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Abstract We searched for genetic linkage between DNA
markers and quantitative trait loci (QTLs) for innate
immunity, response to stress, biochemical parameters of
blood, and fish size in an F2 population derived from an
interspecific tilapia hybrid (Oreochromis mossambicus ·
O. aureus). A family of 114 fish was scanned for 40
polymorphic microsatellite DNA markers and two
polymorphic genes, covering �80% of the tilapia gen-
ome. These fish had previously been phenotyped for
seven immune-response traits and six blood parameters.
Critical values for significance were P <0.05 with the
false discovery rate (FDR) controlled at 40%. The
genome-scan analysis resulted in 35 significant marker-
trait associations, involving 26 markers in 16 linkage
groups. In a second experiment, nine markers were re-
sampled in a second family of 79 fish of the same species
hybrid. Seven markers (GM180, GM553 , MHC-I,
UNH848, UNH868, UNH898 and UNH925) in five
linkage groups (LG 1, 3, 4, 22 and 23) were associated
with stress response traits. An additional six markers
(GM47, GM552, UNH208, UNH881, UNH952,
UNH998) in five linkage groups (LG 4, 16, 19, 20 and
23) were verified for their associations with immune re-
sponse traits, by linkage to several different traits. The
portion of variance explained by each QTL was 11% on
average, with a maximum of 29%. The average additive

effect of QTLs was 0.2 standard deviation units of stress
response traits and fish size, with a maximum of 0.33. In
three linkage groups (LG 1, 3 and 23) markers were
associated with stress response, body weight and sex
determination, confirming the location of QTLs
reported by several other studies.

Keywords Tilapia Æ Oreochromis Æ Quantitative trait
loci (QTLs) Æ Genome scan Æ Microsatellites

Introduction

Tilapias (Cichlidae:Oreochromis sp.) are among the most
important food fishes cultured in tropical and subtropi-
cal countries (Beveridge and McAndrew 2000). Aqua-
culture production systems and stock management
methods expose fish to environmental factors that differ
from those they encounter in their natural habitats.
Changes in the environment result in disturbances of
homeostasis in the fish. The maintenance of internal
homeostatic equilibrium is essential for the normal
function of the animal and, in case of disturbance, the
fish will try to establish a new equilibrium. These
behavioral and physiological reactions are commonly
referred to as a stress response. Cultured fish, especially
under conditions of intensive culture, are under pro-
longed stress, and their physiological responses under
these circumstances affect energy dependent processes
like growth, maturation and disease resistance (Pickering
1993). The strong link between stress and susceptibility
to disease has long been acknowledged, and parameters
of the innate immune response, such as respiratory burst
activity, spontaneous hemolytic activity, lysozyme
activity, complement concentration and total IgM, have
been found to be associated with disease resistance in fish
(Ellis 2001). Indeed, stress response traits, such as lyso-
zyme activity and cortisol levels, have been used as
selection criteria for disease resistance and immune sys-
tem parameters in rainbow trout (Roed et al. 2002).
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Interspecific crossing has been used in several fish
species to increase genetic and phenotypic variation for
both commercial and research purposes (reviewed by
Bartley et al. 2000). Strain and species differences in
disease resistance and stress response have previously
been demonstrated in several fish species. In tilapias,
differences were found between strains and species for
several stress responses and non-specific immunity
parameters (Balfry et al. 1997; Palti et al. 1999b; Cnaani
et al. 2000, 2004). Strain differences in disease resistance
were found to be associated with the non-specific im-
mune system (Balfry et al. 1997).

Loci affecting traits of economic value have been
detected and mapped in a variety of livestock species
(reviewed by Andersson 2001). Genome scans using
anonymous molecular markers have proved to be
effective for the detection of quantitative trait loci
(QTLs) in organisms with dense linkage maps (e.g. dairy
cattle, Heyen et al. 1999; chicken, Van Kaam et al. 1999;
pig, Nezer et al. 2002). Genome scans are often per-
formed by crossing genetically diverse strains, and then
following the co-inheritance of phenotypic traits and
anonymous markers (Mackay 2001). Candidate gene
markers can be used similarly to anonymous markers,
but they are more precisely targeted and can detect
variation in, or close to, genes of known function that
relates directly or indirectly to the trait of interest.
Markers are usually chosen in genes known to regulate
physiological networks controlling a particular quanti-
tative trait (Tabor et al. 2002).

