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Summary
Tilapia is one of the most important species group for aquaculture production.
Particularly Nile tilapia (Oreochromis niloticus) amounts to over 80 % of the

world tilapia production. All-male populations are favourable due to the better
growth of the males and for avoiding uncontrolled reproduction. For the production of all-male populations, the application of the androgen 17-αmethyltestosterone via the feed is a common practice. The application of mascu-

linising temperatures during early larval stages of O. niloticus could substitute
the common practice of application of androgens.

The phenotypic sex of O. niloticus is a complex trait determined by major and
minor genetic factors as well as temperature influence. The complex mechanisms of sex determination in Nile tilapia have not yet been completely under-

stood and the patterns of inheritance as well as the molecular genetic back-

ground of sex determination in general and temperature-dependent phenotypic
sex in particular are a lively discussed field. The first part of the current study
provides first estimates of additive, dominance and reciprocal effects as well as

the estimation of narrow sense heritabilities for the temperature-dependent sex
ratios of O. niloticus using complete testcross diallels of a high and weakly tem-

perature-susceptible line. Estimates of narrow sense heritabilities for the temperature-dependent sex ratios in progeny groups resulted in 0.74 for the high
and 0.51 for the weakly sensitive line. A negative dominance effect was found
for the weakly sensitive line and a negative reciprocal effect was identified for

the low susceptible line as maternal breeder. Maternal effects on the tempera-

ture-susceptibility of progeny groups are discussed.

The second part of the study demonstrates a first evidences for family-specific

marker trait associations and QTL for the temperature-dependent phenotypic
sex in Nile tilapia on linkage groups (LG) 1, 3, and 23. The study screened 21

microsatellites on these LGs for associations with the temperature-dependent
sex of Nile tilapia using a temperature-treated genetically all-female (XX) popu-

lation. Single marker analysis resulted in family-specific associations for
UNH995 and UNH104 on LG 1, GM213 on LG 3, and UNH898 and GM283 on
1

LG 23. However, no population-wide QTL or marker trait associations could be

detected. Further QTL on different linkage groups were suggested and prospects for following studies are discussed.

In previous studies by different authors, several genetic markers on these LGs

were proven to be associated with the phenotypic sex of different tilapia species
(Oreochromis spp.) and interspecies crosses. Furthermore, putative master key
regulators for sex determination in tilapia were mapped to the three LGs. There-

fore, the study reveals new information for the coexistence of genetic and tem-

perature effects on the development of the phenotypic sex in Nile tilapia and
provides useful information for further research on sex determining processes

and for prospective breeding programs for temperature-induced masculinisation in order to substitute hormone treatments in production systems.
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Zusammenfassung
Tilapien spielen eine erhebliche Rolle in der weltweiten Aquakultur-Produktion.

Dabei machen Nilbuntbarsche (Oreochromis niloticus) den größten Teil der
weltweiten Tilapien-Produktion aus (> 80 %).

Bei der Produktion dieser Spezies hat sich der Einsatz von rein-männlichen Populationen stark bewährt. Durch den Einsatz von eingeschlechtlichen Beständen
kann eine unkontrollierte Vermehrung während der Produktion vermieden

werden. Zudem weisen die männlichen Fische ein stärkeres Wachstum auf. Eine
häufig angewendete Methode zur Erstellung solcher rein-männlichen Bestände
ist die Verabreichung von Androgenen (17-α-Methyltestosteron) über das Fut-

ter an die Larven. Diese Technik könnte durch den Einsatz umweltfreundlicher,
vermännlichend wirkender Temperaturprotokolle abgelöst werden.

Das phänotypische Geschlecht von O. niloticus ist ein komplexes Merkmal wel-

ches durch genetische Haupt- und Nebenfaktoren bestimmt wird. Zudem hat die
Wassertemperatur während der juvenilen Phase einen Effekt auf die Ausbil-

dung des phänotypischen Geschlechts. Die vielschichtigen Mechanismen der
Geschlechtsdetermination sowie die Vererbungsmechanismen und die molekulargenetischen Hintergründe stellen einen starken Anreiz für wissenschaftliche
Untersuchungen dar, konnten jedoch bis jetzt noch nicht vollständig aufgeklärt
werden.

Der erste Teil der vorliegenden Studie beschäftigt sich mit der Schätzung von

genetischen Parametern bei der Vererbung der temperaturabhängigen Ge-

schlechterverhältnisse. Anhand vollständiger Diallele einer hoch und einer
niedrig temperatursensiblen Linie wurden additive Effekte, Dominanzeffekte
und reziproke Effekte auf die Vererbung der Temperatursensibilität geschätzt.

Weiterhin wurden Heritabilitäten für die temperaturabhängigen Geschlechterverhältnisse für diese divergent selektierten Linien über drei Selektionsgenera-

tionen geschätzt. Hierbei ergaben sich Heritabilitäten von 0.74 für die hoch sen-

sible Linie und von 0.51 für die niedrig sensible Linie. Durch die diallelen An-

paarungen konnte ein negativer Dominanzeffekt der niedrig sensiblen Linie ermittelt werden. Zudem zeigte sich ein negativer reziproker Effekt auf die tempe3

raturabhängigen Männchenanteile in den Nachkommengruppen bei dem Einsatz von niedrig temperatursensiblen Müttern. Im Zuge dessen werden
maternale Effekte auf die Temperatursensibilität der Nachkommen diskutiert.

Der zweite Teil der vorliegenden Untersuchung erbringt einen ersten Beweis
für familien-spezifische Merkmals-Marker-Assoziationen sowie QTL für das

temperaturabhängige phänotypische Geschlecht von Nilbuntbarschen auf den
Kopplungsgruppen (KG) 1, 3 und 23. Insgesamt wurden 21 Mikrosatellitenmar-

ker auf diesen Kopplungsgruppen anhand einer temperaturbehandelten, genetisch rein weiblichen (XX) Population untersucht. Anhand von Einzelmarker-

Analysen konnten familien-spezifische Assoziationen zum temperaturabhängi-

gen Geschlecht für UNH995 und UNH104 auf KG 1, für GM213 auf KG 3 sowie für
UNH898 und GM283 auf KG 23 nachgewiesen werden und merkmalsspezifische

Allelsegregationen erkannt werden. Es konnte kein Nachweis für familien-

übergreifende QTL oder Marker-Assoziationen gefunden werden. Es werden

Vermutungen über weitere QTL auf anderen als den untersuchten Kopplungsgruppen angestellt.

Unterschiedliche Studien konnten im Vorhinein schon Marker-Assoziationen

mit dem phänotypischen Geschlecht verschiedener Tilapienarten (Oreochromis
spp.) und interspezifischen Kreuzungen auf diesen Kopplungsgruppen nachweisen. Zudem konnten verschiedene Kandidatengene für die Geschlechtsdetermination diesen drei Kopplungsgruppen zugeordnet werden. Durch den Nachweis

von QTL für das temperaturabhängige Geschlecht auf eben diesen Kopplungsgruppen liefert die Untersuchung neue Erkenntnisse über die Koexistenz und
den Zusammenhang von genetischen und temperaturabhängigen Effekten auf
die Geschlechtsdetermination. Daraus können bedeutende Informationen für

weitere Untersuchungen zu Geschlechtsdeterminationsprozessen abgeleitet
werden. Diese Kenntnisse werden besonders für potentielle Zuchtprogramme

zur erfolgreichen Maskulinisierung über Temperaturbehandlungen von Bedeutung sein.
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Chapter 1
General introduction to
sex determining mechanisms
in Nile tilapia
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1.1.

Foreword

Tilapia represents the second most important species group in aquaculture

production. Particularly Nile tilapia (Oreochromis niloticus) accounts for over

80 % of the world tilapia production of 3.1 million tons per year (FAO, 2011).

Due to the fast growth, the tolerance for environmental factors and microbiological hazards, a very short generation interval and low feed quality de-

mands, tilapia are a widely spread species in extensive and semi-intensive

aquaculture production systems. However, the production of tilapia also poses
some challenges. All species of the genus Oreochromis are maternal mouth
brooders. During the incubation of eggs and fry, the females stop to feed which
results in stunting in the production system and reduced carcass weights of the

fish. Therefore, the production of mixed-sex populations is less productive in

such production systems. Due to the better growth of males, the production of

all-male populations is the method of choice. The most common technique for
all-male production, especially in pond systems, is the application of 17-α-

methyltestosterone (MT) to the swim-up larvae via the feed. This method is
barely accepted by the consumers and environmental influences must not be

neglected. The application of masculinising temperatures to Oreochromis niloticus constitutes a very promising perspective for the substitution of hormone
application in an economically, ecologically and customer friendly way.

1.2.

Sex determination in Nile tilapia - an overview

The determination of sex in tilapia is a very complex mechanism and it is not yet
completely understood. Within the genus Oreochromis both male (XX/XY) and

female (ZZ/WZ) heterogametic sex determination systems are described.

The genetic sex determination (GSD) of Nile tilapia is governed by major genetic

factors with a male heterogametic system (XX/XY) (Jalabert et al., 1971; Mair et
al., 1991). However, minor genetic (autosomal) factors are able to override

these factors (Müller-Belecke and Hörstgen-Schwark, 1995). Furthermore, in6

creased water temperatures during juvenile stages are able to bias the respective sex ratio in favour of males (Baroiller et al., 1995a; b; Tessema et al., 2006).
1.2.1. Major genetic sex-determining factors - sex chromosomes
There is a large variety of sex-determining systems in fish (Nakamura et al.,

1998). Many species exhibit a genetic sex determining system in the absence of
heteromorphic sex chromosomes. In Nile tilapia, no karyotypic heteromorphic

sex chromosomes can be found as well (Majumdar and McAndrew, 1986). However, a genetic sex determining system, comparable to the mammalian XX/XY

system can be assumed for Nile tilapia, suggesting that they represent an early

evolutionary stage of sex-chromosomal differentiation (Cnaani et al., 2008;

Baroiller et al., 2009b). By the analysis of the synaptonemal complex of meiotic
chromosomes, Foresti et al. (1993) found size differences in the terminal region
of the largest bivalent. In this bivalent Foresti et al. (1993), later confirmed by

Carrasco et al. (1999) identified an incompletely paired segment during the

meiotic synapsis process. In addition, Harvey et al. (2002) detected sequence
differences in the terminal region of this largest pair of chromosomes. It can be
assumed that the largest pair of chromosomes can be defined as the sex chromosomes (X and Y) of O. niloticus (Harvey et al., 2002; Cnaani et al., 2008).
1.2.2. Minor genetic sex-determining factors - autosomal factors
Despite the fact that in general a male heterogametic sex determination system
exists in Nile tilapia, the simple model of a monofactorial sex determination system was not sufficient to explain all observed sex ratios. Deviations from this

system have been observed in investigated sex ratios (Mair et al., 1991). Varia-

tions in sex ratios were observed particularly in experiments using genetically
all-female (XX) or all-male (XY) populations of O. niloticus. Progeny groups of

matings between YY-males and XX-females (Mair et al., 1997) or between

pseudomales (XX) and normal females (XX) (Calhoun and Shelton, 1983) did not

show the expected sex ratios of 100 % males or 100 % females, respectively.
7

Moreover, in experiments with meiotic or mitotic gynogenetic progenies of O.
niloticus, unexpected males occurred (Mair et al., 1991; Müller-Belecke and

Hörstgen-Schwark, 1995, Ezaz et al., 2004). Müller-Belecke and Hörstgen-

Schwark (1995) assumed a sex determination system for O. niloticus consisting
of major genetic factors (XX/XY), which can be overridden by two or more minor genetic factors.

