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Abstract 

Mitochondria’s most important function is the oxidative phosphorylation (OXPHOS). 

They also participate in other functions such as cell death, signalling, synthesis of amino acid, 

haem, nucleotides and lipids, ion homeostasis, cell motility and proliferation. Hence, mutations 

in mtDNA have been associated with severe human disorders. These diseases are quite common 

and can be severe, eventually leading to death. At the moment, mitochondrial diseases cannot be 

cured. They only can be prevented with mitochondrial replacement therapy (MRT). However, 

regarding MRT, questions have been raised about the potentially harmful genetic effects of 

combining the recipient's nuclear genome with the donor's mitochondrial genome. These 

questions need more research with an experimental system model that will be closer to mammals, 

but will be much easier to handle. Previous researches have mainly been done in invertebrates 

such as Drosophila or vertebrates such as mice. Zebrafish (Danio rerio) is a particularly suitable 

candidate for such an experimental system model because of its easy maintenance and 

continuous, and almost infinite, supply of eggs. This thesis contains the first steps in using 

zebrafish as an experimental model for studying mito-nuclear interactions. We examined which 

strains and species are suitable for the future study of mito-nuclear interactions and heteroplasmy 

in chimeric fish through DNA sequencing. Genetic distances showed that the genetically more 

distant strains are AB and SJD (0,75%) and the genetically closest species are D. rerio's AB and 

D. nigrofasciatus (6,43%). Therefore, after selection through genetic distances, the experiments 
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for measurement of life history traits such as critical swimming speed, heart rate, total length-at-

hatch, mortality, hatching rate and growth rate were performed through a series of replicated 

trials with D. rerio's AB and SJD strains and their hybrid. Through these experiments we 

characterized the paternal strains and their hybrids for "default" history traits. The species D. 

nigrofasciatus was not well studied, mostly due to difficulties in its reproduction, which could be 

solved in the future by in vitro fertilization.  

 

Keywords: life history traits, mito-nuclear interactions, zebrafish, D. rerio, D. nigrofasciatus, 

PCR. 

 

Περίληψη 

Τα μιτοχόνδρια πραγματοποιούν πολλές κρίσιμες κυτταρικές λειτουργίες όπως ο 

κυτταρικός θάνατος, η σηματοδότηση αρκετές μεταβολικές διεργασίες όπως η παραγωγή ATP, 

η σύνθεση αμινοξέων, νουκλεοτιδίων και λιπιδίων, η ομοιόσταση ιόντων, η κινητικότητα και ο 

πολλαπλασιασμός των κυττάρων. Ως εκ τούτου, οι μεταλλάξεις στο mtDNA έχουν συσχετιστεί 

με σοβαρές ανθρώπινες διαταραχές. Οι θεραπείες μιτοχονδριακής αντικατάστασης είναι από τις 

πιο υποσχόμενες θεραπείες για την πρόληψη των μιτοχονδριακών ασθενειών. Ωστόσο, οι 

ανησυχίες σχετικά με τις τεχνικές μιτοχονδριακής αντικατάστασης είναι θεμελιώδη θεωρητικά 

ερωτήματα σχετικά με τη γενετική και την εξέλιξη του mtDNA. Αυτή η έρευνα χρειάζεται ένα 

πειραματικό μοντέλο συστήματος που θα μοιάζει με θηλαστικά, αλλά θα ήταν πολύ πιο εύκολο 

να το χειριστούμε. Οι προηγούμενες έρευνες κυρίως έχουν πραγματοποιηθεί μόνο σε ασπόνδυλα 

όπως η δροσόφυλλα ή σπονδυλωτά όπως τα ποντίκια. Το zebrafish (Danio rerio) είναι ένας 

πολύ καλός υποψήφιος για ένα τέτοιο μοντέλο πειραματικού συστήματος λόγω της εύκολης 

συντήρησης και της συνεχούς, και σχεδόν άπειρης, παροχής αυγών. ανίχνευση των συνεπειών 
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που έχει η συνεργασία του μιτοχονδρίου με τον πυρήνα στην αρμοστικότητα των ατόμων 

zebrafish, όπως η μέτρηση σε διάφορα χαρακτηριστικά της ζωής τους (life history traits). Το 

πρώτο βήμα είναι ο καθορισμός γενετικών αποστάσεων των έξι διαφορετικών στελεχών του 

zebrafish και τριών γειτονικών ειδών του γένους Danio που έδειξε ότι τα στελέχη με τις 

περισσότερες γενετικές διάφορες είναι το ΑΒ και το SJD και όσον αφορά το είδος το Danio 

nigrofasciatus έχει την πλησιέστερη γενετική απόσταση με το D. rerio. Επίσης, δημιουργήθηκαν 

οι ειδικοί primers για την επόμενη μελέτη των μιτο-πυρηνικών αλληλεπιδράσεων. Επομένως, η 

μέτρηση σε life history traits όπως στην κρίσιμη ταχύτητα κολύμβησης, στο καρδιακό ρυθμό, 

στο μήκος σώματος ανά εκκόλαψη, στο ειδικό ρυθμό ανάπτυξης, στη θνησιμότητα και στο 

ποσοστό των εκκολαπτόμενων αυγών πραγματοποιήθηκε μέσω σειράς επαναλήψεων 

πειραμάτων με τα στελέχη του zebrafish AB και SJD και το υβρίδιο τους.  

Οι εργαστηριακές αναλύσεις πραγματοποιήθηκαν στο Εργαστήριο Πληθυσμιακής 

Γενετικής και Εξέλιξης του Τμήματος Βιολογίας του Πανεπιστημίου Κρήτης. Λήφθηκαν όλα τα 

απαραίτητα μέτρα για την εξασφάλιση βέλτιστων συνθηκών αποστείρωσης, καθώς και για την 

αποφυγή μόλυνσης. 

Τα κύρια στάδια της μοριακής ανάλυσης ήταν τα ακόλουθα: 

α) εξαγωγές DNA, 

β) Αλυσιδωτή Αντίδραση Πολυμεράσης (PCR), 

γ) προσδιορισμός αλληλουχίας νουκλεοτιδίων προϊόντων PCR σε αυτοματοποιημένη 

συσκευή προσδιορισμού αλληλουχίας, 

δ) δημιουργία εκκινητών ειδικών για το στέλεχος/είδος. 

Τα κύρια μέρη της φαινοτυπικής ανάλυσης ήταν τα ακόλουθα: 
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α) πείραμα μέτρησης της κολυμβητικής ικανότητας στα ψάρια στο στάδιο της 

μεταμόρφωσης μέσω μέτρησης της σχετικής κρίσιμης κολυμβητικής ταχύτητας σε ειδική 

κολυμβητική συσκευή, 

β) πείραμα μέτρησης του καρδιακού ρυθμού μέσω των video στα αυγά, 48 ώρες μετά την 

γονιμοποίηση, 

γ) πείραμα μέτρησης του μήκους στην εκκόλαψη μέσω φωτογραφιών των λάρβων που 

εκκολάπτονταν κάθε 30 λεπτά, 48 ώρες μετά την γονιμοποίηση, 

δ) μέτρηση των ρυθμών θνησιμότητας, εκκόλαψης και αύξησης μέσω των παραπάνω 

πειραμάτων. 

Τα αποτελέσματα των μετρήσεων του καρδιακού ρυθμού μας έδειξαν ότι το στέλεχος 

ΑΒ είχε σημαντικά υψηλότερο καρδιακό ρυθμό από δύο άλλα στελέχη. Γενικά, δεν υπάρχουν 

τόσες πολλές μελέτες σχετικά με τη σύγκριση του καρδιακού ρυθμού εμβρύων διαφορετικών 

στελεχών/ειδών του zebrafish στα 48 hpf. Η συντριπτική πλειονότητά τους συνήθως 

χρησιμοποιούν το στέλεχος ΑΒ ως ομάδα ελέγχου για τη μελέτη των επιπτώσεων διαφόρων 

περιβαλλοντικών παραγόντων. Στη μελέτη μας χαρακτηρίσαμε τον «default» καρδιακό ρυθμό 

για μελλοντικές μελέτες και στόχος μας θα είναι να μάθουμε εάν ο υψηλότερος καρδιακός 

ρυθμός του στελέχους ΑΒ οφείλεται σε μιτοχονδριακό πολυμορφισμό μεταξύ των στελεχών. 