Several linkage maps based on DNA markers have
been constructed for tilapia in recent years (Kocher et al.
1998; Agresti et al. 2000; McConnell et al. 2000). The
recent development of hundreds of microsatellite DNA
markers (Carleton et al. 2002) enables coverage of the
tilapia genome at 4-cM intervals on average (B.-Y. Lee,
W. J. Lee, J. T. Streelman, G. Hulata, K. L. Carleton, A.
Howe, A. Slettan, T. D. Kocher, manuscript in prepa-
ration), thus providing the infrastructure for systematic
genome scans for detection of QTLs. The ability of ti-
lapiine fishes to yield viable interspecific hybrids makes
them ideal organisms for genetic studies, using back-
crosses or F2 intercrosses as a segregating population, as
suggested by Poompuang and Hallerman (1997) and
demonstrated by Cnaani et al. (2003a). In this study, we
used an F2 hybrid population, derived from two species
of tilapia, Oreochromis aureus and O. mossambicus,
which differ in their innate immune response to stress
and in several biochemical blood components. O. aureus
seems to be more tolerant to air exposure stress, at least
as reflected in the parameters measured so far (Palti
et al. 1999b; Cnaani et al. 2004). These two species are
commonly used in aquaculture and differ in a variety of
traits. O. aureus is usually bigger, more cold tolerant, has
a lighter body color and reaches sexual maturity later,
while O. mossambicus shows high salinity tolerance, is
easier to reproduce and has mutations for red body
color. O. aureus and its hybrids are cultured mostly in
the Middle East, China, Taiwan and the USA, while

O. mossambicus is cultured mostly in Southern Africa
and South-East Asia (Wohlfarth et al. 1983; Beveridge
and McAndrew 2000).

Most QTL detection studies have used either maxi-
mum likelihood or regression methods to test for seg-
regating QTLs. Generally, the statistical analysis is
computed for each marker on the basis of the null
hypothesis that there is no linkage between a segregating
locus affecting the trait of interest and the genetic mar-
ker. The null hypothesis is rejected when the probability
of the test statistic is below a predetermined level, usu-
ally 5% or 1%. However, if many markers and traits are
tested, several null hypotheses will meet the rejection
criteria by chance (Lander and Kruglyak 1995; Weller
et al. 1998). Thus, a major problem with systematic
genome scans is determining the appropriate type I error
rate to declare significance. Various solutions have been
proposed to overcome this problem. Weller et al. (1998)
proposed applying the false discovery rate (FDR) of
Benjamini and Hochberg (1995), and several recent
studies have used this approach (Heyen et al. 1999;
Mosig et al. 2001). Lander and Kruglyak (1995) sug-
gested that marker effects that display statistical signif-
icance in two independent populations should be
considered as confirmation of a QTL.

In this study we used 42 DNA markers, covering
�80% of the tilapia genome, for QTL detection. A
genome scan was performed in one F2 family, and
markers that were highly associated with loci affecting
quantitative traits were re-analyzed in a second F2

family for validation. This study is a further step to-
wards the goal of detecting and cloning genes that
influence economically valuable traits in tilapia.

Materials and methods

Experimental design

This was a two-step study. First, a genome scan was
conducted in an F2 family that had previously been
characterized for segregation for stress response traits, in
order to identify putative QTLs. The second step in-
volved confirmation of those QTLs by re-analysis of the
same markers in another interspecific F2 family.

Genetic materials and phenotypic characterization

The fish used for this study were full-sib F2 families of
114 and 79 offspring, obtained by mating of F1 hybrids
derived from a cross between an O. mossambicus female
and an O. aureus male. Each fish was measured for in-
nate immunity response to stress, as reflected in lyso-
zyme activity (Lys), respiratory burst activity (NBT),
ceruloplasmin activity (Cerul), glucose concentration
(Gluc), IgM levels (IgM), hematocrit (Hct) and leukocrit
(Lct), and for six biochemical blood parameters:
total protein (Prot), albumin (Alb), globulin (Glob),
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triglyceride (Trig), cholesterol (Chol) and calcium (Ca),
which are known to be correlated with fish health (Maita
et al. 1998) and differed significantly between the two
species (Cnaani et al. 2004). Blood samples were taken
from each fish to measure pre-stress values. One month
later, air exposure stress was induced by removal of fish
from water for 5 min, and blood samples were taken
from the caudal vein 2–3 h after stress. Sampling pro-
tocols and methods of immunological and biochemical
assays have been described by Palti et al. (1999b) and
Cnaani et al. (2004). The innate immune parameters
were analyzed as ‘‘post-stress’’, which is the value that
was measured after inducing stress, and as ‘‘stress-
increment’’, which is the post-stress value minus the pre-
stress value for each fish (Table 1). Both parameters
serve as indicators for stress response, as one shows the
actual levels of the immune parameters in the fish and
the other shows the changes that occurred in the fish
following exposure to the stressor.

