticus ( ) × Oreochromis aureus ( ) hybrids, while maternal mtDNA was normally inherited in
Oreochromis niloticus ( ) × Oreochromis aureus ( ) hybrids.

As paternal mitochondria are the energy supplying organelle in sperm, paternal mtDNA inheritance rarely
happens during fertilization. By constantly generating energy, paternal mtDNA can easily mutate.
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Paternal mtDNA therefore needs to be eliminated, otherwise it can cause abnormal and defective
embryos [19], mitochondrial myopathy [11] or sperm dysfunction [20]. There are different mechanisms
that can eliminate paternal mtDNA in animals. These include ubiquitin-mediated degradation,
fertilization-triggered autophagy, and paternal mtDNA degradation prior to the destruction of the
mitochondrial structure [21]. For example, in Caenorhabditis elegans [22], paternal mitochondria entered
the zygote at fertilization, and were fully eliminated after the ubiquitination of paternal membranous
organelles by autophagy. Also, the mitochondrial endonuclease G CPS-6 is considered an important
paternal mitochondrial degradation factor during fertilization in C. elegans [23]. In Drosophila [5], the
Tamas mtDNA polymerase showed its function in paternal mtDNA degradation during spermatogenesis.

In nature, paternal mtDNA inheritance mostly happened in bivalvian mollusks, like mussels [24, 25], due
to the unique, doubly uniparental inheritance phenomenon in bivalvian mollusks [26, 27]. In these cases,
the inherited paternal mtDNA only exist in the gonads and sperm of male mussels [28]. However, in
previous studies, researchers found that paternal mtDNA inheritance in vertebrates was more common in
interspeci�c crosses than in intraspeci�c crosses, with the probability of paternal mtDNA inheritance
increasing with the increased phylogenetic distance of hybridizing species [29]. Paternal mtDNA
inheritance in interspeci�c crosses, like in mice [30], sheep [31, 32], �at�sh [33] and crucian carp [14, 34],
usually happen when parts of paternal mtDNA recombine with maternal mtDNA.

This comparative study on nucleotide identities of whole mt genomes revealed that in hybrid AN tilapia,
certain individuals shared a higher mtDNA identity with their male Blue tilapia parent (98.66% average in
AN3/AN4) than their female Nile tilapia parent (92.84% average in AN3/AN4). Indicating the complete
inheritance of paternal mt genome, AN tilapia were completely identical to their female Nile tilapia parent
(100% in AN17/AN18). In studying Oryzias latipes [35], researchers found that paternal mtDNA were
reduced during spermatogenesis and then completely eliminated after fertilization. While the reason for
the divergence in paternal and maternal mtDNA inheritance between orthogonal hybrid AN3/AN4 and
AN17/AN18 tilapia is still unclear, it is hypothesized that this phenomenon is mainly cause by
chromosomal synapsis errors in the nuclear genome. This leads to the dysfunction of the paternal
mtDNA recognition or elimination system in the fertilized egg of orthogonal hybrid AN tilapia.

Theoretically, the low identity of maternal mtDNA could also be the result of mutations that occurred in
hybrid AN tilapia. This would make the maternally inherited mtDNA of hybrid AN tilapia display a high
nucleotide identity with its male parent. However, considering the proportion of differences between the
female parent and the offspring, a large number of mutations are needed to shape the inherited mtDNA to
be almost identical to the paternal mtDNA. Since mtDNA is highly conserved, such frequent point
mutations are unlikely. We therefore conclude that in hybrid AN tilapia resulting from Oreochromis
niloticus ( ) × Oreochromis aureus ( ) crosses, random individuals completely inherited the paternal mt
genome, while others inherited the maternal mtDNA.

The different mtDNA inheritance patterns between the orthogonal and backcrossed tilapia offspring is
being reported for the �rst time. As the assumed invalid nuclear genes in the orthogonal hybrid AN tilapia
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were fully functional in the backcrossed hybrid NA tilapia, the paternal mtDNA in the fertilized eggs of NA
�sh can be eliminated. We hypothesize that the sex chromosome genes are responsible for the
differences in mtDNA inheritance between orthogonal and backcrossed Oreochromis niloticus and
Oreochromis aureus generations. This theory requires further investigation.