Το μήκος στην εκκόλαψη ήταν διαφορετικό για κάθε στέλεχος και το στέλεχος AB είχε 

μεγαλύτερο μήκος στην εκκόλαψη ενώ το στέλεχος SJD είχε μικρότερο μήκος στην εκκόλαψη 

και το υβριδικό στέλεχος ήταν ενδιάμεσο μεταξύ τους. Στο μέλλον θα ήταν χρήσιμο να 

επαληθεύσουμε αυτά τα πειράματα για τα έμβρυα που εκκολάπτονται με 72 hpf καθώς και να 

ελεγχθεί εάν υπάρχει διαφορά στο μήκος στην εκκόλαψη μεταξύ εμβρύων με τη πρώιμη 

εκκόλαψη (48-72 hpf) και αργότερη εκκόλαψη (72-96 hpf) σε σχέση με το στέλεχος. Επίσης, 

είναι ενδιαφέρον ότι το υβριδικό στέλεχος είχε ενδιάμεσο μήκος στην εκκόλαψη μεταξύ δύο 
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μητρικών στελεχών και όχι το ίδιο με το στέλεχος ΑΒ. Θα ήταν ενδιαφέρον να ελέγξουμε εάν 

αυτό μπορεί να οφείλεται στο mtDNA που κληρονομήθηκε από το στέλεχος SJD ή σε 

οποιουσδήποτε πολύπλοκους περιορισμούς στους οποίους συμμετέχουν και τα δύο γονικά DNA. 

Δεν μπορούμε να ερμηνεύσουμε πλήρως τα αποτελέσματα των μετρήσεων του ρυθμού 

ανάπτυξης λόγω της σημαντικής επίδρασης της αλληλεπίδρασης μεταξύ της επανάληψης και 

του στελέχους ως παράγοντες, επομένως, δεν μπορούμε να γενικεύσουμε τη σημασία του 

στελέχους και για τις δύο επαναλήψεις μαζί. Για να αποφευχθεί αυτό στις μελλοντικές μελέτες, 

η πειραματική διάταξη πρέπει να σχεδιαστεί μόνο για αυτό το πείραμα ώστε να συγκρίνεται ο 

ρυθμός ανάπτυξης των ψαριών χωρίς να χρησιμοποιείται μεγάλο μέρος τους για το πείραμα 

κολυμβητικής ικανότητας. 

Στη μελέτη μας τα παρουσιαζόμενα αποτελέσματα της κολυμβητικής δοκιμασίας έδειξαν 

σημαντική διαφορά μεταξύ του RUcrit του στελέχους SJD και του στελέχους AB. Ωστόσο, δεν 

υπάρχουν σημαντικές διαφορές στο μήκος των ψαριών που συμμετείχαν στο τεστ κολύμβησης 

και δεν υπάρχει συσχέτιση μεταξύ του RUcrit και του μήκους των ψαριών. Υπάρχει πιθανότητα 

ότι ο μιτοχονδριακός πολυμορφισμός είναι ο λόγος που το SJD είχε χαμηλότερη κολυμβητική 

ταχύτητα από ότι το AB επειδή σε μια άλλη μελέτη έχουν παρατηρήσει τα ίδια αποτελέσματα 

για το στέλεχος WIK που είναι συγγενικό με το SJD.  Το επόμενο βήμα στις μελέτες μπορεί να 

είναι η έρευνα για το εάν η λιγότερη κολυμβητική ικανότητα των στελεχών SJD και WIK 

εξαρτάται από τη μιτοχονδριακή ποικιλομορφία ή από φαινοτυπικούς παράγοντες 

Ως αποτελέσματα αυτής της μελέτης, επίσης προέκυψε ότι ο ρυθμός θνησιμότητας και ο 

ρυθμός εκκόλαψης δεν διέφεραν σε σχέση με το στέλεχος. 

Αυτές οι μετρήσεις ήταν τυποποιημένες και λάβαμε τα "default" life history traits αυτών 

των στελεχών. Το είδος D. nigrofasciatus δεν έχει μελετηθεί καλά και υπάρχουν προβλήματα 
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στην αναπαραγωγή του, τα οποία προσπαθούμε να ξεπεράσουμε χρησιμοποιώντας διαφορετικές 

μεθόδους, συμπεριλαμβανομένης της in vitro γονιμοποίησης.  
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1.Introduction 

1.1. Mitochondrial diseases and mitochondrial replacement therapy 

The mitochondria are the only organelles in animal cells that have their own DNA. A cell 

can have thousands of mitochondria, each of which can contain two to ten copies of mtDNA (per 

cell, there can be 100 to 10,000 separate copies of mtDNA) (Dunham-Snary & Ballinger, 2015). 

Their most important function is the oxidative phosphorylation (OXPHOS). Cell death, signaling, 

synthesis of amino acid, haem, nucleotides and lipids, ion homeostasis, cell motility and 

proliferation are also all carried out by mitochondria. Mito-nuclear interactions must be 

coordinated well for eukaryotic cells to function properly (Mossm                                                                                                                                                                                                                                                                                                                                      

an et al., 2019). Mutations in mtDNA (alone or in combination with nDNA that encodes 

mitochondrial proteins) have been linked to severe human disorders (myopathies, 

neurodegenerative diseases, diabetes, cancer, infertility PNT, and so on), multisystem 

complications, and death during childhood or adolescence, and sometimes, adult onset can cause 

premature death, for which there are currently no known cure (Dunham-Snary & Ballinger, 

2015; Wolf et al., 2015). Because mitochondrial biogenesis is jointly encoded by two different 

genomes, the genetics of mitochondrial disease and mitochondrial dysfunction are complicated. 

The nuclear genome (nDNA) encodes over 1000 gene products that operate in the mitochondria, 

while the mitochondrial genome (mtDNA) contains 13 protein-coding genes, 22 transfer RNAs, 

and two ribosomal RNAs that are expressed within the organelle (Mossman et al., 2019). As a 

result, precise and synchronised coordination between the two genomes is essential for 

appropriate assembly and operation of the electron transport chain components and 

mitochondrial functions (Anderson et al., 2021). Namely, for eukaryotic cells to function 

properly, mito-nuclear interactions must be coordinated incredibly well (Pesole et al., 2012). 

Disruptions to this pathway, whether caused by mutations in the mitochondrial or nuclear sides, 
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can cause a wide spectrum of changes in life history traits of organism, and in severe cases, 

mitochondrial disease (Anderson et al., 2021). These diseases are quite common (1 in 5000 

newborns) and can be severe, eventually leading to death.  

At the moment, mitochondrial diseases cannot be cured (Gorman et al., 2016; Farnezi et 

al., 2020). They only can be prevented with mitochondrial replacement therapy. This includes 

transplanting the nuclear genome of an oocyte (or early embryo) from a mother with diseased 

mitochondria to an enucleated oocyte from an unaffected donor (Herbert & Turnbull, 2018; 

Mossman et al., 2019).  Mitochondrial replacement can be performed before or after fertilization. 

The fact that mammalian eggs stall in metaphase of meiosis II in preparation for fertilization 

provides an opportunity for transplantation before fertilization. Polarized light birefringence can 

be used to see the meiosis II spindle, allowing it to be transplanted along with its accompanying 

chromosomes. Following fertilization, the haploid maternal and paternal genomes are packaged 

individually in pronuclei, which may be easily seen and transplanted using light microscopy. 

Distinguishing the male and female pronucleus in human zygotes is difficult, hence pronuclear 

transfer entails transplanting both the maternal and paternal pronuclei (Herbert & Turnbull, 

2018).  

Mitochondrial replacement can radically affect the expression profiles of nuclear genes 

and affect a range of critical aspects such as individual development, cognitive behavior, and 

vital health markers, according to studies on model species ranging from mice to fruit flies 

(Reinhardt et al., 2013; Anderson et al., 2021). Questions have been raised about the potentially 

harmful genetic effects of combining the recipient's nuclear genome with the donor's 

mitochondrial genome. Mito-nuclear communication and interaction is a standard part of proper 

cell function, and in normal sex, half of the mother's nuclear genome will be inherited with 

mitochondria, with which it is relatively compatible because these nuclear and mitochondria 
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genomes have co-evolved. However, mitochondrial replacement can disrupt this form of natural 

selection and adaptation, which could have unintended consequences for cellular bioenergetics 

and physiology (Dunham-Snary & Ballinger, 2015; but see Eyre-Walker, 2017). One of the most 

pressing question concerning mitochondria replacement is whether the experimental treatment of 

the oocyte affects the embryo's development and fitness (Tachibana et al., 2009; Hyslop et al., 

2016) as well as whether it creates harmful incompatibilities due to mito-nuclear interactions 

when the donor's mtDNA must collaborate with the recipient's foreign nuclear background 

(Gemmell & Wolff, 2015; Wallace, 2016; Yu-Wai-Man, 2016). Another concern regards the 

small amount of mutated mtDNA that can be transferred to the oocyte along with the nucleus 

and produce embryos with two types of mtDNA (heteroplasmy) the mutated and the wild-type 

ones. Because of non-Mendelian genetics of mtDNA the mutated type can spread and out-

compete the wild type, jeopardizing mitochondrial replacement therapy’s success (Kang et al., 

2016; Sato & Sato, 2017). 