Genome scan using DNA markers

DNA was extracted from fin tissue by the salting-out
procedure (Miller et al. 1988). Seventy DNA markers
that were scattered along an early version of the tilapia
genome map in 40-cM intervals were tested for the
genome scan. Forty microsatellite DNA markers and
two genes that were polymorphic in the experimental
population were used for genotyping. These markers
covered �80% of the tilapia genome (Lee et al., in
preparation; http://hcgs.unh.edu/comp/).

PCR was performed in a 10-ll volume containing
1·PCR buffer containing 2 mM MgCl2, 1 U Taq DNA
polymerase (JMR, London, UK), each dNTP (Fer-
mentas, Hanover, MD, USA) at 125 lM, each primer at
5 lM and 50 ng of genomic DNA as template. The

amplification conditions were: 92�C for 40 s, 50–62�C
for 40 s and 72�C for 1 min, for a total of 30 cycles.
After calibrating PCR conditions, up to four different
primer pairs were combined for multiplex reactions. The
DNA markers and their annealing temperatures are
listed in Table 3. Nine markers (GM131, GM180,
GM553, MHC-1, UNH208, UNH848, UNH868,
UNH898 and UNH925) highly associated with stress
response, were genotyped in a second family.

PCR products from up to five different reactions were
combined according to differences in either size or
fluorescent label. A 1-ll aliquot of the mixture was ad-
ded to 1.5 ll of formamide-loading buffer and 0.5 ll of
MapMarker 400 TMR standard ladder (Bio Ventures,
Murfreesboro, TN, USA). After denaturation at 92�C
for 2 min, 1 ll of the solution was loaded onto an
acrylamide gel (4%) in an ABI-377 DNA sequencer
(Applied Biosystems). The DNA fragments were sepa-
rated by electrophoresis and automatically sized by
comparison with the internal standard using Genescan
software (version 3.1). Genotypes of individual samples
were determined using Genotyper software (version 2.0)
and automatically exported to a database. For the data
analyses genotypes were determined according to the
grandparental origin of the alleles. Thus, for each mar-
ker there were three classes of genotypes in the F2

population: AA when the two alleles originated from
O. aureus (grand paternal homozygous), MM when the
two alleles originated from O. mossambicus (grand
maternal homozygous), and AM when the two alleles
were inherited from different species (heterozygous).

Statistical analysis

Tests for associations between DNA markers and loci
affecting phenotypic traits were conducted separately

Table 1 Phenotypic
distribution of stress response
traits in the first F2 family

aFish size, post stress values,
stress increment values (indi-
cated by D) and biochemical
parameters of plasma that were
measured in the first F2 hybrid
family
bThe normality of distribution
was tested using the Shapiro-
Wilk W test (a=0.01). Positive
and negative values indicate the
direction of skewness to the
right and left, respectively.
Significant values are denoted
by an asterisk (P <0.01)

Traita N Mean SD Range Skewnessb

Weight (g) 114 101 52 28–247 0.8*
Length (mm) 114 142 25 90–200 0.2
Gluc (mg/dL) 105 50.8 24.5 5–150 1.3*
Hct (%) 103 20.3 5.5 4.2–35.2 �0.6
Lct (%) 97 1.32 0.57 0.27–3.38 1.1*
NBT (O.D.) 97 0.12 0.03 0.07–0.19 0.9*
IgM (g/dL) 89 2.55 0.71 1.15–4.49 0.4
Lys (IU/ml) 75 72 40.4 4–186 0.5
Cerul (mg/dL) 64 80.5 48.7 1–217 0.7
DGluc (mg/dL) 96 13.1 30.1 �51–124 1.0*
DHct (%) 93 7.3 6.8 �11.1–29.9 0.3
DLct (%) 75 0.21 0.74 �2.29–2.39 �0.1
DNBT (O.D.) 84 0.05 0.04 �0.07–0.41 �0.2
DIgM (g/dL) 75 1.21 0.86 �1.51–3.41 �0.5
DLys (IU/ml) 65 41.6 39.5 �51–116 �0.1
DCerul (mg/dL) 43 -6.4 79 �219–174 �0.3
Prot (g/dL) 80 3.89 0.77 2.8–6.6 1.2*
Alb (g/dL) 76 1.71 0.36 1.1–2.9 1.2*
Glob (g/dL) 76 2.18 0.45 1.4–3.8 1.1*
Trig (mg/dL) 76 246 289 33–1693 2.6*
Chol (mg/dL) 76 285 102 159–719 1.9*
Ca (mg/dL) 81 24.9 11.7 11.5–74.2 2.1*
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for each marker-trait combination using one-way
analysis of variance (ANOVA), with the three F2