1.2.3. Environmental sex determination
It has been suggested that sex determination in Oreochromis species is deter-

mined by major and minor genetic factors. However, exogenous factors like sex
steroid application or water temperature shifts influence the phenotypic sex of

tilapia. Such exogenous factors can influence the sex differentiation divergent to

the genetically determined sex if applied during the time of undifferentiated
gonads (Yamamoto, 1969; D’Cotta et al., 2001). In O. niloticus the critical sensitive period for the environmental sex determination lasts from the 10th until the
19th day post fertilization (dpf). During this time, the gonads are still undifferentiated. The first indicators of differentiation appear as an increase in the number

of somatic cells followed by an active mitosis of the primordial germ cells in the
gonads (Kwon et al., 2000; D’Cotta et al., 2001). In accordance to the histological

studies for the sex differentiation, D’Cotta et al. (2001) found a sex-dimorphic

expression of the gene cyp19a, which codes for the enzyme P450aromatase,
from the 18th until the 26th dpf. Aromatase catalyses the synthesis of estrogens

from androgens and females showed a higher expression of cyp19a in contrast
to males just after the stage of sexual lability.
Exogenous steroids
The first and fundamental studies on the influence of exogenous sex steroids to

the phenotypic sex of fish were provided by Yamamoto in 1969. He succeeded in
the production of all-male and all-female populations of Oryzia latipes by the
application of androgens and estrogenes, respectively. However, the successful

production of mono-sex populations strictly depends on the stage of develop8

ment. A hormone treatment should be applied during the time of sexual lability
before the onset of sexual differentiation (Nakamura and Nagahama, 1985). Un-

til now, the mechanisms of exogenous steroid action during the sexual lability
are unclear. Bogart (1987) assumed that the sex differentiation depends on the
androgen to estrogen ratio. Thereby, the synthesis of androgens triggered by

the enzyme P450aromatase plays an essential role. The expression of aromatase
(cyp19a gene) has been proven to be suppressed in O. niloticus by the applica-

tion of 17-α-methltestosterone (MT) during the time of the critical sensitive period (Bhandari et al., 2006). Beside that, Kah et al. (1993) assumed a feedback
effect of the steroids on the brain-pituitary-gonad axis.

Under practical conditions, the application of androgens has been proven to be a

useful tool for the production of all-male tilapia. To obtain the maximal percentage of males (≥ 95 %), hormone treatments should start simultaneously to

the first feeding period, because it is congruent with the critical sensitive period
for sex determination and treatments should be continued for at least 21 days
with a dosage of 30 - 60 mg MT per kg feed (Phelps, 2006).
Temperature-dependent sex determination

Elevated water temperatures during juvenile stages of O. niloticus are able to
override the genetic sex and to bias the respective sex ratio in favour of males.

Temperatures of more than 34 °C, applied during the juvenile stage, can lead to
higher proportions of males (Baroiller et al., 1995a; b). The temperature shift

has to be applied during the critical sensitive period, while the gonads are in an
undifferentiated stage (v.s.). The most effective temperature treatment starts at

the 10th dpf and lasts for 10 days at 36 °C (Baroiller et al., 1995a; b; Tessema et

al., 2006). At temperatures of 36 °C, the highest rate of males was achieved
without influencing the survival rates. Additionally, a treatment of more than 10

days did not increase the male proportion. Thereby, a treatment starting after

the 13th dpf was not successful at all (Baroiller et al., 1995a; 1996; Tessema et

al., 2006).
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1.3.

Sex determination in Nile tilapia - a polygenic system?

1.3.1. Genetic sex determination
As described before, the genetic sex determination of O. niloticus is governed by

major and minor genetic factors. Minor genetic factors are able to bias the respective sex ratio in mixed sex populations from a 1:1 distribution. The sex de-

termination of tilapia has been assumed to be a polygenic system (Calhoun and
Shelton, 1983; Lester et al., 1989; Tuan, 1999).

Bull (1983) described a polyfactorial system of sex determination as a mechanism, which is controlled by the interaction of many different factors. Three criteria can be assumed to define a polyfactorial sex determination (Bull, 1983):
-

a large between-family sex ratio variance,

-

sex ratios response to selection.

-

paternal and maternal effects on family sex ratio,

For the sex ratios of O. niloticus, all criteria are fulfilled.

Large variations in the sex ratios were observed for different families (Calhoun
and Shelton, 1983; Lester et al., 1989; Wohlfarth and Wedekind, 1991; Tuan,
1999).

Moreover, the male proportions differ depending on the mating partners.
Therefore, maternal and paternal factors have an effect on the genetic sex de-

termination (Tuan, 1999). A response to selection for sex ratios has been suggested by (Wohlfarth and Wedekind, 1991). Heritabilities for sex ratios were

estimated by Lester et al. (1989). At normal rearing temperatures, they estimated a heritability (h²) of 0.26.

In a considerable experiment, using a complete diallel cross of eight strains of
GIFT tilapia (genetically improved farming tilapia), Lozano et al. (2011) estimated strain additive genetic, heterosis and reciprocal effects for male proportions. They solely found the strain heterosis effect to differ significantly from

zero. Moreover, the significance could not be reproduced across seven different

test environments. They concluded that the heterosis effect may be due to natu-

rally sex-reversed individuals or to an introgression of O. mossambicus genes.
10

Additionally, influences of different water temperatures, acting on progenies’ or

parents’ sex, were discussed. Therefore, it can be assumed that sex is in general

a polygenic trait, since major, minor, and environmental factors interact. However, sex ratios at normal ambient temperatures have a strong genetic background with low influences of family variation and maternal or paternal factors.

Such effects may mostly be due to environmental factors, especially to temperature effects, acting on the sex determination system.
1.3.2. Temperature-dependent sex ratios
Several studies investigated the dependency of susceptibility to temperature

treatments on the population and on the combination of mating partners in
O. niloticus. Differences in the susceptibility to temperature treatments were in-

vestigated by Tessema et al. (2006) for different populations and population
crosses. The authors tested two different populations of O. niloticus (Lake Manzala and El Molo). The Lake Manzala population showed a higher responsiveness

to the temperature treatment with regard to male ratios compared to the El Molo
population. Substantial differences in the temperature susceptibility of progeny
groups in the intra-population matings were identified, indicating strong be-

tween-family variations. Such interfamiliar variations were also verified by

Baroiller et al. (2009a) and Baroiller and D’Cotta (2001). Additionally, maternal
and paternal effects on the temperature susceptibility have been confirmed in
different studies by single pair matings (Baroiller and Clota, 1998; Baroiller and

D’Cotta, 2001; Tessema et al., 2006). Baroiller and D’Cotta (2001) stated that a

given couple of mating partners will produce equal sex ratios in temperature

treatment for full sibs. However, the sensitivity is strongly dependent on the set
of mating partners.

Temperature-dependent sex ratio is a heritable trait and it can be selected for as
a quantitative trait. Wessels and Hörstgen-Schwark (2007; 2011) succeeded in

the selection for high and low temperature-responding lines, described as the

high and low line. Within three generations of selection the percentage of males
in temperature-treated progeny groups of the high and the low line was more

than 92 % and less than 53 %, respectively. The cumulated realized heritability
11

for the high and low line was 0.63 and 0.84, respectively, after three generations
of selection.

Wessels and Hörstgen-Schwark (2007) and Baroiller and Clota (1998) assumed

an additive model of temperature-driven sex ratios in Nile tilapia. This is not only
hypothesised for the temperature-dependent phenotypic sex in O. niloticus but
also for the European sea bass (Dicentrarchus labrax) (Saillant et al., 2002) and

the Atlantic Silverside (Menidia menidia) (Conover and Kynard, 1981). Contrary

to that, Baroiller and D‘Cotta (2001) suggested that only male breeders can sire
either all sensitive or all non-sensitive progenies. Furthermore, the first indica-

tion for non-additive effects of temperature-dependent sex ratio inheritance in
Nile tilapia can be found in the study by Tessema et al. (2006) showing a stronger

effect of a low temperature susceptible population on the progenies’ phenotypic
sex. The average temperature-dependent male ratio of the population crosses
was lower than for the purebreds of the low temperature responding El Molo

population. In crosses of highly susceptible Lake Manzala males with El Molo females, the authors obtained higher male ratios by temperature treatment than in
the reciprocal crosses. Such results are due to parental strain effects showing that

a low temperature response of parents may have a stronger influence on the

progenies temperature-dependent phenotypic sex. However, the different pathways of inheritance of temperature susceptibility are still unknown.

Temperature-dependent sex ratios of tilapia and European sea bass (Dicen-

trarchus labrax) as well have been assumed to underlie a polygenic system

(Desprez et al., 2006; Vandeputte et al., 2007). Therefore, different genetic loci

and genes are involved in the expression of the temperature-dependent phenotypic sex. However, there is no ample knowledge of genetic components con-

tributing to temperature effects on the phenotypic sex in Nile tilapia but it is
hypothesized that merely the interaction of genetic factors and temperature-

dependent factors will contribute to finally explain the variety of sex ratios (Lee
and Kocher, 2007; Cnaani et al., 2008).
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1.4.

Genetic and temperature-dependent factors for sex determination - the ends of a continuum?

The evolutionary role, the development and the interdependence of genetic and
environmental factors influencing sex-determining processes is an ongoing dis-

cussion (Sarre et al., 2004; Bull, 2008; Ospina-Alvarez and Piferrer, 2008;

Shoemaker and Crews, 2009). It has long been suggested that the phenotypic sex
of species with genetic sex determination (GSD) is exclusively determined by ge-

netic factors, which are predominantly independent from the environment. Fur-

thermore, the sex of species with temperature-dependent sex determination
(TSD), especially of reptiles, has been assumed to be largely independent of ge-

netic influences, determined after fertilisation by the environment during incubation (Bull, 1983). Therefore, it has been assumed, that TSD and GSD are mutually
exclusive and can be seen as two fundamentally different traits (Bull, 1981; Bull,

1985; Valenzuela et al., 2003). Recent studies in reptiles and also in fish lead to

the conclusion, that genetic and environmental factors for sex determination interact and display a continuum. Sarre et al. (2004) argued that GSD and TSD in

reptiles represent the ends of a continuum and genetic as well as environmental
factors co-exist and interact. A similar complexity of the sex determining process

can be supposed for tilapia (Baroiller et al., 2009a) because of the presence of
both major genetic (sex chromosomal) factors and temperature-dependent factors. Thereby, it has to be considered that Ospina-Alvarez and Piferrer (2008)

distinguished between species with real TSD and species with genotypic sex de-

termination plus temperature effect (GSD + TE) in order to discern true cases of
TSD. Thus, TSD is defined by occurrence under natural conditions. According to

this, sex determination in O. niloticus has to be defined as GSD + TE due to the

lack of evidence for temperature effects under natural conditions (Baroiller et al.,

2009a). For this intermediate case, Grossen et al. (2011) proposed a quantitative
model for temperature-dependent turnovers in sex-determining mechanisms

concerning the interaction of genetic and temperature effects. They argued that

in a quantitative-genetics perspective, sex in general can be seen as a threshold
trait that depends on an underlying liability factor which is under both genetic
and environmental influence. Therefore, sex determination is neither purely ge13

netic nor environmental but rather results from an interaction between both factors.

In Nile tilapia, a coexistence of GSD and temperature effects on the phenotypic
sex has been postulated (Wessels and Hörstgen-Schwark, 2007). However, it is
still questionable whether a genetic correlation between genetic and temperature
effects on the phenotypic sex exists and therefore, if loci associated with temper-

ature-dependent sex or GSD reside on the same linkage groups, are located close
to each other, or are essentially the same.

1.5.

Molecular mechanisms of sex determination processes

1.5.1. Genetic linkage maps for Oreochromis spp.
Until now, three different genome-wide linkage maps exist for Oreochromis spp.
They were built on the basis of purebreds of O. niloticus (Kocher et al., 1998)

and interspecies crosses with the O. aureus (Lee et al., 2005) and O. aureus and
O. mossambicus (Agresti et al., 2000). Each map was compiled using different
types of genetic markers (amplified fragment-length polymorphisms (AFLP),

microsatellites (MS), and genes). Table 1 presents an overview over the parameters of the different linkage maps.

Table 1. Current status of linkage maps in Oreochromis spp. (modified from
Danzmann and Gharbi, 2007).