Despite that the first babies have been born with mitochondrial replacement technique 

(Zhang et al., 2017; Pompei & Pompei, 2019) the questions above have not been studied in detail. 

Addressing these questions needs large number of experiments and increased sample sizes, 

which cannot be performed in humans, mainly because of ethical reasons. Therefore, an 

experimental system for performing these experiments would be particularly useful. Such a 

system could be the zebrafish as it will be described below (paragraph 1.2). 

In mito-nuclear interactions nuclear genes evolve continuously to alleviate dysfunctions 

caused by mutations in mitochondrial genes which accumulate at much higher rate and reside 

more frequently in a genome with lower recombination rate (Hill et al., 2019). Barreto et al. 

(2018) pointed out that mitochondrial proteins encoded by nDNA are evolving rapidly in related 

populations of intertidal copepod Tigriopus californicus and this might represent adaptive 
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changes within each population as a result of fast and constantly changing mtDNA. Rand & 

Mossman (2020) clarify in their work that mitochondria is playing a role of one of the links 

between phenotype and genotype through environmental and mito-nuclear interactions which 

govern ongoing mito-nuclear evolution. However, given the ubiquity of co-functioning and co-

evolution of mitochondrial and nuclear genes, our knowledge about an influence of mito-nuclear 

interactions on phenotype of metazoan (and in natural populations too) is still incomplete and 

needed further research (Hill et al., 2019). 

 

1.2. The zebrafish as a "model" organism in the study for mitochondrial replacement 

therapy 

The zebrafish Danio rerio (Hamilton, 1822) is a tropical freshwater species of the 

Cyprinidae family. The natural habitats of the species are in rivers and lakes of the tropical areas 

of South-East Asia, Pakistan, India, Bangladesh, Nepal and Myanmar (Figure 1).  
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Figure 1. a) Historical and recent sites of zebrafish's geographical distribution. Image by Parichy & Postlethwait, 

2020. b) Adult female zebrafish, and c) adult male zebrafish, image from the current study. 

Zebrafish in the wild are found in small flocks (5-20 individuals) and feed on 

zooplankton, insects and phytoplankton. At the same time, it is a widespread species with the 

temperature in its living environments ranging from 6 °C in winter to 38 °C in summer, at a 

slightly alkaline pH (~8.0) (Lawrence, 2007; Spence et al., 2008). 

The species is oviparous, with asynchronous maturation of the gonads and without 

parental care of the offspring. As it adapts to the monsoon climate, reproduction is synchronised 

with the arrival of the rains. Reproduction highly depends on food availability, the levels of 

which positively depend on increasing rainfall (Spence et al., 2008), and is also regulated by the 

photoperiod. Zebrafish spawn in the early morning hours both in the laboratory (Selman et al., 

1993) and in the wild (Spence & Smith, 2006). The eggs of this species are benthic and, 

depending on the conditions (temperature, water chemistry), they hatch in 4-7 days in free-

swimming larvae (Lawrence, 2007). At 28 °C hatching takes place 48-72 hours after fertilization. 

At the same temperature, the larval stage is completed in about 20 days after fertilization. Under 

laboratory conditions, the species can spawn continuously when subjected to 14:10 L:D 

photoperiod conditions (light:dark). Generation time ranges from 3 to 4 months and lifespan 

from 5 to 7 years (Westerfield, 2007). 

The zebrafish mtDNA is a typical animal mitochondrial genome in terms of size and 

gene content. It is a circular, double-stranded, 16596-nucleotide genome that encodes seven 

NADH dehydrogenase subunits (Complex I), one cytochrome c reductase subunit (Complex III), 

three cytochrome c oxidase subunits (Complex IV), and two ATP synthase subunits (Complex 

V). Furthermore, transcription of this genome generates components of the genome's own 
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translational apparatus, namely 22 tRNAs and 2 rRNAs, highlighting its semi-autonomous nature 

because these processes rely on the nuclear genome as well (Artuso et al., 2012).  

Zebrafish has been one of the best study models in many fields of biology in recent years 

and it is a particularly suitable candidate for the study of mitochondrial replacement for several 

reasons:  

• it is a vertebrate and as vertebrate has the same major organs and tissues as humans; over 

70% of human genes have a true ortholog in the zebrafish genome (Beffagna, 2019);  

• it has already been used as a model organism in genetics, developmental and molecular 

biology, and there are numerous molecular tools designed for zebrafish available for use;  

• it is an oviparous species with external fertilisation, easy to be maintained and handled in 

the lab, which has a continuous, and almost infinite, supply of eggs (Uusi-Heikkiï et al., 

2010; Lawrence et al., 2012). Also, its life cycle contains only 60 days (Spence et al., 

2008) or even shorter. All this makes zebrafish a model organism for the study of 

mitochondrial diseases (Steele et al., 2014); 

• the ethical restrictions for the use of zebrafish in the laboratory are considerably less 

strict than those for mammals. 

 

1.3. Life history traits 

An organism's life history includes its pattern of survival and reproduction, as well as the 

qualities that directly affect survival and the timing or amount of reproduction. In organisms with 

complex life cycles, rates of survival and reproduction can be assessed across age classes or at 

different stages. Growth rate, age and size at sexual maturity, the temporal pattern or schedule of 

reproduction, the number, size, and sex ratio of offspring, the distribution of intrinsic or extrinsic 
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mortality rates (e.g., patterns of senescence), and patterns of dormancy and dispersal are 

examples of life history traits (Fox & Messina, 2013). 

For our study, the following life history traits of zebrafish were chosen: swimming 

capacity, heart rate, total length at hatching, growth rate, mortality and hatching rate, which are 

important indicators of morphological differences between strains and species. 

Fish swimming performance can be divided into three categories: continuous swimming, 

prolonged swimming, and burst swimming. Continuous swimming is achieved at low speeds 

with the participation of primarily red muscle fibers that are supplied with aerobic metabolism 

energy, while burst swimming includes white muscle fibers that use anaerobic metabolism 

energy (Beamish, 1978). In the case of prolonged swimming, red muscle fibers are initially 

employed, while at speeds greater than 80% of critical swimming speed (Ucrit), pink and white 

muscle fibers are also recruited (Beamish, 1978; Hammer, 1995; Reidy et al., 2000). 

The most established way of calculating the aerobic swimming ability of fish is by 

measuring Ucrit. According to Brett (1964), Ucrit is the maximum prolonged swimming speed 

achieved at the point of fatigue, at which the maximum prolonged oxygen uptake takes place. 

Ucrit is used as an important physiological parameter for calculating maximum aerobic exercise 

in fish (Brett, 1964; Hammer, 1995; Farrell, 2007). At the same time, the ecological importance 

of this speed for fish is crucial for migration (Plaut, 2001), the avoidance of prey (Fuiman et al., 

2006), but also for the search for food (Reidy et al., 2000). Therefore, Ucrit is an important 

determinant of fish fitness and is often used as a means of calculating it (Hammer, 1995; Reidy 

et al., 2000). Finally, Ucrit is widely used to assess the impact of different environmental factors 

on fish aerobic exercise (Hicken et al., 2011; Scott & Johnston, 2012; Dimitriadi et al., 2018; 

Kourkouta et al., 2021; Sergi et al., 2022). 
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One of the first organ systems to function in the developing fish is the cardiovascular 

system emerging by around 24 hours post fertilisation (hpf) in zebrafish (Stainier & Fishman, 

1994; Bagatto, 2005). Heart of zebrafish plays a crucial role in fish survival and, also, zebrafish 

can efficiently regenerate its heart (Kikuchi, 2014; Beffagna, 2019)). Hence, it is a renowned 

model for many heart diseases studies and heart rate measurement is one of crucial life history 

traits of zebrafish. Size of zebrafish is a major indicator of its developmental progress and cannot 

be substituted by just age in hours or days post fertilization (Higgs et al., 2002; Parichy et al., 

2009; Christou et al., 2018). Hence, length at hatching is an important trait which shows whether 

there is any difference in embryo development from the start of fish life. Specific growth rate is 

often used in various dietary and environmental studies (Dabrowski & Miller, 2018; Bai et al., 

2019; Meirelles et al., 2021; Printzi et al., 2021; Sergi et al., 2022) along with mortality.  