In summary, our study in tilapia show that in Oreochromis niloticus × Oreochromis aureus hybrids,
different hybridization combinations could cause different mtDNA inheritance patterns. The orthogonal
hybrid AN tilapia showed paternal mtDNA inheritance patterns, while the backcrossed hybrid NA tilapia
showed complete maternal mtDNA inheritance. Our results may provide new insight into paternal mtDNA
inheritance patterns.

Conclusion
In this paper, we demonstrate that in two different Oreochromis niloticus × Oreochromis aureus
hybridizations, there are differences in mtDNA inheritance patterns. Our result suggests paternal mtDNA
inheritance happened in certain hybrid combinations in interspeci�c crossed animals, implies different
hybridization combinations may cause paternal mtDNA inheritance, adding a new perspective in mtDNA
inheritance.

Materials And Methods
Animals: A permission were acquired to use the animals for experiment. Nile tilapia (N), Blue tilapia (A),
and their orthogonal (AN) and backcrossed (NA) generations were bred at The National Tilapia Breeding
Farm in Nanning, Guangxi, China. In March 2018, each experimental �sh group was placed in a 1.5 × 1.5 
× 1.5 m tank and paired at a ratio of 3 : 1 . The breeding of four experimental groups of tilapia was
�nished in April 2018, and �sh were allowed to continue breeding for four months. In October 2018, the
caudal �n samples of four kinds of tilapia were collected and stored at − 80 ℃ for further use.

DNA extraction and sequencing

Total DNA was individually extracted from the caudal �n samples of 20 Nile tilapia, Blue tilapia, and the
orthogonal and backcrossed generations, respectively. The DNA was extracted using the Ezup Column
Animal Genomic DNA Puri�cation Kit from Sangon Biotech Co., Ltd (Shanghai, China) according to the
manufacturer’s instructions. The complete mitochondria genome was sequenced by Sangon.

Primers synthesis and PCR ampli�cation

Primer 5.0 was used to design three pairs of primers, as shown in Table 3. The primers were synthesized
by Invitrogen Trading Co., Ltd. (Shanghai, China). The PCR reactions were conducted at 95 ℃ for 5 min
and 34 cycles at 95 ℃ for 40 s, 60 ℃ for 60 s and 72 ℃ for 90 s.
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Data analysis: PCR products were sequenced by Sangon, and all sequences were analyzed using Blast
(http://www.ncbi.nlm.nih.gov) to determine their identity. A phylogenetic tree was constructed with MEGA-
X [36], using the Neighbor-Joining method.

Abbreviations
mt
Mitochondria
A
Oreochromis aureus
N
Oreochromis niloticus
AN
The hybrid of Oreochromis niloticus ( ) × Oreochromis aureus ( )
NA
The hybrid of Oreochromis niloticus ( ) × Oreochromis aureus ( )
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Figure 1

The image of four kinds of experimental-used tilapia with their operculum and caudal �n. Legends: A:
Oreochromis niloticus (N), A-1: Operculum of N, A-2: Caudal �n of N; B: Oreochromis aureus (A), B-1:
Operculum of A, B-2: Caudal �n of A; C: The Oreochromis niloticus ( ) × Oreochromis aureus ( ) hybrid
(AN), C-1: Operculum of AN, C-2: Caudal �n of AN; D: The Oreochromis niloticus ( ) × Oreochromis aureus
( ) hybrid (NA), D-1: Operculum of NA, D-2: Caudal �n of NA.
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Figure 2

The phylogenetic tree of four kinds of experimental-used tilapia. Legends: A 2 Mitochondrion: The
complete mt genome of Oreochromis aureus (A). N 2 Mitochondrion: The complete mt genome of
Oreochromis niloticus (N). NA Mitochondrion: The complete mt genome of Oreochromis niloticus ( ) × 
Oreochromis aureus ( ) hybrid (NA). AN 3 Mitochondrion: The complete mt genome of Oreochromis
niloticus ( ) × Oreochromis aureus ( ) hybrid (AN) individual No.3. AN 4 Mitochondrion: The complete mt
genome of Oreochromis niloticus ( ) × Oreochromis aureus ( ) hybrid (AN) individual No.4. AN 17
Mitochondrion: The complete mt genome of Oreochromis niloticus ( ) × Oreochromis aureus ( ) hybrid
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(AN) individual No.17. AN 18 Mitochondrion: The complete mt genome of Oreochromis niloticus ( ) × 
Oreochromis aureus ( ) hybrid (AN) individual No.18.
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