Species

O. niloticus
O. niloticus x

Mapping
panel
haploids

Number of
markers *
112 (AFLP),
62 (MS)

O.mossambicus

interspecies 229 (AFLP),

O. niloticus x

interspecies 525 (MS),

O. aureus x
O. aureus

3-way cross

63 (MS)

F 2 -cross

21 (genes)

Number of
Reference
linkage groups
30

Kocher et al. (1998)

24

Agresti et al. (2000)

24

Lee et al. (2005)

* AFLP: amplified fragment-length polymorphism; MS: microsatellite
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Each of the three maps resulted in more than 22 linkage groups (LGs). 22 linkage groups would have been expected because of the number of chromosomes

for the Oreochromis spp. The most comprehensive linkage map was generated
by Lee et al. (2005) and was recently used in studies dealing with genetic mark-

ers. Therefore, it was used as the reference map for following explanations of
gene and marker mapping.

1.5.2. QTL and marker associations for the phenotypic sex in Oreochromis
spp.
Several studies investigated associations of genetic markers with the phenotypic sex of Oreochromis spp. In 2002, Shirak et al. performed the first study by

genotyping 222 meiogynogenetic fish of the female heterogametic species

(WZ/ZZ) O. aureus for three microsatellite markers (UNH159, UNH216, and
UNH231). They found UNH216 and UNH231 to be linked to sex ratio distortion

genes. UNH216 has been mapped to LG 23 and UNH231 has been mapped to LG

6 within the linkage map by Lee et al. (2005) (Figure 1). A sex-linked marker on

LG 23 (UNH879) was also identified by Cnaani et al. (2003) using a F 2 -hybrid of

O. mossambicus x O. aureus. Later, Lee et al. (2004) assumed that the sex deter-

mining locus of O. aureus is close to the markers GM354, UNH168, GM271 and

UNH131 on LG 3. Additionally, genotypes of LG 1 markers (UNH213 and
UNH868) also showed differences between males and females. This locus corresponded to the sex-linked loci GM201, UNH994, and UNH104 found in
O. niloticus by Lee et al. (2003). In a F 2 -hybrid of O. niloticus x O. aureus, Lee et al.
(2005) found significant linkage of the phenotype exclusively to the microsatel-

lite markers GM354, GM204, UNH168, GM271, GM139, and UNH131 on LG 3
(Figure 1). For O. niloticus, Lee et al. (2003) identified sex linked loci on LG 1 in a

10 cM region between GM201 and UNH104, as mentioned before. Lee and
Kocher (2007) narrowed the interval by 6 cM, flanked by wt1b and UNH995. Lee
et al. (2003) suggested a major sex-determining locus to be located within a few

cM of UNH995 and UNH104. This suggestion was approved later by Cnaani et al.
(2008). Additionally, they physically mapped these sex-linked markers to a
small chromosome.
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Recently, Eshel et al. (2011) described a strong association of the microsatellite

UNH898 on LG 23 with the phenotypic sex in mixed sex populations of
O. niloticus by fine mapping of LG 23 (Figure 1).

1.5.3. Candidate genes for sex determination
In mammals, SRY (sex determining region of Y) can be seen as the only testis

determining factor (Sinclair et al., 1990). In fish and other lower vertebrates, no
such gene for the initial sex determination process is certainly known to be con-

served (Devlin et al., 1991; Devlin and Nagahama, 2002). The specification of
the phenotypic sex is underlying a much more labile system, which can be influenced by environmental factors, such as temperature. Endogenous steroids influencing the sex determination pathway can be excluded because steroidproducing cells occur just after the differentiation of the gonads (Nakamura et

al., 1998). Therefore, it can be suggested, that the expression of interacting
genes, which are involved in the sex determination and differentiation processes is influenced by the water temperature. Therefore, it can be suggested that
temperature-driven phenotypic sex has a strong genetic background.

Putative master key regulators and candidate genes for sex determination in
fish are sex determining genes of mammals. Some homologues genes were

found in different lower vertebrates and for some of them, sex dimorphic expression patterns have been observed in tilapia (Guiguen et al., 1999; Kwon et

al., 2001, Ijiri et al., 2008; Poonlaphdecha et al., 2011). Partially, they have been
mapped to the putative sex chromosomes of Oreochromis spp. (Lee et al., 2005;
Shirak et al., 2006; Lee and Kocher, 2007; Cnaani et al., 2008).
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Figure 1. Illustration of the mapping of the major sex-determining region of Oreochromis niloticus on linkage group 1(red dot),

candidate genes for sex determination (green boxes) and genetic markers associated with the phenotypic sex of Oreochromis

spp. (highlighted in light blue) on the linkage groups 1, 3, and 23 of the linkage map by Lee et al. (2005).
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Cyp 19a
Cyp19a (cytochrome P450, family 19, subfamily A) is involved in the onset of
female sex differentiation of O. niloticus by catalyzing the conversion of andro-

gens to 17β-estradiol. Females showed a higher expression of cyp19a just after
the stage of sexual lability (Guiguen et al., 1999; D’Cotta et al., 2001; Kwon et al.,
2001; Ijiri et al., 2008). Bogart (1987) hypothesized the suppression of aroma-

tase by a Y-chromosomal gene for species with a male heterogametic system.
However a decrease in aromatase expression has also been found in hormonally

(Bhandari et al., 2006) and thermally (D’Cotta et al., 2001) sex-reversed XX-

males before the onset of ovarian differentiation. Moreover, the application of

aromatase inhibitors leads to an increase of males as well (Kwon et al., 2000;
Afonso et al., 2001). It has been assumed that environmental effects act on the
cyp19a expression either directly or by a genetic cascade (Bhandari et al., 2006;

D’Cotta et al., 2001). The expression of cyp19a strongly depends on the expression of the genes amh (Pieau, 1996) and foxl2 (Wang et al., 2007). This correla-

tion supports the hypothesis of a genetic cascade that involves cyp19a. Shirak et

al. (2006) and Lee and Kocher (2007) mapped cyp19a to LG 1 between the mi-

crosatellites GM633 and UNH985 (Figure 1).
Amh

The amh gene (anti-müllerian hormone gene) inhibits the development of the

müllerian ducts into ovaries. In tilapia, amh is known to be expressed earlier in

the gonads of XY-males than of XX-females (D’Cotta et al., 2007; Ijiri et al., 2008).
Additionally, Poonlaphdecha et al. (2011) provided evidence for a strong sex-

dimorphic expression of amh in the brain of O. niloticus at 14 dpf, before the
initial start of gonadal differentiation and while gonadal amh expression was

not dimorphic. Amh has been mapped next to UNH898 (1 cM distance) on LG 23
(Shirak et al., 2006) (Figure 1). For tilapia, there is no definite proof, for a tem-

perature-dependent expression of amh (D’Cotta et al., 2007). Within other species, the role of amh in TSD is a controversial issue. Amh is involved in the regulation of cyp19a expression (di Clemente et al., 1992; Josso et al., 1998). A tem-

perature-related expression of amh could be the result of a negative feedback
effect of cyp19a expression (Pieau, 1996).
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Foxl2
The forkhead transcription factor gene foxl2 (forkhead box L2) is involved in the
early ovarian development and differentiation and is highly conserved in differ-

ent species (Cocquet et al., 2003; Loffler et al., 2003; Baron et al., 2004). In O.
niloticus, foxl2 showed higher expression levels in gonads of XX-animals from

the 5th day after hatching (dah), increasing until the 35th dah. Expression levels

of foxl2 in XY-gonads remained consistently low (Ijiri et al., 2008). FoxL2 has

been mapped to 17 cM on LG 14 (Shirak et al., 2006). Concerning tilapia, there is
no definite proof, that the expression of foxl2 is temperature-dependent.

However, Shoemaker et al. (2007) provided evidence that foxl2 is involved in

the sex determination of the red-eared slider turtle (Trachemys scripta), a species with TSD. Foxl2 is involved in the regulation of cyp19a expression as well

and a temperature-related expression of foxl2 could also be the result of a negative feedback effect of cyp19a expression (Pieau, 1996).

Wt1

The wilm’s tumor gene (WT1) plays a critical role in mammalian gonadal devel-

opment (Hossain and Saunders, 2001). Therefore, it is a putative key regulator

for sex determination in other vertebrates. In O. niloticus, the wt1b gene has
been mapped to LG 1 (32.4 cM) (Figure 1), flanked by the markers GM201 and
UNH995 (Lee and Kocher, 2007). This is the chromosomal region, where the

major sex determiner for O. niloticus has been mapped to (Lee et al., 2003; Lee
and Kocher, 2007), but it has been excluded as the major sex determining gene
(Lee and Kocher, 2007).
Sox-gene family

The SOX (SRY-related HMG box) gene family consists of 20 different genes in
mammals and plays an essential role in sex determination. Many orthologues
sox genes have been found in different fish species and some of them in Oreo-

chromis spp. Sox2 has been mapped to LG 17 close to the microsatellite UNH991

and sox14 has been mapped to LG 23 between the markers UNH898 and
UNH216 (Figure 1), just 1 cM away from amh (Cnaani et al., 2007). However,

only for sox9, sexual dimorphic expressions with higher expressions in XY19

gonads of O. niloticus have been detected until now (Ijiri et al., 2008; D’Cotta et

al., 2007). Sox9 expression is temperature-dependent in different TSD-species

(Western et al., 1999; Moreno-Mendoza et al., 2001; Shoemaker et al., 2007).

D’Cotta et al. (2007) provided a first evidence for temperature-dependent ex-

pression of sox9 in O. niloticus with an earlier increase in XX-gonads compared
to XY-gonads.

Dmrt1, dmrta2 and dmo
Dmrt1 (doublesex and mab-3-related transcription factor 1) and dmrta2
(doublesex- and mab-3-related transcription factor A2) belong to the family of

doublesex/mab-3 domain genes. Ijiri et al. (2008) found an early male-specific

expression of dmrt1 in gonads of O. niloticus, six days after hatching, increasing
until day 10 after hatching. Also for medaka (Oryzias latipes), the closely related

gene dmy is known to be male specific (Nanda et al., 2002). Additionally, dmrt1

expression is up-regulated by male-producing temperatures in different TSDspecies (Kettlewell et al., 2000; Torres Maldonado et al., 2002; Hattori et al.,
2007) but no respective information is available for tilapia. In Oreochromis spp.,

dmrt1 has been mapped to 44 cM on LG 12 (Lee et al., 2005). Shirak et al. (2006)

proposed dmrta2 to be a master key regulator for sex determination in tilapia.
They mapped dmrta2 to 5 cM on LG 23 (Figure 1). Additionally, the gene dmo is

involved in the gonadal development of the ovaries (Guan et al., 2000) and has

been mapped to the region between GM150 and UNH106 on LG 3 (Lee et al.,

2005) (Figure 1). Dmo in Nile tilapia represented a novel gene, whose expression was limited to the ovaries (Guan et al., 2000).

1.6.

Objectives of the present study

The present study deals with quantitative and molecular genetic backgrounds for

the temperature-dependent phenotypic sex of Nile tilapia. The first part of the
study is targeted on estimating components of inheritance for temperature-

dependent sex ratios using complete testcross diallels for high and weakly temperature-susceptible lines of O. niloticus. First estimates for additive, dominance
20

and reciprocal effects as well as heritability values shall illuminate the different
pathways for inheritance of the temperature-dependent phenotypic sex of O.

niloticus.

The second part of the current study attempts for the first time to find marker-

trait associations and QTL for the temperature-dependent phenotypic sex in O.
niloticus using similar line crosses as in the first part. The aim of the QTL study is
to extent the knowledge of molecular genetic components contributing to temperature effects on the phenotypic sex in Nile tilapia and to explain the correla-

tion between GSD and temperature effects on the phenotypic sex. Therefore, the
study is targeted to screen genetic markers on three linkage groups which have

previously been described to be linked to the phenotypic sex of Oreochromis spp.
at normal rearing temperatures.

Overall, this study investigates the genetic background of temperature-driven sex

determination. Results of this study consider helpful tools for further selection
and QTL-studies which could be applied to prospective breeding programs.
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Chapter 2
Additive, dominance, and reciprocal effects
for temperature-dependent sex ratios
of Nile tilapia (Oreochromis niloticus)
using test cross diallels of selected lines
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2.1.