 

1.4. The purpose of this research 

This thesis regards the first steps in using zebrafish as an experimental model for 

studying mito-nuclear interactions. We examine which strains and species are suitable for the 

future study of mitochondrial interactions and heteroplasmy in chimeric fish through molecular 

methods. We also characterize the paternal strains and their hybrids for "default" life history 

traits. 
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2. Materials and methods 

2.1. Molecular analyses 

    The laboratory analyses were performed in the Laboratory of Population Genetics and 

Evolution of Biology Department of the University of Crete. All necessary measures were taken 

to ensure optimal sterilisation conditions, as well as to avoid contamination. 

   The main stages of the laboratory analysis were as follows: 

a) DNA extractions, 

b) Polymerase Chain Reaction (PCR), 

c) nucleotide sequencing of PCR products in an automated sequencing device, 

d) strain/species-specific primer creation. 

 

2.1.1. DNA extractions 

The samples from the 6 strains - AB, Wageningen, Casper, SJD, TL, WIK and 3 species 

(Danio albolineatus, Danio aesculapii, Danio nigrofasciatus) (Table 2.1) were taken for genetic 

analysis purposes. Every sample was dissolved in the lab mortar with liquid nitrogen, after that, 

extraction solution was added (400μl of lysis buffer, 10 μl of proteinase k and 30 μl of 10% SDS 

for every sample) and put in the water bath with t°=55°C for 3-4 hours. Then 280 μl of saturated 

solution NaCl (6M) was added, and the mix was put in the vortex for 15 minutes and in the 

centrifuge (1300 turns) for 30 minutes. The supernatant was transferred to another eppendorf, 

500 μl of chloroform was added and eppendorf was put in the centrifuge (1300 turns) for 5 

minutes. After that supernatant suspension was transferred again, 600 μl of cold isopropanol was 

added and this solution was put in the fridge for 30 minutes for DNA to be formed. After that, 

the solution was centrifuged for 15 minutes for DNA to form a pellet, propanol was removed and 
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a little bit of 70% ethanol was added. After complete drying, 50 μl of pure water was added to 

the pellet. 

 

Table 2.1. Genus Danio species and strains (Froese & Pauly, n.d.) 

name source species characteristic phenotypes 
AB Marine and Fish Biology of 

the University of Crete, 
Greece  

Danio rerio uniform, pigmented, 
horizontal, blue stripes on the 
side of the body 

Wag (sub-
population of AB 
that were bred in 
the source lab) 

Marine and Fish Biology of 
the University of Crete, 
Greece 

Danio rerio uniform, pigmented, 
horizontal, blue stripes on the 
side of the body 

Casper Marine and Fish Biology of 
the University of Crete, 
Greece 

Danio rerio translucent skin and scales 

SJD European Zebrafish 
Resource Center of Institute 
of Biological and Chemical 
Systems - Biological 
Information Processing, 
Germany 

Danio rerio uniform, pigmented, 
horizontal, blue stripes on the 
side of the body 

Tübingen long fin 
(TL) 

European Zebrafish 
Resource Center of Institute 
of Biological and Chemical 
Systems - Biological 
Information Processing, 
Germany 

Danio rerio spotted, long-finned 

 

Wild Indian 
Karyotype (WIK) 

European Zebrafish 
Resource Center of Institute 
of Biological and Chemical 
Systems - Biological 
Information Processing, 
Germany 

Danio rerio uniform, pigmented, 
horizontal, blue stripes on the 
side of the body 

D. aesculapii Max Planck Institute for 
Biology in Tübingen, 
Germany 

D. aesculapii 6-7 brown vertical bars 
anteriorly on side, two 
horizontal rows of small 
brown spots posteriorly 

D. albolineatus Max Planck Institute for 
Biology in Tübingen, 
Germany 

D. albolineatus body pink with two light 
yellow-white stripes from 
below dorsal origin to caudal 
base 

D. nigrofasciatus Max Planck Institute for 
Biology in Tübingen, 
Germany 

D. nigrofasciatus striped, spotted, a fine net of 
dorsal scales lined in soft gray 
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2.1.2. Polymerase Chain Reaction (PCR) 

Multiplication of selected genetic loci is the next step for genetic distance analysis. In the 

present work, two mitochondrial genetic loci were selected: 

- the COXI (cytochrome c oxidase subunit I) gene, which is one of the most popular 

markers used for molecular systematics predicted to enable heme binding activity and metal ion 

binding activity and to contribute to cytochrome-c oxidase activity (Madden, 2002),  

- the 16s RNA gene, which is a ribosomal RNA encoded by the mitochondrial genome 

and is necessary for the translation of messenger RNAs into mitochondrial proteins (Yang et al., 

2014). 

The polymerase chain reaction (PCR) technique was used to amplify the markers, each 

reaction containing 1 μl of genomic DNA and 19 μl of Master Mix, containing 2.5 units of Taq 

polymerase, 1X Taq buffer, 1.5 mM MgCl2, 0.2 μM dNTPs, 0.2 μM from each primer (2 

primers per reaction) and ultra-pure water until complete volume. 

The primer pairs, as well as information on their sequence and expected product size, are 

listed in Table 2.2, While the PCR conditions used for gene amplification are listed in Table 2.3. 

 

Table 2.2. The genetic loci studied in the present work, the names and sequences of the primers used, the size of 

their products. 
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Table 2.3. Conditions of PCR reactions for the two primer pairs used in the present study. Each cycle was repeated 

35 times. 

 

 

2.1.3. Electrophoresis of PCR products in agarose gel 

To test the PCR results, the samples were electrophoresed in 1% agarose gel containing 5 

μl of ethidium bromide. 1 μl of DNA, 2 μl of agarose gel loading buffer 6X and 8 μl of ultra-pure 

water were placed in each well of the gel. The samples were electrophoresed for approximately 

35 mins at 120 volts. The gel was then placed in a special chamber, exposed to UV radiation, and 

photographed. DNA becomes visible as fluorescent bands within the gel as ethidium bromide 

binds to DNA and fluoresces when exposed to UV radiation. 

 

2.1.3. PCR product sequencing 

Sequencing was performed by the sequencing company CeMIA (Larissa) on an 

automated sequencing device (ABI3730XL DNA Analyzer by Applied Biosystems), using PCR 

forward and reverse primers for all genes. This device recognises the labelled nucleotides of the 

synthesised sequence upon electrophoresis of the product on a polyacrylamide gel. In total, all 

individuals were successfully sequenced for COX1 and 16s RNA genes.  
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2.1.4. Sequence correction and alignment 

After DNA sequencing, the quality of the sequences was evaluated, as well as their 

homology to other known sequences using the heuristic BLAST algorithm in the NCBI database 

(Madden, 2002). The sequences were then checked and corrected "by eye" in MEGA X (v. 

10.2.4) (Kumar et al., 2018). Some bases were corrected and the ends of the sequences were 

removed where the "reading" by the sequencer was of low quality. 

The sequences were then aligned using the MAFFT algorithm (Kuraku et al., 2013; 

Katoh et al., 2019) through the MAFFT online program (v.7). The alignment is intended to 

determine the homologous positions of the sequences, since based on this the evolutionary 

relations of the sequences are calculated. After a comparison of all the sequences with the 

corresponding sequences in BLAST, almost 100% similarity was observed. BLAST has a partial 

mitochondrial genome for every strain and species that were used in analysis and because of the 

said similarity, the decision was made to use this partial mitochondrial genome from BLAST for 

comparison of genetic distances between strains and species.  

 

2.1.5. Strain/species-specific primer creation 

Primer designing: Sequences for primers for AB, SJD, and D. nigrofasciatus were chosen 

after carefully and manually comparing each gene of mtDNA of these strains/species. After that, 

those sequences were sent to Eurofins Scientific for primers creation.  

Primers of high quality should generally have the following properties: 

• Length of 18-24 bases 

• 40-60% G/C content 

• Start and end with 1-2 G/C pairs 
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• Melting temperature (Tm) of 50-60°C 

• Primer pairs should have a Tm within 5°C of each other 

• Primer pairs should not have complementary regions 

 

2.2. Experimental design and phenotypic analyses  

2.2.1. Fish maintenance  

Male and female zebrafish were obtained from the laboratory of Marine and Fish Biology 

of the University of Crete and from European Zebrafish Resource Center of Institute of 

Biological and Chemical Systems - Biological Information Processing in Germany. D. aesculapii, 

D. albolineatus and D. nigrofasciatus were kindly provided by the Max Planck Institute for 

Biology in Tübingen, Germany. Fish were raised for 6 months and maintained at 28 °C and a 

14/10 light/dark cycle (Westerfield, 2007). All fish were housed in 8-litre tanks at a density 

about 6 fish/L or less in a recirculating freshwater system (Zebtec, Tecniplast Group). Adult fish 

were fed twice daily to apparent satiation with a commercial zebrafish feed (Sparos Lda., 

Portugal) and bloodworms. All strains/species of zebrafish were raised from embryos under 

identical conditions. 

 

2.2.2. Swimming performance 

Fifteen pairs of fish (five for each group respectively: AB, SJD and their hybrid: SJD 

females X AB males) were chosen in triplicate for spawning. Fertilised eggs were collected 6-8 

hours after spawning to enable their easy discrimination from the unfertilised eggs. The same 

number of eggs (about 40 eggs) was taken from every pair in the group that spawned. 

Egg incubation and larval rearing were performed in 100 L aquarium with three (4.5 L 

each) incubators (100 eggs/incubator initial density) connected to closed recirculation systems, at 
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pH 7.0–7.5, 500–700 μS/cm conductivity, 85–95% oxygen saturation, 14/10 h light/dark 

photoperiod. Larvae were fed on newly hatched Artemia nauplii five times per day. After 5-6 

mm TL, commercial diet was provided to the experimental populations (Sparos Lda., Portugal), 

and provision of Artemia nauplii was gradually terminated (Printzi et al., 2021). Swimming 

performance was estimated in when fish reached 10-12 mm total length (TL). An experimental 

protocol was conducted with three replicates, where zebrafish larvae were raised and treated 

likewise until adulthood.  

According to Koumoundouros et al. (2009), swimming performance was assessed by 

estimating the sustained critical swimming speed Ucrit with a custom-designed swimming 

apparatus (Figure 2.1., with a swim tunnel of 70 cm length, 10 cm depth and 5 cm width). 

Different flow regimes were obtained using external magnetic pumps and adjustable valves. An 

electromagnetic flow-meter sensor (Valeport, model 801) was used to calibrate water speed in 

the tunnel. A bunch of plastic straws helped in maintaining laminar flow through the swimming 

channel and in preventing fish from forward escape. Temperature was maintained constant at 

28 °C and oxygen saturation at >95%. 

 

Figure 2.1. Swimming apparatus used in the present study. (A) Lateral view; (B) top view. Arrows indicate the 

direction of water circulation (Koumoundouros et al., 2009). 

Every day eighteen to twenty hours prior to the swimming trials, 4-6 fish from each 

group and (i.e. 8-12 per group in total) were transferred to three holding aquariums (one for each 
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group) and deprived of food. For the swimming tests, fish of similar size were placed in the 

swimming tunnel for 15 min at 2 𝑇𝐿𝑠−1 water velocity. Then, water velocity increased every 15 

min at a rate of 3 𝑇𝐿𝑠−1. Fatigue was determined when fish left the swimming channel, unable to 

react to visual or acoustic stimuli from the side or behind (Koumoundouros et al., 2009). 

Swimming tests were performed at 28.0 oC and >95% oxygen saturation levels in the water. The 

experiment was replicate 3 times with identical protocol. TLs-1 

The critical swimming speed (Ucrit) was calculated based on the following formula: 

𝑈𝑐𝑟𝑖𝑡 = 𝑈𝑖 + �𝑈𝑖𝑖 × 𝑡𝑖
𝑡𝑖𝑖
�, (Brett, 2011) 

where Ui is the highest swimming velocity (mm s−1) maintained for a full interval of 15 min, Uii 

is the velocity increment (3 TL s-1), ti is the time interval that each individual swam at the fatigue 

velocity, and tii is the time interval between velocity changes (i.e. 15 min) (Brett, 196). Fatigued 

fish were anaesthetized (2-phenoxyethanol), photographed under a stereoscope (Olympus SZ61), 

measured for ΤL (Image analysis, Lumenera Infinity Analyze Microscopy Software, version 

6.5.4, Canada), and fixed in 5% phosphate buffered formalin. Only fish with normal morphology 

were included in the analysis.  

Relative critical swimming speed (RUcrit) was calculated as the ratio of Ucrit to the TL of 

each specimen (𝑅𝑈𝑐𝑟𝑖𝑡 = 𝑈𝑐𝑟𝑖𝑡 𝑇𝐿−1, Beamish, 1978).  

 

2.2.3. Cardiac rate measurements 

Heart rate was estimated on embryos that were collected from the spontaneous spawn of 

4 pairs of fish per experimental group (AB, SJD, SJD ♀ x AB ♂) and replicate (three replicates). 

The breeders were kept under identical conditions (t= 28.0 °C (±0.5 °C), 500–700 μS/cm 

conductivity, 7.0–7.5 pH, 85–95% oxygen saturation and 14/10 h light/dark photoperiod) in 4 L 

tanks. After 3-4 days in tank pairs were put in collectors with separators. On the morning of the 
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next day, separators were taken off at the same time for all pairs. Sixty minutes later, 50-60 eggs 

were collected from every pair and put in beakers (100 ml), at 28.0 °C. Eight to ten hours post-

fertilization (hpf), unfertilized eggs were removed from the beakers. Embryo mortality was 

recorded at 24 hpf and 48 hpf. Heart rate was measured on videos of embryos at 48 hpf. Video 

recording was performed under a stereoscope (Olympus SZ61) (Image capture, Lumenera 

Infinity Analyze Microscopy Software, version 6.5.4, Canada), at 28 oC. Heartbeats were 

counted manually on a 14-second video-recording of each embryo. After each recording, water 

temperature was measured and the embryo was returned to the holding beaker to hatch.  

 

2.2.4. Total length (TL) at hatching 

Following the heart rate measurements (48 hpf) all hatched larvae were removed from the 

beakers. Then, all embryo populations were examined every 30 minutes and newly-hatched 

larvae were removed, photographed under a stereoscope (Olympus SZ61) (Image analysis, 

Lumenera Infinity Analyze Microscopy Software, version 6.5.4, Canada) and measured for TL. 

 

2.2.5. Mortality, hatching and growth rate measurements 

For mortality and hatching rate measurements, the setup for heart rate and length-at-hatch 

measurements was used and they were estimated for every replicate.  

Mortality rate was estimated by dividing dead eggs removed after 24 hpf and 48 hpf by 

the total egg number, excluding unfertilised eggs that were removed at 8-10 hpf.  

 

𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑒 =  
𝑑𝑒𝑎𝑑 𝑒𝑔𝑔𝑠

(𝑡𝑜𝑡𝑎𝑙 𝑒𝑔𝑔 𝑛𝑢𝑚𝑏𝑒𝑟 − 𝑢𝑛𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑠𝑒𝑑 𝑒𝑔𝑔𝑠)
∗ 100% 

 

Hatching rate was estimated by the use of the following formula: 
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ℎ𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =  
𝑡𝑜𝑡𝑎𝑙 𝑒𝑔𝑔 𝑛𝑢𝑚𝑏𝑒𝑟 − (𝑢𝑛𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑠𝑒𝑑 𝑒𝑔𝑔𝑠 + 𝑑𝑒𝑎𝑑 𝑒𝑔𝑔𝑠)

𝑡𝑜𝑡𝑎𝑙 𝑒𝑔𝑔 𝑛𝑢𝑚𝑏𝑒𝑟
∗ 100% 

For growth rate estimations, all fish that were left at incubators were anaesthetised after 

the end of swimming performance, stained (Walker & Kimmel, 2009) and total length was 

measured under a stereoscope (Olympus SZ61) (Image analysis, Lumenera Infinity Analyze 

Microscopy Software, version 6.5.4, Canada). Only the fish from first and second replicates were 

used cause there were considerably smaller number of survived fish and consequently smaller 

number of fish left after swimming challenge.  

First replicate: AB (40 individuals) and SJD ♀ x AB ♂ hybrid (43 individuals) were 21 

dpf old, SJD (46 individuals) were 27 dpf old cause SJD overall had slower growth and lesser 

surviving and could not participate in swimming challenge together with AB and SJD ♀ x AB ♂ 

hybrid. So, we prolonged their Artemia feeding for faster growth. 

Second replicate: AB (54 individuals) and hybrid (31 individuals) were 22 dpf old, SJD 

(9 individuals) were 23 dpf old.  

The logarithm of total length of the fish at 4 dpf was subtracted from the logarithm of 

total length and the number was divided by days after fertilisation (when the fish were 

anaesthetised) excluding the 4 dpf.  

𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 =  
ln(𝑇𝐿) − ln(3.7𝑚𝑚)
𝑎𝑔𝑒 − 4 (𝑑𝑝𝑓)

 

 

2.3. Statistical analysis 

Parametric ANOVA test (Girden, 1992) (or alternatively non-parametric Kruskal-Wallis 

test (Kruskal & Wallis, 1952) in case of non-fulfilment of ANOVA’s assumptions) was used for 

statistical analysis for every replicate of each experiments. Two-way ANOVA was used for the 

pooled dataset with the replicate as the second factor. Also, for unbalanced datasets (the samples 
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did not have the same size) the ANOVA for unbalanced data (type III) were used. Non-

parametric ScheirerRayHare test (Sokal, 1995; Mangiafico, 2016) which is, in some sense, the 

two-factor version of the Kruskal-Wallis test was also used for the pooled dataset with the 

replicate as the second factor in cases where the dataset did not fulfil ANOVA’s assumptions 

(like homogeneity of variance) or had small sample size. Also, ANOVA tests were followed by 

Tukey’s HSD test (Tukey John W, 1977) for clarifying information about differences, Dunn test 

(Dunn, 1961) was used as post-hoc test for the ScheirerRayHare and Kruskal-Wallis tests for the 

same reason.  
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3. Results 

3.1. Molecular analyses 

3.1.1. General information about analysed sequences  

We used the sequences of COI and 16sRNA to calculate to characterize genetically six 

strains of Danio rerio (namely, AB, TL, WIK, SJD, Wagenigen and Casper) and three Danio 

species (D. nigrofasciatus, D. albolineatus and D. aesculapii). The sequences that we obtained 

from these strain and species matched 100% with the respective parts of the whole mtDNA 

genomes of these strain and species, which were deposited in the GenBank. Therefore, to 

estimate the genetic distances among these strains and species we used the whole mtDNA 

sequences of the GenBank with accession numbers KT624627.1 for AB, KT624625.1 for TL, 

KT624626.1 for WIK, KT624624.1 for SJD, NC_027688.1 for D. nigrofasciatus, NC_029771.1 

for D. albolineatus. For D. aesculapii there was not sequences for complete mtDNA genome. 

That is why only a partial sequence from our study was included and was used for the 

comparisons. 

 

3.1.2. Genetic distances 

The genetic distances were calculated pairwise for all strains and species combinations. 

The sequences of AB, Wagenigen and Casper were identical hence, only AB, WIK, SJD and TL 

were included in the following research. Genetic distances showed that the genetically more 

distant strains are AB and SJD (0,75%) and the genetically closest species are D. rerio's AB and 

D. nigrofasciatus (6,43%) (Table 3.1., Figure 3.1.).  

 

Table 3.1. Estimations of evolutionary divergence in mitochondria between sequences of 4 strains and 2 species. 

The number of base differences per site from between sequences are shown. This analysis involved 6 nucleotide 

sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous positions were removed for 
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each sequence pair (pairwise deletion option). There was a total of 17626 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA X (Kumar et al., 201X) 

 

Figure 3.1. Morphological view of strains and species which were selected for further research with designated 

genetic distances.  

 

3.1.3. Strain/species-specific primer design 

We designed strain-specific and species-specific primers. They were 18 to 24 bases long, 

with 45-54% of G/C content, start and end with 1-2 G/C pairs, melting temperature (Tm) of 52-

58°C.  Primer pairs have a Tm within max. 2°C of each other, primer pairs have self-annealing 

and cross-annealing regions max.4 base pairs (Table 3.2.). These properties are falling under the 

description of a well-working primer, so the primer creation was considered successful after 

PCR-check (Figure 3.2). 

Table 3.2. Sequences of primer pairs, as well as information on their size, melting temperature and other parameters 
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Figure 3.2. Results of primer's check with PCR. a) Specific-AB strain primer. b) Specific SJD strain primer. c) 

Specific-D.nigrofasciatus primer. SJD and WIK are genetically close strains, hence a band is shown for 2 strains. 
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3.2. Phenotypic analysis 

3.2.1. Swimming performance 

Separated replicates provided different results such as in first and third replicates there 

was no significant difference in RUcrit between strains (p>0.05, one-way ANOVA followed by 

Tukey's HSD test) but in the second replicate RUcrit of fish from SJD strain differs significantly 

from AB strain (p=0.007, one-way ANOVA followed by Tukey's HSD test). This difference in 

the responses between the different replicates, indicates that the real significant factor might be 

not the strain. For the pooled dataset, however, two-way ANOVA test presented following 

results: there was a significant difference in RUcrit between first and third replicate (p=0.004) and 

between the strains (p=0.02), there was no interaction between two factors (p>0.05). The results 

showed that SJD had lower critical swimming speed than AB strain. Mean and SD for the pooled 

dataset were: 10.5 ± 0.9 TL s-1 for AB, 10.0 ± 0.9 TL s-1 for SJD and 10.3 ± 0.9 TL s-1 for their 

hybrid (Figure 3.3). 

 

Figure 3.3. Relative critical swimming speed per strain. Average relative critical swimming speed is depicted per 

strain for each of three replicates and for pooled data. Error bars equal to 1 SD. Numbers inside the bars indicate the 

sample size. RUcrit of SJD is significantly lower than of AB strain in pooled data set and second replicate. 
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There was no correlation between RUcrit and TL of the fish, hence RUcrit did not change 

with the change in TL in any strain (Figure 3.4).  

 

Figure 3.4. Correlation of RUcrit and TL. Graphic depicts per strain the relationships between relative critical 

swimming speed and total length of the fish for pooled data. Numbers in parentheses indicate the sample size. 

 

However, measurement of TL of the fish which performed in swimming test showed that 

in first and third replicate there is significant difference between the TL of SJD and AB (p=0.04, 

one-way ANOVA test and p=0.03, Kruskal-Wallis test respectively) but there is no significant 

difference in TL in the second replicate (p>0.05, one-way ANOVA test). For the pooled dataset, 

however, non-parametric ScheirerRayHare test followed by Dunn test presented following 

results: there was a significant difference between the second and other replicates (p=0.0001) but 

not between strains (p>0.05), also, there was no interaction between these two factors (p>0.05). 

Mean and SD for the pooled dataset were: 11.1 ± 0.4 mm for AB, 10.7 ± 0.9 mm for SJD and 

11.1 ± 0.9 mm for their hybrid (Figure 3.5). 
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Figure 3.5. Total length per strain. Average total length is depicted per strain for each of three replicates and for 

pooled data. Error bars equal to 1 SD. Numbers inside the bars indicate the sample size. There is no significant 

difference between strains, but there is significant difference between replicates (replicate 2 differed from other 

replicates) (p<0.05, two-way ANOVA followed by Tukey's HSD test).  

 

3.2.2. Heart rate measurements 

This part examines differences in the heart rate of different strains through the 

measurements of heart rate in 48 hpf embryos. It appeared that fish strain showed a significant 

effect on embryos' heart rate (Figure 3.6). Statistical analysis with non-parametric 

ScheirerRayHare test followed by post-hoc Dunn test for the pooled dataset showed that 

embryos of AB strain had significantly higher heart rate than the embryos of the other strains 

(p=0): 218.3 ± 6.9 beats per minute (bmp) versus 198.6 ± 9.3 bmp for SJD and 197.7 ± 8.8 bmp 

for their hybrids. However, test also showed a significant difference in heart rate between the 

first and three other replicates (p=0.00003). There was no interaction between strains and 

replicates (p>0.05). 
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Also, the same results were shown for each replicate separately: AB strain had 

significantly higher heart rate than other strains (p≈0, p≈0, p≈0, p=0.0006 for every replicate 

respectively, one-way ANOVA for all replicates).  

 

Figure 3.6. Heart rate of 48 hpf embryos of the different strains. Average heart rate in beats per minute is depicted 

per strain for each of four replicates and for pooled data. Error bars equal to 1 SD. Numbers inside the bars indicate 

the sample size. AB strain shows much higher heart rate than SJD and their hybrid in all the replicates and in the 

pooled dataset. 

 

3.2.3. Total length at hatching measurements 

This part examines the TL at hatching of different strains through the length 

measurements of newly hatched larvae every 30 minutes at 48 hpf (Figure 3.7). Results of 

separated replicates provided different information such as in the first and third replicates TL at 

hatching differed between all strains significantly (p≈0, Kruskal-Wallis test), in the second 

replicate TL at hatching of fish from SJD strain differed significantly from hybrid strain (p≈0, 

Kruskal-Wallis test) but there was no significant difference in TL at hatching between strains in 

the fourth replicate (p>0.05, Kruskal-Wallis test). However, the results of statistical analysis 

(ScheirerRayHare followed by Dunn test) performed for pooled dataset showed that there was a 
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significant difference in TL at hatching between all the strains (p≈0) and between pairs of 

replicates (p≈0, first and forth replicates differed from second and forth replicates but not from 

each other). Also, there was no interaction between strains and replicates (p>0.05). Mean and SD 

for the pooled dataset were: 3.6 ± 0.1 mm for AB, 3.4 ± 0.1 mm for SJD x AB and 3.2 ± 0.1 mm 

for SJD. 