Abstract

The phenotypic sex of Nile tilapia (Oreochromis niloticus) is governed by major

and minor genetic factors as well as temperature. The temperature-dependent

sex ratio is heritable and selection lines for high and low temperature susceptibility (high line and low line) had been produced. The current study provides

first estimates of additive, dominance and reciprocal effects for the temperature-dependent sex of Nile tilapia using complete testcross diallels of the high

and low line. A dominance effect of the low line was identified. Moreover, nega-

tive reciprocal effects on temperature-dependent sex ratios were found for

high♂ x low♀ matings, indicating a maternal effect of the low line. Estimation of
the heritabilities for the temperature-driven sex ratios under an animal model
yielded in 0.74 for the highly and 0.51 for the weakly sensitive line. The results

of this study consider important insights in the formation of temperaturedependent sex ratios and facilitate further studies on temperature-dependent

sex differentiation in O. niloticus. Thereby, the diallels of the selected lines constitute excellent populations for future marker-based studies. This study pro-

vides helpful tools for establishing prospective breeding programs for temperature-driven masculinisation to substitute hormone treatments in tilapia production systems.

2.2. Introduction
The phenotypic sex of Nile tilapia (Oreochromis niloticus) is governed by major
and minor genetic factors. Moreover, temperatures of 34 °C and more during
juvenile stages have a masculinising effect (Baroiller et al., 1995; 1996). Tes-

sema et al. (2006) postulated a highly effective temperature treatment at 36 °C
for 10 days if applied between day 10 to 20 post fertilization (dpf). However,

this effect is strongly dependent on the sensitivity to temperature-dependent
sex reversal and varies with the population (Tessema et al., 2006) and the combination of the parental animals (Baroiller and D’Cotta, 2001). Wes32

sels and Hörstgen-Schwark (2007) and Baroiller and Clota (1998) assumed an

additive model of temperature-driven sex ratios in Nile tilapia. This is not only

hypothesised for temperature-driven sex in O. niloticus but also for the Euro-

pean sea bass (Dicentrarchus labrax) (Saillant et al., 2002) and the Atlantic
silverside (Menidia menidia) (Conover and Kynard, 1981). Contrary to that,

Baroiller and D‘Cotta (2001) suggested, that only male breeders can sire either
all sensitive or all insensitive progenies. Furthermore, the first indication for

non-additive effects of temperature-dependent sex ratio inheritance in Nile tilapia can be found in the study of Tessema et al. (2006), showing a stronger effect

of a low temperature-susceptible population on the progenies’ temperaturedependent phenotypic sex.

Moreover, it has been proven that temperature-dependent sex ratio is a herita-

ble trait and it can be selected for as a quantitative trait. Wessels and HörstgenSchwark (2007; 2011) succeeded in the selection for a highly and weakly tem-

perature-susceptible line. The percentage of males in temperature-treated
progeny groups of the high and the low line was higher than 92 % and less than

53 %, respectively, within three generations of selection. The cumulated realized heritability for the high and low line was 0.63 and 0.84, respectively.

The present study is targeted on estimating components of inheritance on tem-

perature susceptibility, applying complete testcross diallels to the selected lines,
whereas each line represents a specific susceptibility to temperature-dependent

sex ratios. The analysis of such testcross diallels shall help to understand the different pathways of inheritance of temperature-dependent phenotypic sex and,

additionally, to gain more information about the genetic background of this trait.
Results of this study consider helpful tools for further selection, for QTL-studies

and for prospective breeding programs.
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2.3.

Material and methods

2.3.1. Mating design and temperature treatments
Based on the selected lines for temperature-dependent male ratios by Wes-

sels and Hörstgen-Schwark (2007; 2011), two complete testcross diallel for the

low and the high line with reciprocals were carried out.

Thereby, the high line possesses high temperature susceptibility, reaching more

than 92 % males in temperature-treated progeny groups. The low line is selected

for low temperature susceptibility, giving less than 53 % males. Reciprocal line
crossbreds (high♂ x low♀, low♂ x high♀) and line purebreds (high♂ x high♀,

low♂ x low♀) were conducted for the first and the third generation of selection

(Table 2). The parental animals were randomly selected from different families of
the first and third generation of selection by avoiding inbreeding and producing
at least half-sib progeny groups.

The spawners were individually PIT-tagged and kept in 300 L glass aquaria at a

stocking density of 15 kg/m3. After artificial fertilization, the progeny groups

were incubated for 10 days at 28 °C until the hatched larvae were split in two
groups per family, each comprising of 110 larvae. The control group was further

kept at 28 °C whereas the other group was kept at 36 °C from days 10 to 20 post
fertilization as previously described by Tessema et al. (2006). Temperature was

checked three times a day. After ten days of treatment, the groups were raised
at 28 °C for at least two months in mesh covered 80 L glass aquaria. Fish of both
the temperature-treated and the control groups were killed with an overdose of

anaesthetics (diethylether) and the individual sex was examined microscopically using gonad squashes according to Guerrero and Shelton (1974).
2.3.2. Statistical analysis

Statistical analyses of the testcross diallels were performed using SAS/STAT®

software, version 9.2 (SAS Institute Inc, NC). Verification of a 1:1 proportion of

males and females in the control groups was tested using the BINOMIAL option
within the procedure FREQ in a one-way frequency table. Differences in male

and female frequencies between control and treatment groups within the first

and second testcross diallel were analysed by fitting a generalized linear model
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applying a logit link function using Proc GLIMMIX with sex coded as a binary
trait (male = 1; female = 0).

Estimation of the line additive, dominance and line reciprocal effects in the first
and second testcross diallel were obtained with a logistic regression model

based on Lozano et al. (2011) according to the model by Fimland (1983),

adapted to the current data. The model (1) was applied for both diallels together and for each diallel separately in each control and temperature treatment (28 °C or 36 °C). The model equation (1) and the definition of crossbreeding parameter coefficients following the notation in Lozano et al. (2011) are de-

scribed below:

𝜸𝒊𝒋𝒌 = 𝝁 + ∑𝒊 𝒂𝒊 𝒕𝒊 + ∑𝒊 𝒓𝒊 𝒘𝒊 + ∑𝒊𝒋 𝒉𝒊𝒋 𝒕𝒊𝒋 + 𝒆𝒊𝒋𝒌

(1)

𝛾𝑖𝑗𝑘 = recorded sex with 1 for males and 0 for females of the kth individual of the
ith and jth line combination (i = 1, 2; j = 1, 2);
𝜇 = constant;

𝑎𝑖 = regression coefficient of the additive genetic effect of the ith line on the

proportion of genes of the line;

𝑡𝑖 = proportion of genes in the kth individual originating from the ith line
(𝑡𝑖 =0.0, 0.5 or 1.0 and ∑ 𝑡𝑖 = 1.0);

𝑟𝑖 = regression coefficient of the reciprocal effect of the ith line on the proportion of genes of the line;

𝑤𝑖 = proportion of genes of the kth offspring of the ith line (𝑤𝑖 = 0.0 for purebreds, 𝑤𝑖 =-0.5 for sire line origin, 𝑤𝑖 = 0.5 for dam line origin and ∑ 𝑤𝑖 = 0.0;

ℎ𝑖𝑗 = regression coefficient of the total dominance effect for the ith and jth line

combination on the proportion of genes originating from both reciprocals of the

ith and jth lines (i≠j and ij=ji; thus with only two lines there is only one possible

combination);

𝑡𝑖𝑗 = proportion of genes in the kth individual of the ith and jth line combination

(𝑡𝑖𝑗 = 0.0 for i=j, 𝑡𝑖𝑗 = 𝑡𝑗𝑖 =1.0 for i≠j, ∑ 𝑡𝑖𝑗 = 0.0 for purebreds and Σt ij =1.0 for line
crosses);

𝑒𝑖𝑗𝑘 = random error for the kth offspring.
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Additionally, the heritabilities for the trait “sex” were estimated for the selection

lines (high or low) and temperature treatment (28 °C or 36 °C) using the data of

the whole experiment for selection from the base population until the third generation of selection. Heritabilities were estimated under an animal model using

the software DMU, Version 6, release 4.7 (Madsen and Jensen, 2007), treating sex
as a binary trait and applying a probit link function.

2.4.

Results

2.4.1. Treatment-dependent sex ratios
Sex ratios of the progenies from the diallels for both generations are listed in Table 2. Control sex ratios never differed from a 1:1 distribution, except for pure-

breds of the high line within the second diallel. This result has previously been
detected by Wessels and Hörstgen-Schwark (2011).

In the first testcross diallel, the temperature treatment had significant masculinising effects in the crossbreds and purebreds compared to the control groups. In
the second testcross diallel, temperature treatment caused significantly more

males in both crossbreds and the purebreds of the high line, but not in the pure-

breds of the low line.

In the first diallel, the purebreds of the high line had the highest average tem-

perature-dependent male ratios with 75.9 % followed by the purebreds of the

low line with 71.5 % males. Both crossbreds showed average male ratios below
70 % in the temperature treatment. Similarly to the first diallel, the purebreds
of the high line showed the highest temperature-dependent male ratios and the

high♂ x low♀ matings showed lower male ratios than the reciprocals in the sec-

ond diallel. In the subsequent generations, the purebreds of the high line

reached higher male ratios and temperature-dependent male ratios in the low
line approached a 1:1 distribution. On average, temperature-dependent male
ratios were higher in the second testcross diallel. In both testcross diallels the
crossbreds showed lower male frequencies than high♂ x high♀ matings.
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Table 2. Male ratios in control and treatment groups in two testcross diallels of

the high and low line.

Paternal Maternal

Testcross
diallel 1

Testcross
diallel 2

line

line

high

high

low

low

high

low

low

high

high

high

low

low

high

low

low

high

n Families n Individuals

Control

Treatment §

(28 °C)

(36 °C)

% males ± sd

29

4781

50.1±5.6

75.9±15.3

***

12

2849

49.8±2.8

60.4±10.9

*

8

1655

26

4493

12
20
11

49.5±4.1

2028

54.1±8.7a

1805

52.7±10.9

2984

8

51.3±4.1

1388

51.5±5.1
51.0±7.8

71.5±14.0
69.4±13.1
92.7±6.6

***
***

** 1

50.4±9.8

n.s. 1

69.8±12.4

**

65.9±8.7

*

significantly different from a 1:1 distribution; § treatments were tested for significant differences to the control treatment; ***= p < 0.001; **= p < 0.01; *= p < 0.05; n.s.= not significant (p≥
0.05); 1 data have been published in Wessels & Hörstgen-Schwark (2011).

a

2.4.2. Additive line effects (ti)
The additive line effects for the high line are listed in Table 3, indicating the cor-

related additive line effects of the low line. Estimation of the additive line effect

across both diallels in the temperature treatment revealed a highly significant
(p < 0.0001) positive effect of the high line on the occurrence of males. Estimation

of odds ratio showed that the probability to produce males by temperature

treatment is 1.85 times the probability for males in the low line. Within the con-

trol treatment, no difference in additive line effect was found (p=0.67). When additive effects were estimated for each diallel separately, line differences within
the first diallel were not significant for both temperature and control treatment.
Within the second diallel, the additive line effect of the high line was highly sig-

nificant for temperature but not for the control treatment. Point estimates of
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odds ratio revealed an 11.1-fold higher probability for the high line, to produce

males by temperature treatment, when compared to the low line.
2.4.3. Dominance effects (tij = tji)

Overall, line crosses yielded negative dominance effects to the male frequencies.
However, dominance effects were only significant if estimated for male frequen-

cies in the temperature treatment (p < 0.0001) with lower odds ratios within the

second diallel (0.57) if compared to the first diallel (0.66) (Table 3).
2.4.4. Reciprocal effects (wi)

Reciprocal effects high♂ x low♀ crosses are given in Table 3. Overall, the recipro-

cals had no effect on the male frequencies in the control treatments. In the temperature treatments of both testcross diallels, high♂ x low♀ matings showed a

negative effect on male frequencies (odds ratio = 0.77) compared to the reciprocals (low♂ x high♀). This negative effect was verified for each generation, but it

was only significant in the first diallel (odds ratio = 0.71; p < 0.0001).
2.4.5. Heritabilities (h2)

Heritabilities for the phenotypic sex in the control treatment approximated zero.