 

Figure 3.7. Total length at hatching per strain. Average total length at hatching (mm) is depicted per strain for each 

of four replicates and for pooled dataset. Error bars equal to 1 SD. Numbers inside the bars indicate the sample size. 

Every strain showed significant differences in their total length-at-hatch comparing with other strains.  

 

3.2.4. Mortality, hatching and growth rates at metamorphosis 

Mortality and hatching rates were measured after 72 hpf when more than 50% of 

embryos have hutched. There were four replicates that were reared at the same conditions (set up 

for heart rate and TL at hatching measurements).  

It seems like average mortality and hatching rates for each strain differed greatly from 

replicate to replicate (see Figure 3.8, 3.9): pooled mortality rate for AB strain was 69.3%, SJD 

75.3%, SJD*AB 61.0% and pooled hatching rate of AB was 19.7%, SJD 18.5% and SJD*AB 

33.7%. However, the statistical analysis of each replicate (p>0.05, Kruskal-Wallis test) and of 
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pooled datasets (p>0.05, ScheirerRayHare test followed by post-hoc Dunn test) did not show any 

significant difference in mortality and hatching rate neither between strains, nor between 

replicates. There was also no interaction between strains and replicates (p>0.05).  

 

Figure 3.8. Mortality rate. Average mortality number is depicted per strain for each of four replicates and for pooled 

dataset. Error bars equal to 1 SD. Numbers inside the bars indicate the number of pairs that spawned. No significant 

difference is showed in mortality numbers through different replicates and pooled dataset. 

 

 

Figure 3.9. Percentage of hatched eggs. Average percentage of hatched eggs is depicted per strain for each of four 

replicates and for pooled dataset. Error bars equal to 1 SD. Numbers inside the bars indicate the number of pairs that 

spawned. No significant difference is showed in hatching rate through different replicates and pooled dataset.  
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Growth rate was measured at the metamorphosis period when the swimming test were 

performed. The time for performing swimming test were based on fish length but as it was said 

earlier (chapter 2. Materials and methods) different strains grew with different speed hence all 

the fish were in their metamorphosis period regarding their length but not in the same age by dpf. 

There were only two replicates (see why in paragraph 2.2.5) that were reared at the same 

conditions (set up for swimming performance). Results of separated replicates provided different 

information such as in the first replicate growth rate did not differ significantly from others 

(p>0.05, Kruskal-Wallis test), in the second replicate growth rate of hybrid strain differed 

significantly from AB strain (p<0.05, Kruskal-Wallis test). The results for pooled dataset showed 

that there was a significant difference in growth between all the strains (p =0.01) and between 

replicates (p≈0) (ScheirerRayHare followed by Dunn test).  However, statistical analysis showed 

that there is an interaction between these two factors. Since the interaction effect is significant 

(p=0.02), the ‘strain’ effect cannot be generalised for both replicates together. Mean and SD for 

the pooled dataset were: 0.049 ± 0.01 for AB, 0.042 ± 0.01 days-1 for SJD and 0.045 ± 0.01 days-

1 for hybrid strain. 
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Figure 3.8. Specific growth rate. Average specific growth rate is depicted in days-1 per strain for each of two 

replicates and for pooled dataset. Error bars equal to 1 SD. Numbers inside the bars indicate the sample size. 

4. Discussion 

4.1. Molecular analyses 

To make chimeric embryos suitable for study of mito-nuclear interactions and 

heteroplasmy, it is necessary to choose experimental strains with the farthest genetic distances 

between them to prevent strains from having the same mitochondria haplotype, considering that 

in this way no information on mito-nuclear interactions could be obtained. On the other hand, 

genetic distances between experimental species should be the closest to each other: for species to 

be able to have fertile offspring and for us to see any mito-nuclear interactions at all.  

In our study we found suitable zebrafish strains and Danio species through analysis of 

genetic distances of 6 strains and 3 species comparing mitochondrial sequences. The results 

showed that AB and SJD strains are more genetically distant strains from the six that were 

analysed (0.75% of mitochondrial polymorphism) and Danio nigrofasciatus is the closest species 

to the Danio rerio (6.43% of mitochondrial polymorphism). 

Flynn et al. (2016) presented unrooted Bayesian phylogenetic tree of 27 zebrafish 

mitochondrial genomes from six laboratory strains where SJD and WIK strains were more 

genetically distant strains from AB strain, and TL genetically closer. Guryev et al. (2006) 

support this in their study: SJD was more distant from AB strain, however WIK and TL were 

almost identically closer to AB strain (however this study was based on SNP and not on 

mtDNA). McCluskey & Postlethwait (2015) showed that WIK is the farthest strain from AB 

(they did not use SJD and TL strains in their analysis and also based it on SNP).  

In research of Tang et al. (2010) the result presented D. nigrofasciatus as a sister-species 

for D. rerio. D. albolineatus was the most distant of our three experimental species. However, in 



   

 

42 

McCluskey & Postlethwait (2015) the hypothesis that D. aesculapii is a Danio rerio’s sister-

species was supported.  

We expected to find WIK or SJD as the farthest strain for AB, and our expectations were 

justified but WIK was closer to AB than SJD for 0,05%. That is why we chose SJD for our study. 

Regarding species we expected to choose one of the two species mentioned in previous 

researches (D. aesculapii or D.nigrofasciatus). But we did not have at least partial mitochondrial 

genome for D. aesculapii and that there was successful attempt in creation of fertile offspring of 

D. rerio and D. nigrofasciatus (Endoh et al., 2020).  These were the reasons we chose 

D.nigrofasciatus for our research. In future studies it would be interesting to obtain hybrids from 

D.rerio and all three other species of Danio that we analysed in this study. 

 

4.2. Phenotypic analysis 

4.2.1. Heart rate, length-at-hatch and growth rate 

4.2.1.1. Heart rate 

In our study, the embryos of zebrafish were reared, observed, and heart rate was 

measured at 48 hpf at constant temperature 28 ± 0.5 oC, and they showed following heart rates: 

218.32 ± 6.9 bpm, 198.56 ± 9.3 bpm and 197.66 ± 8.8 bpm for AB, SJD and their hybrid 

respectively. Also, the results of heart rate measurements showed us that AB strain had 

significantly higher heart rate than two other strains. 

According to Wang et al. (2020), Gazsi et al. (2021), and Scopel et al. (2021)  who used 

AB embryos in their control groups for heart rate measurements, the heart rate of these embryos 

at 48 hpf should be less than 200 beat per minute (bmp). However, Wang et al. (2020) and Gazsi 

et al. (2021) studies showed the same heart rate at different temperature: 28.5 ± 0.5 oC and 25.5 ± 

0.5 oC respectively. Scopel et al. (2021), on the other hand, presented the much lesser heart rate 
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for their control group - 116 bmp at the same temperature as Wang et al. (2020) – 28.5 ± 0.5oC. 

According to Barrionuevo & Burggren (1999) heart rate should increase with the increasing 

temperature. This study measured heart rate at 25, 28 and 31 oC, and they presented 125 bmp 

heart rate at 28 oC. These differences with our study were not necessarily due to the temperature 

as factor because as we can see heart rate measurements had different results at the same 

temperature and vice versa, but due to dependance of heart rate on oxygen concentration in water 

that in its turn depends on egg density in tank and on composition of system water which are 

unknown for the above studies. Hence, we believe that our results can be valid as well as results 

from the previous studies.  

According to Boonruangkan et al. (2021) zebrafish had the peak heart rate at 48 hpf and 

then heart rate was abruptly decreasing for yet unknown reason. So, even if there are 

comparatively more articles with heart rate researches after 48 hpf there is no use for us to 

reference them for our measurements. For example, Denvir et al. (2008) compared heart rates of 

AB and Golden strain at 3 days and 5 dpf but no significant difference was found. 

In general, there are not so many studies about the comparison of heart rate of embryos of 

different zebrafish strains/species at 48 hpf. The vast majority of studies usually use AB strain 

just as a control group for studying effects of various environmental factors. In our study we 

characterized the “default” heart rate for future studies, and our objective will be to learn 

whether the higher heart rate of AB strain is due to differences in mtDNA between strains. 

 

4.2.1.2. Total length at hatching 

In our study, we found that TL at hatching was different for every strain, and AB strain 

had greater TL at hatching whereas SJD strain had smaller TL at hatching and the hybrid strain 

was intermediate between them. 
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Adams et al. (2020) showed that the water hardness significantly affected the length of 

larvae measured at 96 hpf and the soft water favoured the growth. To solve this issue in our 

study we used the same conditions and the water from the same system for parent fish and for 

every replicate of the experiment. The study of Adams et al. (2020) was designed to compare 

some life history traits between isogenic homozygous clone and wildtype zebrafish in low pH 

conditions. They also found significant differences in larvae length between wild type zebrafish 

and inbred type at 96 hpf when all the fish were hatched. Knowing that fish length increases fast 

after the hatching event and it is strongly affected by the differences in hatching time between 

the individuals of the same population, we measured TL at hatching every 30 minutes to obtain 

newly hatched larvae.  Thus, observed differences in our study are not expected to have been 

affected by this factor. Water temperature has also been proven as critical for the total length at 

hatching, with elevated temperatures resulting to total length decrease (Polo et al. (1991) 

for Sparus aurata). Also, delay in hatching time was observed with decreasing temperature: at 

24 °C hatching occurred later (96 hpf) than at 28°C (48 hpf) (Villamizar et al., 2012). In our 

study, we ensured the constant optimal temperature for zebrafish eggs at 28 ± 0.5 °C when 

zebrafish embryo development enhances through continuous temperature measurement on every 

stage of experiment and for every replicate. According to Uusi-Heikkiï et al. (2010) there was no 

correlation of the size of the parent fish with either the size of eggs or TL at hatching. Large and 

small fish offspring had the same TL at hatching but different area-at-hatch and yolk-sac volume. 

Hence, the size of the parent fish was not taken into account to our research and the TL at 

hatching was considered as a separate life history trait. 

 Therefore, as we successfully excluded factors that affect TL at hatching, we can 

possibly suggest that the difference in TL between strains might be due to “strain” factor as well. 

Also, it is interesting that the hybrid strain had intermediate TL at hatching between two parental 
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strains and not the same as AB strain. It would be interesting to check whether this might be due 

to mtDNA inherited from SJD strain or to any complex limitations in which both of the parental 

DNA are participating.  

Also, it would be useful to verify these results for embryos hatched at 72 hpf as well as to 

check whether there any difference in TL at hatching between early-hatched (48-72 hpf) and 

later-hatched (72-96 hpf) embryos with respect to strain. According to Leite-Ferreira et al. 

(2019) and corresponding behavioral studies later-hatched embryos are less sensible to 

environmental changes. It would be interesting to learn whether it correlates/depends on their 

possibly large length at hatching. 

 

4.2.1.3. Growth rate 

We cannot fully interpret the results of growth rate measurements due to significant 

effect of interaction between replicate and strain as factors, hence, we cannot generalize the 

importance of strain for both replicates together. And separately every replicate showed us 

different picture might be due to large sample difference in the second replicate (54 individuals 

for AB, 31 for hybrid and only 9 for SJD). The first replicate had more balanced data and 

showed us no differences in growth rate between strains.  

According to Gonzales & Law (2013) and Abdollahpour et al. (2020)  difference in 

growth rate is related to various feed and feeding regime, and to differences in photoperiod. 

Experimental fish for our research were grown in the same conditions, hence if there were any 

differences in growth rate they should be related to the differences between strains. That what we 

expected to see in our study. It would be useful in the future studies to design setup only for this 

experiment and compare growth rate of fish without using big part of them for swimming test. 
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4.2.2. Critical swimming speed 

The presented results of swimming test showed significant difference between RUcrit of 

SJD strain and AB strain. However, there is no significant differences in length of the fish that 

participated in swimming test and no correlation between RUcrit and fish length. 

Research by Wakamatsu et al. (2019) showed that the swimming capability does not vary 

between female and male (they used two different protocols and reproduced the results on two 

successive days) whereas the study of Dimitriadi et al. (2018) supported the hypothesis that there 

is a strong sexual dimorphism in the RUcrit of zebrafish. However, the former study was 

performed on 6–9-month-old adult fish and the later one on the 4–5-month-old adult fish and that 

might be the reason for the differences. Our experiment was performed on juvenile fish in 

metamorphosis stage, so we could not see any sexual dimorphism. Wakamatsu et al. (2019) as 

well as Plaut (2000) discovered that long-finned fish had lower swimming performance than the 

fish with regular caudal fin. Our strains had regular fin so the length of the caudal fin did not 

play role in our swimming test. Also, Wakamatsu et al. (2019) found that WIK strain of 

zebrafish had significantly lower Ucrit than AB, TU, TL and PET strains. They suggested that 

WIK strain originated from a single less capable of swimming pair of wild zebrafish, and that is why 

it inherited lower swimming capability. To support this hypothesis the swimming test for TU x WIK 

hybrid was performed, this test showed that the hybrid strain did not have this problem so this trait 

inherited only in WIK strain and possibly is a recessive-type trait. However, WIK parent in this study 

was male so we did not really know whether this trait would have been inherited by WIK x TU strain. 

There is a lack of research on the difference in swimming capability of AB and SJD, hence, we 

did not know what to expect when we started this study. 

As it was discovered in Flynn et al. (2016) SJD and WIK strains' mtDNA form a single 

cluster in phylogenetic analysis, and this fact suggests that they are more closely related 

genetically than SJD and AB. Locomotion, such as swimming, strongly depends on metabolic 
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function, so mutations that impact mitochondrial function are expected to influence locomotor 

activity (Anderson et al., 2021). Hence, there is a possibility that mitochondrial polymorphism 

might be the reason SJD (and previously mentioned in Wakamatsu et al., 2019 WIK as a part of 

a cluster) had lower swimming performance than AB. However, we can only make a hypothesis 

because swimming capability is also strongly related with heart morphology, skeletal 

abnormalities on early stages of zebrafish development, body shape, ontogenetic phases and state 

of the fins and squamation, muscle composition (Plaut, 2000; Koumoundouros et al., 2009; 

Dimitriadi et al., 2018; Sergi et al., 2022). So, the next step in studies might be research of 

whether the less swimming capability of SJD and WIK strains depends on mitochondrial 

diversity or phenotypic factors.  

 

4.2.3. Mortality and hatching rate 

As results of this study, it occurred that mortality and hatching rate did not differ with 

respect of the strain. Cui et al. (2012), Liu et al. (2014), Vankayala et al. (2014), Farhana et al. 

(2019) and others presented in their studies that hatching rate in zebrafish should be about 80-

100%, mortality rate of zebrafish should be no more that 10-15%. Our study showed different 

values that might be explained by the fact that we only used random 50-60 eggs from each pair, 

and other studies used mass spawning. Also, Adams et al. (2020) discover that wild type 

zebrafish had significantly higher survival rate than inbred type. For this experiment also mass 

spawning were used (in tanks with fish density of 10-20 fish). To exclude the maternal factor in 

fish survival we used pairs of fish and measures mortality rate for every pair hence it was known 

for sure that the number of mortality rate that we found was not obtained from eggs of only one 

female. Also, SJD strain is also an inbred strain so we definitely expected their survival rate to be 

lower or in our case mortality rate to be higher. Hence, to improve this experiment, it would be 
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useful to use our set up but to take all the eggs from each pair to get more precise information 

specifically about mortality and hatching rates. 

 

4.3. D. nigrofasciatus and its problems. 

According to Endoh et al., 2020 there was a successful attempt in creation of hybrid 

between the D. rerio female and D. nigrofasciatus male. Some of these hybrids, unlike hybrids 

from crossings between D. rerio and D. albolineatus or D. aesculapii, produced aneuploid 

spermatozoa with varying ploidy levels, ranging from aneuploidy to diploidy with an 

approximation haploidy mode, with limited fertilization ability. In this study we attempted to 

obtain hybrids between D. rerio and D. nigrofasciatus by in vivo fertilisation. The attempt was 

unsuccessful because of the fact that this species is not very well domesticated yet, and because 

of the absent of knowledge about spawning behaviour of this species. That is why we could not 

make any successful experiment for heart rate and length-at-hatch measurements with D. 

nigrofasciatus. Their hatching time was about 4 hours earlier than that of zebrafish so there was 

no chance to make heart rate and length-at-hatch measurements at the same time and the same 

experimental design as with zebrafish. Nevertheless, we successfully got the second generation 

of D. nigrofasciatus and will continue to extend its population in our laboratory. For now, there 

are only a few males in every tank and the population of D. nigrofasciatus in general is 

particularly small. As soon as the population of D. nigrofasciatus males will be sufficient, the in 

vitro fertilization to obtain hybrids will be available. Recently, this technique was implemented 

in our study and the first attempts were very promising. 
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5. Conclusions 

This thesis examined and selected the D. rerio’s strains (AB and SJD) and species (D. 

nigrofasciatus) which are suitable for the study of mitochondrial interactions and heteroplasmy 

in chimeric zebrafish. For that study, strain/species-specific primers were created and 

experiments for life history trait measurements of zebrafish were done. For now, the "default" 

life history traits of strains AB, SJD and their hybrid were standardized. The technique of in vitro 

fertilization was successfully implemented in the study and we intend to start main research as 

soon as possible.  
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