In contrast to that, estimation of h² for the phenotypic sex in the temperature-

treated groups resulted in higher values. The combination of both lines resulted
in an h² of 0.28 ± 0.03 for temperature-dependent sex ratios, whereas the high
and low line showed values of 0.74 ± 0.03 and 0.52 ± 0.04, respectively.
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Table 3. Maximum-likelihood and odds ratio estimation of the line additive (t i ), line reciprocal (w i ) and dominance effects (t ij )
in the first and second testcross diallel (diallel 1 and diallel 2) of the high and low temperature-susceptible lines.
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Generation Treatment Effect
diallel 1 + 2
36 °C
ti
wi
t ij
diallel 1 + 2
28 °C
ti
wi
t ij
diallel 1
36 °C
ti
wi
t ij
diallel 1
28 °C
ti
wi
t ij
diallel 2
36 °C
ti
wi
t ij
diallel 2
28 °C
ti
wi
t ij

Maximum-likelihood estimates
Odds ratio estimates
Estimate
se
Wald χ²
p
Point estimate 95 % Wald confidence limits
1.05
0.06
318.74 <0.0001
2.85
2.54
3.20
-0.26
0.06
19.12
<0.0001
0.77
0.69
0.87
-0.22
0.04
27.50
<0.0001
0.80
0.74
0.87
-0.02
0.05
0.18
0.67
0.98
0.88
1.09
0.06
0.06
1.32
0.25
1.07
0.96
1.19
-0.04
0.04
1.22
0.27
0.96
0.89
1.03
0.12
0.09
1.80
0.18
1.13
0.95
1.34
-0.35
0.07
24.51
<0.0001
0.71
0.61
0.81
-0.42
0.06
54.51
<0.0001
0.66
0.59
0.73
-0.03
0.08
0.15
0.70
0.97
0.83
1.14
0.06
0.07
0.80
0.37
1.06
0.93
1.21
-0.04
0.05
0.53
0.47
0.96
0.87
1.07
2.49
0.13
369.22 <0.0001
12.11
9.39
15.62
-0.05
0.11
0.25
0.61
0.95
0.77
1.17
-0.56
0.08
44.22
<0.0001
0.57
0.48
0.67
0.06
0.08
0.51
0.48
1.06
0.90
1.25
0.06
0.10
0.33
0.57
1.06
0.87
1.29
-0.03
0.07
0.25
0.61
0.97
0.85
1.10

(se = standad error; t i = additive effect of the high line; w i = reciprocal effect of line cross high♂ x low♀; t ij = dominance effect of line crosses)

39

2.5.

Discussion

The current study provides first estimates of additive, dominance and reciprocal
effects for the temperature-dependent sex of O. niloticus using complete testcross
diallels of lines selected for high and low temperature susceptibility (Wessels &

Hörstgen-Schwark, 2007; 2011). By estimating the additive effects of the selec-

tion lines as well as the heritabilities for temperature-dependent male ratios, the
findings by Wessels & Hörstgen-Schwark (2007; 2011) concerning a generally

1:1 distribution of control sex ratios irrespective of the direction of selection
could be verified. Heritabilities for sex ratios in the control groups were generally
close to zero. Additionally, no significant line additive, dominance or reciprocal

effect for control sex ratios was found for the selection lines. In contrast,

Lester et al. (1989) estimated heritabilities of 0.26 for sex ratios of O. niloticus at

normal rearing temperatures. It can be suggested, that these higher heritabilities
were due to uncontrolled environmental conditions during juvenile stages, and
temperature effects could not completely be neglected as an influence on the sex
ratios in the study by Lester et al. (1989).

High narrow sense heritabilities for the temperature-dependent sex were veri-

fied. However, the cumulated heritability for both lines decreased by applying the
animal model compared to the estimates of the realized heritabilities (h2𝑅 ) by
Wessels & Hörstgen-Schwark (2011). Furthermore, Wessels & Hörstgen-Schwark

(2011) estimated higher h2𝑅 for the low line compared to the high line. In the cur-

rent study, h² is higher for the high line over all three generations of selection.

Thereby, narrow sense heritabilities and realized heritabilities are not comparable, because h2𝑅 depends on the response to selection.

A negative dominance effect was found for the crossbreds in both diallels, indicat-

ing a dominance effect of the low line. It could be assumed that low susceptibility
to high rearing temperature is connected to a stronger effect of the major genetic

sex determining factors. Therefore, the selection for low temperature sensitivity
could be related to a selection for a stronger effect of major sex determining fac-

tors and the high temperature-sensitive line has been selected for a lower effect

of the major sex determining factor. However, Wessels & Hörstgen-Schwark

(2011) reported a paradoxical feminising effect of high rearing temperatures in
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matings of a YY-male with females from the high and low line as well as in two

families of the low line. Thereby, they supposed that temperature can have both
masculinising and feminising effects. However, the feminising effect in the low
line was still low.

Grossen et al. (2011) proposed that in a quantitative genetics perspective, sex in

general can be seen as a threshold trait that depends on an underlying liability
factor which is under both genetic and environmental influence. This hypothesis

can directly be applied to the current findings. It can be suggested, that more and

stronger liability factors for the temperature-driven sex are accumulated in the

high line than in the low line. The study by Tessema et al. (2006) could support
these observations. In the crossings of two populations of O. niloticus, the average
temperature-dependent male ratio of the population crosses (59.8 %) was lower

than the average ratio of the purebreds (69.9 %), indicating a negative effect of
the less temperature susceptible population.

In all conducted reciprocal line crosses, the sex ratios did not follow an additive

genetic model. The dominance and reciprocal effects degraded due to the subsequent selection of the lines. The decreasing dominance effect in the second testcross diallel is contradictory. A stronger non-additive gene action would be ex-

pected in the crossbreds due to the increasing differentiation of the selected lines

(Lynch and Walsh, 1998). Otherwise, it could be suggested that the high line accumulated strong temperature liability factors by further selection and the effect
of the low line was maintained. Moreover, a negative reciprocal effect was found

for high♂ x low♀ crossbreds. This may indicate a stronger influence of the low

line if used on the maternal side. However, this effect was only significant for the
first testcross diallel but also distinct in the second diallel. Within the high line,

such a maternal effect could not be estimated. Maternal effects on environmental
sex determination (ESD) have been detected for different species (Conover and

Kynard, 1981; Ewert et al., 1994; Lang and Andrews, 1994; Luckenbach et al.,

2003; Warner and Shine, 2005) resulting from different spawning seasons or

oviposition sites where the progeny is exposed to environmental conditions
which may influence the phenotypic sex. In this study, such factors for the mater-

nal effect observed in the low line can be excluded. Maternal breeders were

stocked under standardized conditions and the fertilisation took place artificially.
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Therefore, genetic maternal effects were rather due to genetic conflicts of mater-

nal and zygotic sex determiners (Werren and Hatcher, 2000), cytoplasmatic ef-

fects as well as nDNA - mtDNA interaction or genomic imprinting (Werren and
Beukeboom, 1998).

The observed additive, dominance and reciprocal effects on the susceptibility to

temperature-dependent male ratios of O. niloticus reveal new insights to the inheritance of this trait. The results facilitate further studies on temperaturedependent sex differentiation in O. niloticus such as marker assisted genotype

examinations. For marker based association studies, the diallels of the selected
lines constitute excellent mapping populations.

2.6.
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3.1.

Abstract

This study for the first time screens microsatellite markers for associations with

the temperature-dependent sex of Oreochromis niloticus. Previous studies re-

vealed markers on linkage groups (LG) 1, 3, and 23 to be linked to the phenotypic sex of Oreochromis spp. at normal rearing temperatures. Moreover, candidate
genes for sex determination and differentiation have been mapped to these
linkage groups. Here, six families of a temperature-treated genetically all-female
(XX) F 1 -population were genotyped for 21 microsatellites on the three LGs. No

population-wide QTL (quantitative trait loci) or marker trait associations could
be detected. However, family-specific QTL were found on LG 1, flanked by

UNH995 and UNH104, on LG 3 at the position of GM213, and on LG 23, next to

GM283. Moreover, family-specific single marker associations for UNH995 and
UNH104 on LG 1, GM213 on LG 3, as well as for UNH898 and GM283 on LG 23
were detected. Yet, marker trait associations could not explain the temperature-

dependent sex of all fish in the respective families. The molecular cue for the
temperature-dependent sex in Nile tilapia might partially coincide with allelic

variants at major and minor genetic sex determining factors. Moreover, addi-

tional QTL contributing to variable liabilities towards temperature might persist
on other LGs.

Key words: temperature, sex determination, TSD, GSD, Nile tilapia, QTL, sex reversal
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3.2.

Introduction

The determination of sex in Nile tilapia (Oreochromis niloticus) is a very complex

and not yet completely understood mechanism. O. niloticus has a genetic sex

determination (GSD) system with male heterogamety (XX/XY) as the major ge-

netic factor (Mair et al., 1991). It is, however, postulated that further minor

autosomal factors are able to override the major genetic sex determination
(Mair et al., 1991; Müller-Belecke and Hörstgen-Schwark, 1995). Furthermore,

elevated temperatures of 34 °C and more are also capable to switch the sex of

genetically female (XX) Nile tilapia into phenotypic males (Baroiller et al.,
1995a), if applied during the critical sensitive period when the gonads are still
sexually undifferentiated (Baroiller et al., 1995a; b). Tessema et al. (2006) pos-

tulated a highly effective temperature treatment for 10 days at 36 °C between

day 10 to 20 post fertilization (dpf). Temperature-dependent phenotypic sex is
under genetic control. Male ratios in temperature-treated progenies are

strongly dependent on the population and on the combination of the parental
animals (Baroiller and D’Cotta, 2001; Tessema et al., 2006). Moreover, it has

been proven that temperature-dependent sex ratio is a heritable trait and it can

be selected for as a quantitative trait. Wessels and Hörstgen-Schwark (2007;
2011) succeeded in the selection for high and low temperature response: within

three generations of selection the percentage of males in temperature-treated
progeny groups of the high and the low line was more than 92 % and less than

53 %, respectively. The cumulated realized heritability for the high and low line

was 0.63 and 0.84, respectively.

A comprehensive linkage map, derived from a F 2 -family of the hybrid cross

Oreochromis niloticus x Oreochromis aureus, exists for tilapia (Lee et al., 2005).
The map spans 1311 cM in 24 linkage groups (LG). It consists of 525 microsatel-

lite markers and 21 gene-based markers. Associations with the phenotypic sex

in Oreochromis spp. and interspecies crosses were reported for markers on LG 1,
3, and 23 (Shirak et al., 2002; Lee et al., 2003; 2004; 2005; 2011; Cnaani et al.,

2004). Furthermore, several candidate genes (amh, dmo, dmrta2, sox14 and
wt1b) as putative master key regulators of sex determination in tilapia were in
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addition mapped to LG 23 (Lee et al., 2005; Shirak et al., 2006; Lee and Kocher,
2007; Cnaani et al., 2008).

In O. niloticus, the major sex determiner has been mapped to the chromosomal
region between microsatellites GM201 and UNH104 on LG 1 (11 cM distance)

(Lee et al., 2003; Lee and Kocher, 2007). Later, Cnaani et al. (2008) mapped the
major sex determiner to a 1 cM region on the same chromosome flanked by
UNH104 and UNH995. Recently, Eshel et al. (2011) described a strong associa-

tion of the microsatellite UNH898 on LG 23 with the phenotypic sex in mixed sex

(XX/XY) populations of O. niloticus. UNH898 has been mapped next to amh (1
cM distance) (Shirak et al., 2006), which shows a strongly sex dimorphic expression in brains of O. niloticus at 14 dpf shortly before the initial start of the

gonadal differentiation (Poonlaphdecha et al., 2011). Despite of the suggestive
associations with the major sex determiner in different populations, the mark-

ers on the above mentioned LG 1, 3, and 23 do not explain the sex ratio in all

investigated families. Thus, it is hypothesized that only the interaction of major
and minor genetic factors together with temperature-dependent factors will
contribute to finally explain the variety of sex ratios (Lee and Kocher, 2007;
Cnaani et al., 2008).

There is no ample knowledge of genetic components contributing to tempera-

ture effects on the phenotypic sex in Nile tilapia. So far, a key role in temperature-dependent sex expression in Nile tilapia was only shown for cyp19a, due to

reduced expression in undifferentiated gonads of temperature-treated allfemale fish (D’Cotta et al., 2001). Cyp19a was mapped to LG 1, flanked by GM633
and UNH985 (Shirak et al., 2006; Lee and Kocher, 2007). The evolutionary role,

the development and the interdependence of GSD, temperature effects on the
phenotypic sex, and temperature-dependent sex determination (TSD) are still
under discussion (Sarre et al., 2004; Bull, 2008; Ospina-Alvarez and Piferrer,
2008; Shoemaker and Crews, 2009). Bull (1980) proposed that GSD and TSD

systems were mutually exclusive. In Nile tilapia, a coexistence of GSD and tem-

perature effects on the phenotypic sex has been postulated (Wessels and
Hörstgen-Schwark, 2007). However, it is still questionable if a genetic correla-

tion between GSD and temperature effects on the phenotypic sex persists. To
test for this hypothesis, 21 microsatellite markers on LG 1, 3, and 23 were inves48

tigated to prove any putative associations with the temperature-dependent sex

of 180 temperature-treated fish derived from a cross between normal females
(XX) and temperature sex reversed males (♂XX).

3.3.

Materials and Methods

3.3.1. Mapping Population
A genetically all-female (XX) mapping population of six genetically unrelated F 1

families was established, derived from the Lake Manzala population (Egypt)

(Table 4). Six XX-females from the low line and five temperature sex reversed
♂XX-males from the high line originating from a previous selection experi-

ment were used as parents (Wessels and Hörstgen-Schwark, 2007; 2011). The
temperature-dependent male ratios in the families of the low line females were

less than 60 %. In the sire families, the temperature-dependent male ratios
were more than 93 %. The males were previously tested for their genetic sex

(XX/XY) by progeny testing (Lühmann et al., 2009), and finclips were collected
from each individual (n=11). For individual identification, all fish were tagged

using passive integrated transponders (PIT). After artificial fertilization, the

progeny groups were incubated for 10 days at 28 °C until the larvae were split
in two groups per family, each comprising 110 larvae. The control group was
kept at 28 °C and the temperature treatment was carried out at 36 °C from days

10 to 20 post fertilization as previously described by Tessema et al. (2006).

Temperature was checked three times a day. After ten days of treatment, the
groups were raised separately at 28 °C for at least two months in mesh covered

80 L glass aquaria. Finally, 15 males and 15 females of each of the six tempera-

ture-treated groups were sexed alive by examination of the genital papilla and
fin clips were taken as DNA source. Surplus fish of both the temperature-treated

groups and the control groups were killed by an overdose of anaesthetics (diethylether) and the individual sex was microscopically examined using gonad
squashes according to Guerrero and Shelton (1974).
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3.3.2. Genotyping of microsatellite markers
The 21 microsatellite markers (Table 5) used in this study were chosen from

linkage groups 1, 3, and 23 published by Lee et al. (2005). The selection of microsatellites aimed to achieve an even distribution over the linkage groups with
an average distance of 9.5 cM per LG.

DNA was isolated from the fin clips by phenol-chlorophorm extraction

(Chomczynski and Sacchi, 1987). Evaluation of microsatellites and allele calling

were done on the ABI PRISM 3100 Genetic Analyzer with the ABI-softwares

GENESCAN 3.7 and GENOTYPER 3.6 using GENESCAN™-500ROX™ as internal

size standards. Multiplex assays (A to H) of two to four primer pairs were optimized (Table 5). PCR was carried out using 40 ng of genomic DNA with 1 x MultiplexMix (Qiagen, Hilden, Germany), 0.5 x Q-Solution (Qiagen), 2.8 - 14 pmol of

each primer (one labelled at the 5’end alternatively with fluorescent dyes 6-

FAM, CY3 or HEX) in a volume of 14 µl. The cycling conditions used were: 35
cycles at 92 °C for 30 sec, a multiplex specific annealing temperature of 54 °C, 57

°C or 62 °C for 30 sec and an extension period of 35 sec at 72 °C with an initial
denaturation for 5 min at 95 °C and a final extension at 72 °C for 5 min. PCR reactions were performed using the Biometra T-Gradient thermocycler (Biometra,
Goettingen, Germany).

3.3.3. Statistical analysis
For the examination of marker properties, the expected heterozygosity (also
known as allelic diversity) (He) and the observed heterozygosity (Ho) were es-

timated for each microsatellite marker using the procedure ALLELE within the
SAS/Genetics® software, version 9.2 (SAS Institute Inc, N.C., USA).

The linkage map for the genetically all-female (XX) F 1 -population was con-

structed using JOINMAP 4.0 (Kyazma, Wageningen, Netherlands) (Van Ooijen,

2006) under the cross population (CP) function. The Kosambi mapping function
was applied with LOD scores of ≥ 3. Maps of the six single F 1 -families were con-

structed and merged to one integrated linkage map. The comparative map

charts of the current linkage map and the reference mapping by Lee et al.
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(2005) was drawn using the software MapChart 2.1 (Voorrips, 2002). Both linkage maps were compared by drawing homologous loci within MapChart 2.1.

The QTL (quantitative trait loci) mapping was carried out using GridQTL 2.1.5

(Seaton et al., 2006). As a dependent variable, temperature-dependent phenotypic sex of the genetically all-female F 1 -population was considered as a binary
trait, coded 1 for males and 2 for females. A chromosome-wide analysis, assum-

ing a single QTL, was performed under the Visscher and Hopper (2001) option
in 1 cM intervals. The chromosome wide significance thresholds for p=0.05 and
p=0.01 were determined by bootstrapping with 1000 iterations. Additionally,

Pearson χ² statistics (SAS/STAT® software, version 9.2 (SAS Institute Inc, NC),
Proc GLIMMIX) was performed to test for linkage between the single marker

genotypes and the temperature-dependent phenotypic sex at the population
and the family level. Families showing significant marker trait associations were

analysed again for the respective marker genotypes by Fisher’s exact test. Addi-

tionally, a family specific QTL mapping was performed with GridQTL 2.1.5 (Sea-

ton et al., 2006) for the respective families using the same options as in the
population wide QTL analysis described before.

3.4.

Results

3.4.1. Temperature-dependent phenotypic sex of the mapping population
No phenotypic males were observed in the control groups, except for family 6

with two males out of 96 fish (2.1 %). Contrary to that, the temperature-treated
groups showed 33.5 % males on average. The lowest percentage of males
(17.5 %) was observed in family 5, and the highest percentage of males (61.0 %)
was observed in family 2 (Table 4).
3.4.2. Marker properties

In the parental generation, two to six alleles per locus were identified. Over all

loci, the average number of alleles was 4.2 (Table 5). In general, the chosen microsatellites were highly informative. A proportion of 2.1 % missing alleles was

found in the mapping population. The average He and Ho value were 0.61 and
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0.68, respectively. Two loci (UNH106 and UNH982) showed Ho and He values of

less than 0.5 (Table 5). Five of the 21 loci revealed up to three null alleles in specific families or in the whole mapping population (Table 5). The remaining miss-

ing genotypes for these markers could be deduced from parental genotypes in
most cases. For UNH982, the null alleles 112 and 118 were found in one family,
with both alleles coming from the maternal genotype. It was not possible to de-

duce these alleles and they were set as missing values. For UNH216, the null alleles could not be deduced for family 6 and were thus set as missing values. Ad-

ditionally, the genotyping of family 4 for UNH216 was insufficient. Only five

males and ten females were genotyped. Therefore, 1.2 % of all missing alleles
resulted from missing genotypes at the loci UNH216. However, UNH216 has

been included in all statistical analysis.

Table 4. Number of males and females and male ratios in the control (28 °C)
and temperature-treated (36 °C) groups of the genetically all-female F 1 families.
Family

Treatment

1

28 °C

2

28 °C

1
2
3
3
4
4
5
5
6
6

n Males

n Females

Male ratio

(Σ 189)

(Σ 982)

(%)

0

107

0.0

0

101

0

108

0

95

36 °C

37

36 °C

47

36 °C

27

36 °C

19

36 °C

17

36 °C

40

28 °C
28 °C
28 °C
28 °C

0
2

52

63

37.0

30

61.0

79

25.5

81

19.0

80

17.5

58

40.8

96
94

0.0
0.0
0.0
0.0
2.1

Table 5. Characteristics of the chosen microsatellite markers with positions on the genetic map by Lee et al. (2005) and marker
trait association statistics (χ², p) for the temperature-dependent phenotypic sex.
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Locus

GeneBank
Accession

LG

Kosambi
cM

Annealing
temp. (°C)

Multiplex

n Alleles

Ho

He

χ²

p

GM633
UNH985
GM201
UNH995
UNH104
GM258
UNH846
GM354
GM271
GM213
UNH971
GM150
UNH106
UNH982
GM557
UNH197
GM283
UNH898
UNH216
GM576
GM163

BV005530
G68266
BV005353
G68274
G12257
BV005380
G68185
BV005419
BV005386
BV005364
G68259
BV005333
G12259
G68265
BV005493
G12348
BV005394
G68215
G12367
BV005504
BV005338

1
1
1
1
1
1
1
3
3
3
3
3
3
3
23
23
23
23
23
23
23

0
11
24
35
36
46
54
0
13
25
39
49
80
95
0
9
22
23
25
36
51

57
57
57
62
57
62
54
62
57
54
57
54
54
62
62
57
57
62
54
62
54

F
D
E
G
F
G
B
H
D
C
D
A
B
G
H
D
E
H
C
H
A

4
3
5
5
5
3
4
51
32
3
6
4
33
44
4
4
6
4
35
5
6

0.69
0.65
0.6
0.62
0.65
0.74
0.74
0.85
0.72
0.62
0.87
0.67
0.35
0.24
0.71
0.69
0.84
0.59
0.7
0.95
0.79

0.63
0.56
0.58
0.63
0.63
0.61
0.64
0.7
0.54
0.55
0.71
0.61
0.41
0.22
0.66
0.72
0.74
0.62
0.64
0.71
0.65

3.09
3.36
2.86
7.25
7.45
1.61
3.56
3.71
0.92
6.89
3.26
10.18
3.08
1.21
1.98
10.87
8.34
10.37
1.13
5.52
3.96

0.69
0.5
0.83
0.4
0.38
0.81
0.83
0.81
0.99
0.14
0.92
0.12
0.38
0.75
0.92
0.14
0.21
0.32
0.57
0.48
0.78

(multiplex: loci with the same capitals were used together in one PCR assay; n alleles: superscripts indicating null alleles (bp); 1 = 96 (family
3), 2 = 107 (family 6), 132 (family 1, 2, 3, 4), 3 =123 (family 2), 129 (family 3), 4 =102 (family 4, 5), 112 & 118 (family 2), 5 = 117 (family 4, 5,
6), 119 (family 4, 5), 121 (family 1, 3).
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Figure 2. Comparison of the genetic linkage map of Lee et al. (2005) (white)

and the combined linkage map of six genetically all-female (XX) temperature-

treated F1 families (blue) of O. niloticus. Marker distances in Kosambi cM are
given to the
54 left of each linkage group.

3.4.3. Linkage Map
GM633 and UNH985 remained unmapped, but an integrated linkage map con-

sisting of four LGs (LOD ≥ 3; Figure 2) was constructed. The total map length
was 85.1 cM with an average marker distance of 4.8 cM. LG 1 was 17.6 cM long

with five markers having an average distance of 4.4 cM. LG 3a consisted of five

markers with an average distance of 7.9 cM and a total length of 31.7 cM. LG 3b

included two markers with a distance of 1.1 cM. Seven markers were mapped to
LG 23 over a total length of 34.7 cM and an average marker distance of 5.8 cM.

3.4.4. Marker trait associations for temperature-dependent phenotypic
sex
The population wide QTL search for the phenotypic sex of the temperaturetreated genetically all-female F 1 -population showed no significant QTL on any

of the LGs (Table 6). LOD scores were as high as 1.1 for LG 23 and as low as 0.03
for LG 3b. F-values were below the F-statistic thresholds for p=0.05.

Table 6. Population wide QTL statistics for temperature-dependent phenotypic
sex in a genetically all-female (XX) population of O. niloticus.
LG

F statistic

F statistics

LOD

threshold
(p=0.05)
1

3.600

6.870

0.781

3b

0.130

5.291

0.029

3a

23

2.440

7.195

4.980

7.284

0.529
1.081

Pearson χ² test statistics for single marker associations did also not reveal sig-

nificances at the population level (Table 5). However, the family based approach
revealed several significant associations with the phenotypic sex: UNH995 and
UNH104 on LG 1 in family 6, GM213 on LG 3a in family 2, and UNH898 (LG 23)
and GM283 (LG 23) in family 4. Fisher’s exact statistics for these five markers
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and the respective families are displayed in Table 7. The subsequent QTL stud-

ies using GridQTL confirmed the associations for families 2, 4, and 6 (Figures 3,
4, and 5).

Furthermore, segregation distortions for GM283 and UNH898 genotypes were
found for family 4. The four genotypes per marker significantly differed from
the expected Mendelian segregation of 1:1:1:1 (p < 0.05).

Table 7. Number of males and females for each genotype of family-specific significantly associated loci with the temperature-dependent sex.
Locus

Family 1

χ²

p2

UNH995

family 6

6.65

0.025

172/220

10

family 6

6.53

0.027

129/178

11

family 2

6.65

0.025

76/83

10

family 4

8.25

0.037

254/274

1

(172/172 x 172/220)

UNH104

(129/129 x 129/178)

GM213

(76/83 x 83/83)

UNH898

(254/274 x 254/262)
GM283

family 4

8.68

(164/176 x 176/178)
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Figure 3. QTL statistics for LG 1 within family 6 of the F 1 mapping population.

Figure 4. QTL statistics for LG 3a within family 2 of the F 1 mapping population.
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Figure 5. QTL statistics for LG 23 within family 4 of the F 1 mapping population.

3.5.

Discussion

Previous studies have indicated that several genetic markers on LG 1, 3, and 23
are linked to the phenotypic sex of Oreochromis spp. (Shirak et al., 2002; Lee et
al., 2003; 2004; 2005; 2011; Cnaani et al., 2004). Moreover, different genes

which are putatively involved in the sex differentiation have also been mapped
to these linkage groups (Lee et al., 2005; Shirak et al., 2006; Lee and Kocher
2007; Cnaani et al., 2008).

The current study is the first attempt to identify marker trait associations and
QTL for the temperature-dependent phenotypic sex in a cichlid species with a

sex determination system composed of major and minor genetic factors as well
as clear temperature effects on the expression of the phenotypic sex.

3.5.1. Phenotyping - temperature-dependent phenotypic sex

In order to assure that all males observed in temperature-treated groups were

temperature sex reversed, a genetically all-female population was used in the
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present study. This genetically all-female population was derived from a cross

of a high (♂XX) and a low temperature sensitive line (♀XX) (Wessels and
Hörstgen-Schwark, 2007; 2011). In the current study, no males were observed

in five of the six control groups of the mapping population. Thus, autosomal sex
factors can be excluded in these families. However, in the control group of family 6, two males out of 96 fish were found which might result from a sex reversal

caused by autosomal factors. A contamination of the control groups by other

fish is very unlikely as all aquaria were mesh covered to prevent jumping over
of fish. Nevertheless, all males in the temperature-treated groups of family 6
were assumed to be temperature sex reversed.
3.5.2. Marker properties

Within the F 1 mapping population the microsatellites were highly informative.
Both average values for Ho (0.68) and He (0.61) were moderately high, confirm-

ing their suitability for linkage and QTL mapping. Further, in the present study
null alleles for several loci were observed (see Table 5). For GM271, also Cnaani

and Kocher (2008) found null alleles in O. tanganicae and they discussed that
the occurrence of null alleles indicates developing sex chromosomes. This has
also been described for stickleback species (Gasterosteidae), where null alleles

were shown to occur sex specifically as a sign of sex chromosome differentiation
(Ross et al., 2009; Shikano et al., 2011). However, a sex specific occurrence of

null alleles could not be reported here.
3.5.3. Linkage mapping

A comparison between the present linkage map and the reference map by Lee et
al. (2005) revealed some differences. First of all, the linkage of GM633 and
UNH985 to LG 1 could not be confirmed here (LOD ≤ 2). Additionally, no linkage

between both loci could be found in the present study; however, both markers
were informative in the current mapping population. This lack of linkage may be

due to the different fish species and populations used. Lee et al. (2005) worked

with a species cross of O. niloticus and O. aureus whereas the present linkage

map was constructed for an O. niloticus population. Additionally, the mapping

population in the current study consisted of a genetically all-female (XX) popu59

lation. The reported linkage of GM633 and UNH985 could thus have resulted
from the mixed sex progeny of the crossed species.

Secondly, LG 3 was split in the present study, although the order of the loci per-

sisted. Lee et al. (2005) reported a distance of 31 cM between GM150 and
UNH106. In the present investigation, the distance could even be larger as no
linkage between the markers was observed leading to LG 3a and LG 3b.

Thirdly, on LG 23 the loci UNH898 and GM283 switched in order compared to
the map calculated by Lee et al. (2005). Again, species and population differ-

ences of the two studies might have attributed to the different results. Addition-

ally, the current linkage groups (in cM) were shorter compared to the proposed
length of the reference map (see Figure 2).This may be due to the lower marker

density for each linkage group as only a subset of the mapped markers was investigated in this study. Additionally, sex specific recombination rates might
explain the differences in LG lengths. Higher recombination rates in the
telomeric region of males and in the centromeric region of females have been
described for several fish species like rainbow trout and zebrafish (Sakamoto et

al., 2000, Singer et al., 2002). Also, Lee et al. (2004; 2005) observed different
recombination rates for males and females in tilapia depending on the chromo-

somal region. Therefore, the current length of LGs could be specific for genetically female fish of O. niloticus.

3.5.4. Marker trait associations for temperature-dependent phenotypic
sex
It is still controversially discussed if loci responsible for temperature-dependent

sex and GSD reside on the same linkage groups, if they are located closely to
each other, or if they are basically identical.

Sarre et al. (2004) proposed a continuum of GSD and temperature-dependent

phenotypic sex, with the same genes involved in both systems within a species.
In this study, no QTL on the population level were identified, but some were
mapped for families 2, 4, and 6. The QTL were in the majority localized in re-

gions with known associations between the phenotypic sexes at normal temperature. In family 6, significant associations to the temperature-dependent sex

were found on LG 1 for the markers UNH995 (5 cM) and UNH104 (8.2 cM), con60

firmed by a significant QTL (LOD=3.8) at the position of 6 cM (Figure 2). For
both markers the specific paternal alleles 220 (UNH995) and 178 (UNH104)

were mostly found in males and might thus be suggested to be associated with
phenotypic males after temperature treatment within this family. However, as
not all of the male progenies possess these alleles; additional factors must con-

trol TSD in this family. In fact, the chromosomal region flanked by UNH995 and
UNH104 harbors the major male sex determiner for O. niloticus (Cnaani et al.,

2008). One putative key regulator for sex determination, the wt1b gene has

been mapped to LG 1, 5.9 cM away from UNH995 and 6.6 cM away from

UNH104. But it has been excluded as the major male determiner (Lee and
Kocher, 2007). For tilapia, no temperature-dependent expression studies exist
for wt1b.

In family 2 GM213 on LG 3a was significantly associated with the phenotypic
sex, confirmed by a significant QTL on LG 3a at position of 11 cM (Figure 2). In

this family, most female progenies possessed the identical-by-state microsatel-

lite alleles of the sire, whereas the identical-by-state alleles of the dam were

mostly found in male progenies. For Oreochromis aureus, a tilapia species with a

female heterogametic sex determination system (ZZ/WZ), maternally inherited
alleles of LG 3 markers are assumed to be sex specific (Cnaani et al., 2008). Ad-

ditionally, the gene dmo, which is involved in the gonadal development of the

ovaries (Guan et al., 2000), has been mapped to the region between GM150 and
UNH106 on LG 3, approximately 29 cM away from GM213 (Lee et al., 2005). Be-

cause of the large interval, a higher marker density should be applied to detect
putative associations with the dmo gene.

Moreover, significant associations with UNH898 on LG 23 were found in family

4 (Figure 3). Three different alleles for UNH898 (254, 262, and 274) could be

determined for this family. Progenies with the genotype 254/254 were male

biased (10:4), whereas the genotype 254/274 produced almost all-females
(1:4). If allele 262 was present, no association with the phenotypic sex could be

observed. Therefore, it might be assumed, that each allele of UNH898 and their

respective combinations represent a different liability to temperature within
this family. Eshel et al. (2011) described the microsatellite marker UNH898 at
LG 23 to be associated with the phenotypic sex of O. niloticus. The authors found
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allele 276 almost exclusively in males, and fish exhibiting genotypes with the

alleles 253/253, 253/274, as well as 274/274 were almost exclusively females.

In the present study allele 276 was not detected. This could be reasonable, as a
genetically all-female (XX) mapping population was used and no males in con-

trol groups were found. However, allele sizes strongly depend on the method of
microsatellite analysis, as respective sizes in bp can differ between the tech-

niques. Here, alleles were not sequenced and might therefore not be completely
comparable. Thus, individuals that are homozygous for the allele 274 respectively for the allele 276 should comparatively be sequenced to assess the degree
of identity.

Strong associations were found for GM283 on LG 23 in family 4. Ten out of 15

males showed the paternal genotype (176/178), whereas 12 out of 15 females
were devoid of it. The QTL, detected for family 4 was mapped to 15 cM

(LOD=7.2), close to GM283 (14.5 cM). In family 4, segregation distortion was

found for the genotypes of both microsatellites GM283 and UNH898 on LG 23.

Cnaani et al. (2008) also reported deviations from the expected Mendelian segregation for sex-linked markers on LG 1 in O. aureus and O. mossambicus. The
authors concluded that lethal alleles were linked to the sex determining factor.

In the current mapping population no differences in mortality in dependence to
the combination of alleles were detected after the 9th dpf. If lethal alleles caused

the segregation distortion in family 4, they would have had an impact on the
survival before the 9th dpf.

Different putative master key regulators for sex determination have been
mapped to LG 23 (Shirak et al., 2002; 2006; Cnaani et al., 2007). Amh has been

mapped to the position of GM283, just 1 cM away from UNH898 (Shirak et al.,
2002). Although amh exhibited a sex specific expression in brains of 14 dpf old

O. niloticus fry, there is no definite proof, that the expression of amh is also tem-

perature-dependent (D’Cotta et al., 2007). Within other species, the role of amh
in TSD is controversially discussed. Amh is involved in the regulation of cyp19a

expression (Josso et al., 1998). Therefore, a temperature related expression of
amh could be the result of a feedback effect of cyp19a expression (Pieau, 1996).

Shirak et al. (2006) and Lee and Kocher (2007) mapped cyp19a to LG 1 between

the microsatellites GM633 and UNH985. Both microsatellites could not be
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mapped to the present linkage map (Figure 2). Therefore, the QTL study could

not cover this chromosomal region and no QTL or single marker-trait association could be found here. To achieve linkage in further experiments, a higher
density of markers especially in this region should be realized.

No significant QTL or single marker association could be found for any of the

markers in families 1, 3, and 5. Additionally, significant marker trait associations
could not explain the temperature-dependent sex of all fish in the respective
families. Therefore, it can be assumed, that additional family-specific QTL for
the temperature-dependent phenotypic sex might be found on other LGs as

well. D’Cotta et al. (2007) for example, provided a first evidence for a temperature-dependent expression of sox9 in O. niloticus resulting in an earlier increase
of sox9 expression in XX-gonads compared to XY-gonads. Moreover, dmrt1 expression is known to be up regulated by male producing temperature in differ-

ent TSD-species like Trachemys scripta, Lepidochelys olivacea and Oryzias latipes
(e.g. Kettlewell et al., 2000; Torres et al., 2002; Hattori et al., 2007). Dmrt1 has

been mapped to LG 12 in tilapia (Lee et al., 2005). Hence, a genome-wide ap-

proach with special emphasis on chromosomal regions harboring candidate
genes for sex determining processes seems to be promising.

The QTL detected herein correspond to regions known for sex determination at
normal rearing temperature. Summarizing the controversial discussion about

the interdependence of genetic and temperature effects on sex determination of
vertebrates, Grossen et al. (2011) suggested for species with GSD, that the tem-

perature effect is hidden by genes with major effects. But a certain threshold of
liability values has to be exceeded (Grossen et al., 2011). This threshold model

could also be suggested for the sex determination process in O. niloticus. A cer-

tain number of temperature-responsive allelic variants have to be exceeded, to
result in phenotypic male differentiation during temperature treatments. This
might be the reason, why not all progenies become male in a temperature
treatment. Multiple interacting loci have also been postulated for autosomal sex

determination in Nile tilapia (Müller-Belecke and Hörstgen-Schwark, 1995, Ser
et al., 2010), yet the number of underlying QTL in both systems of sex determi-

nation remains to be determined. Therefore, temperature-dependent sex ex63

pression in Nile tilapia might rather be a result of a polygenic system causing
several liability values, which might overlap with liability values for GSD.

This is further underlined when looking at the allele inheritance of the signifi-

cant markers in family 6. In which the sex determining allele came from the sire
and was located on LG 1. Therefore factors influencing temperature and genetic
effects on sex determination might at least partially reside in the same major

sex determining region (LG1), also showing patterns of inheritance comparable
to the XX/XY system for GSD. In contrast to that, the sex determining allele of

GM213 in family 2 came from the dam and was located on LG 3 like in a WZ/ZZ
system. The inheritance of sex determining alleles from LG 3 has never before
been described for O. niloticus. However, studies about sex linked markers on

LG 1 in O. niloticus reported missing linkage for markers on LG 1 (Lee et al.,
2003; Ezaz et al., 2004). The sex determining loci on LG 3 may be an evolutionary rudiment because LG 3 has been suggested to be the ancestral sex chromo-

some and that sex determination loci has shifted to LG 1 (Cnaani et al., 2008).

Shifts of sex determining loci from the ancestral sex chromosome to other LGs
could also be the reason for the detected linkage of UNH898 and GM283 on LG

23 in family 4. Temperature effects on sex determination (and their absence)
might play a crucial role in evolution and fixation of novel sex chromosomes or
major sex factors as observed in Nile tilapia on LG1.

Moreover, only a single QTL has been found per family. Additionally, the QTL

detected here were different for the families. Therefore, the chromosomal re-

gions or genes on which the temperature acts seem to be dependent on the family. Because of the high variability of significant markers and QTL for the different families, it can be assumed, that the present mapping population will pro-

vide an excellent basis for further studies. Furthermore, the analysis of candi-

date genes is very promising, especially of amh and cyp19a. For both genes, pol-

ymorphisms have already been described for Oreochromis spp. (Shirak et al.,
2006). Additionally, the microsatellite markers mostly show a high
informativeness in this population which increases their suitability for further

experiments. A following F 2 -population will provide additional segregations of

the markers and QTL, including further LGs. Moreover, a higher accuracy and
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confirmation of the QTL positions is aimed to be achieved by using more markers in the current QTL regions.
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Chapter 4
General Discussion

71

4.1.

Inheritance of sex ratios in O. niloticus

Previous studies provided evidence that the temperature-dependent phenotypic
sex of Nile tilapia strongly depends on the population and on the combination of
the parental animals (Baroiller and D’Cotta, 2001; Tessema et al., 2006). In Chap-

ter 2, additive, dominance and reciprocal effects for the temperature-dependent
phenotypic sex of O. niloticus were estimated using complete testcross diallels of
the divergently selected high and low temperature-susceptible lines (Wessels &

Hörstgen-Schwark, 2007; 2011). Additionally, heritabilities for the temperature-

dependent sex ratios for both the high and low temperature susceptible line were
estimates to be 0.74 and 0.52 for the high and low line, respectively. Previously,

heritabilities of 0.26 for sex ratios of O. niloticus at normal rearing temperatures

were estimated by Lester et al. (1989). Other studies estimated heritabilities for
sex ratios in different species with approved temperature-dependent sex ratios

as well. Rhen et al. (2011) estimated high heritabilities for the sexual phenotype
of the leopard gecko (Eublepharis macularius) at two different temperatures pro-

ducing different male ratios in this TSD-species. Vandeputte et al. (2007) esti-

mated a heritability of h²=0.62 for the phenotypic sex of the European sea bass
(Dicentrarchus labrax). In contrast to that, in the current study, the control

groups, which were not treated with masculinising temperatures, the

heritabilities for phenotypic sex at normal rearing temperatures were estimated

to be close to zero and no effect on the sex ratios for both the high and low line

could be detected in Chapter 2. This confirms the suggestion by Wessels and
Hörstgen-Schwark (2007) that the selection for the temperature-dependent phe-

notypic sex was not correlated with a selection for phenotypic sex in general.

Moreover, approximately no males were found in the control groups of the genetically all-female population (Chapter 3). Thus, it can be assumed that the selection for this trait is not correlated with autosomal factors, influencing the sex de-

termination.

For the temperature-dependent male ratios a negative dominance effect for the

low line has been found within both diallels which decreased in the diallel of the
third generation. It can be suggested that major genetic factors influencing the
sex determination have a stronger effect on the sex determining pathways and by
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ongoing selection, the effect decreases. Additionally, a decreasing reciprocal effect for the low line has been found from the first to the second diallel. The recip-

rocal effect in the first diallel was due to a maternal effect of the low line. Howev-

er, the effect could not be found in the second diallel. Congruently with the previous assumption, the decreasing maternal effect can be suggested to be caused by

an accumulation of factors for temperature-dependent sex determination in the
population.

As a conclusion, in all conducted reciprocal line crosses, the sex ratios did not
follow an additive genetic model, whereas this non-additive genetic effect de-

creased by ongoing selection.

4.2.

Polygenic sex determination

According to previous studies and the assumptions of the current study (Chapter 2), the phenotypic sex of O. niloticus is in general subjected to a polygenic

model. However, the sex ratios at normal ambient temperatures have a strong
genetic background with low variation between different families and no mater-

nal and paternal effects. Occurring family variations in sex ratios have mostly
been assumed to be due to environmental factors, especially to temperature ef-

fects, acting on the sex determination (Lozano et al., 2011). Temperature-

dependent sex ratios have been assumed to underlie a polygenic model because

temperature-dependent sex ratios of progeny groups responded to selection

(Wessels and Hörstgen-Schwark, 2007; 2011) and between family variations as
well as maternal or paternal influences have been observed (Baroiller and Clota,

1998; Baroiller and D’Cotta, 2001; Tessema et al., 2006). In Chapter 2, evidence
for a polygenic model of temperature-dependent sex ratios was provided. Domi-

nance and reciprocal effects were detected for the high and low temperaturesusceptible lines. The reciprocal effect was supposed to be due to a maternal effect of the low line.

Moreover, the QTL analysis in Chapter 3 provides further evidence for a polygen-

ic system of temperature-dependent sex reversal at the molecular genetic level.
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Three QTL for the temperature-dependent sex have been found on different LGs
and further QTL on other linkage groups have been supposed. These observations provide evidence of the polygenic character of the temperature-driven sex
determination in O. niloticus.

4.3.

Interaction of genetic sex determination and temperature ef-

fects
Temperature-dependent sex determination and genetic sex determination have
long been considered as two fundamentally different traits which are mutually
exclusive (Bull, 1980; Bull, 1985; Valenzuela et al., 2003). However, recent stud-

ies assume a co-existence of both systems with interactions of temperature and

genetic effects, displaying a continuum (Sarre et al., 2004). In Nile tilapia, both
genetic and temperature effects influence the phenotypic sex. Thus, a similar

complex system of sex determination has been postulated (Wessels and
Hörstgen-Schwark, 2007; Baroiller et al., 2009).

The present study is able to adduce evidence of this suggestion. In the first part of

the current study, it has been assumed that the selection for a low susceptibility
to temperature treatments leads to a stronger impact of the genetic factors for

sex determination. Thus, the high line has been selected for a high susceptibility
to temperature treatments connected to a low influence of genetic factors for sex

determination by temperature treatments. Hence, both lines have been selected
for the same trait, exhibiting a low or a high influence of masculinising tempera-

tures on the sex determination pathway and the heritabilities for the tempera-

ture-dependent sex ratios in the low line are comparable with the heritabilities in
the high line. Thus, both genetic and temperature effects co-exist in each family

and each line.

In Chapter 3, additional evidence of this co-existence has been found at the mo-

lecular genetic level. The family-specific QTL for the temperature-dependent
phenotypic sex were mainly localized in regions, where the major genetic factor

for the phenotypic sex at normal temperatures has been mapped to in several
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studies (Shirak et al., 2002; Lee et al., 2003; 2004; 2005; 2011; Cnaani et al.,

2004). Therefore, it can be stated out that the underlying genetic network for
both systems is either connected or even congruent.

Grossen et al. (2011) suggested that in species with GSD, the temperature effect is

hidden by genes with major effects. Furthermore, Ospina-Álvarez and Piferrer
(2008) distinguished between species with real TSD and species with genotypic

sex determination plus temperature effect (GSD + TE). Accordingly, sex determination in O. niloticus has to be defined as GSD + TE and elevated temperatures can

have an influence on the phenotypic sex beside the existence of major genetic sex
determining factors.

4.4.

A threshold model for sex determination

In the previous chapters, it was shown that sex determination in O. niloticus is a
polygenic trait with interacting genetic loci for the genetic and temperature ef-

fects. It was assumed, that the genetic and the temperature-dependent phenotypic sex underlie the same pathways and can be suggested to display essentially the
same trait. This provides evidence, that sex determination of Nile tilapia underlies a threshold model with certain liability factors and is neither purely geneti-

cally nor environmentally determined but rather results from an interaction between the liability factors for both effects as proposed by Grossen et al. (2011).

The QTL detection provides evidence, that temperature effects on the phenotypic
sex have a strong genetic background (Chapter 3), and it was shown that tem-

perature response can be influenced by genetic factors and that maternal and
paternal influences contribute to the trait (Chapter 2). The genetic components of
sex determination have been assumed to consist of one major sex determiner
(Jalabert et al., 1971; Mair et al., 1991) plus at least two minor genetic factors

(Müller-Belecke and Hörstgen-Schwark, 1995). The temperature-dependent
phenotypic sex has been proven to be a polygenic trait. Therefore, it can be suggested, that more and stronger liability factors for the temperature-driven sex are

accumulated in the high line than in the low line. However, the connections and
interactions of the liability factors are still questionable. The threshold may be
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addicted to the quantity of factors on the one hand or to the quality of the liability
factors on the other hand.

High temperature-dependent male ratios may be due to an accumulation of temperature liability factors at the population (Chapter 2) and the individual level

(Chapter 3). Furthermore, the genetic components of temperature liability factors seemed to overlap with major and minor genetic factors of sex determina-

tion. Therefore, liability factors for temperature-dependent phenotypic sex could
rather be due to allelic interactions and differentially expressed sex-determining
genes, directly or indirectly influenced by temperatures.

4.5.

Concluding remarks and outlook

Investigations of sex determination and sex ratios offer some of the best opportunities for studying the nature of constraints of adaptation and evolution by

natural selection and are therefore of fundamental importance for biological
and evolutionary sciences (e.g. West et al., 2002; Sarre et al., 2004).

The present study provides decisive information about the genetic background of

sex determination in O. niloticus. Results of this study enable interesting insights

in the formation of temperature-dependent sex ratios and sex reversal.

Following research on QTL for the temperature-driven sex in Nile tilapia should
aim to provide stronger segregation patterns using a consecutive F 2 -population

of the line crosses. A fine mapping of the located QTL as well as the analysis of
further linkage groups seems very promising. Temperature-dependent expres-

sion analysis of candidate genes will provide stronger information about the sex
determination cascade and the interactions between genetic and temperature
effects on the phenotypic sex of Nile tilapia.

In summary, substantial progress has been achieved for establishing prospective

breeding programs for temperature-induced masculinisation in order to substitute hormone treatments in tilapia production systems. The study provides the

first step for the development of a marker-assisted selection for high male ratios
by temperature treatments.
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