genotypes as classes. The R2 values of the tests are an
indication of the amount of within-family variation
explained by each effect. The Shapiro-Wilk W test was
used to test for normal distribution of the phenotypic
traits (Table 1). Associations of markers with traits
that were not normally distributed were analyzed using
the Kruskal-Wallis non-parametric test. Additive and
dominant effects were calculated as the deviations of
the homozygous (additive effect) and of the heterozy-
gous (dominant effect) from the midpoint of the two
homozygous, divided by the remainder root mean
square provided by ANOVA. Thus the effects are gi-
ven in units of standard deviation. The Pearson v2 test
was conducted to test for linkage between sex and the
three genotypes in the F2 family and to test for
departures from the expected Mendelian segregation.
Critical values for significance were determined by the
FDR method (Benjamini and Hochberg 1995) as
proposed by Weller et al. (1998) for QTL detection.
The objective in controlling the FDR is to try to
minimize the FDR, while at the same time maximizing
the expected number of true effects. The appropriate
value for controlling the FDR was therefore deter-
mined by inspecting the number of rejected null
hypotheses, and the highest comparison-wise proba-
bility of the rejected hypotheses with the FDR con-
trolled over the range from zero to 0.5. The FDR was
computed jointly for all seven stress-related traits,
analyzed for 42 markers. Correlations between differ-
ent traits were analyzed using least-squares regression.

Results

Detection of QTLs for stress responses

Forty-eight out of the seventy DNA markers yielded
adequate amplification and were thus included in the
calibration phase of this study. Six of the markers
(GM284, GM633 , UNH738 , UNH843 , UNH849 and
UNH961) were homozygous in the grandparental spe-
cies, and were therefore non-informative and excluded

from further analysis. The other 42 informative markers
were used for the genome scan. With five markers
(GM263, UNH130 , UNH132 , UNH431 and UNH907)
significant (P <0.01) departures from the expected
Mendelian segregation were observed in the genotypes
of the F2 hybrid family.

The phenotypic distribution of stress response traits
in the first F2 family is presented in Table 1. Half of
the traits showed a skewed distribution. Correlations
between the different traits in the first F2 family are
presented in Table 2. The seven immune response traits
measured in this study were not correlated with fish
size or sex or with each other, while high correlations
were observed between post-stress and stress-increment
values of the same trait. Correlations between post-
stress and stress increment values were high, ranging
from 0.58 (NBT) to 0.92 (Lys), and therefore they
were not considered as independent trials in the FDR
analysis.

FDR was calculated for seven non-related traits
analyzed for 42 markers. The FDR values (up to 0.45)
computed with all traits analyzed jointly are plotted in
Fig. 1, as a function of the comparison-wise probabili-
ties. There were 35 marker-trait combinations for health
condition indicators in tilapia with FDR controlled at
0.41. Thus, it is expected that approximately 20 of these
are true effects.

Twenty-six markers on 16 linkage groups were asso-
ciated with loci affecting health condition indicators in
tilapia. Twenty of these markers, on 12 linkage groups,
were found to be associated with post-stress immune
parameters, while nine of them were associated with
more than one trait (Table 3). Eleven markers on seven
linkage groups were associated with stress-increment
immune parameters (Table 3). Seven markers were
associated with both post-stress and stress-increment
immune parameters. Nine markers, on six linkage
groups, were associated with fish size (see below).
UNH848 on LG23 was highly significantly (P <0.0001)
associated with both weight and length, and explained
19% of the variation for each trait. Five markers were
associated with the sex of the fish. The most significant
markers, UNH868 and UNH925, explained 34% of the
variation (see below).

Table 2 Correlations (r) between post-stress values (above the diagonal) and stress-increment values (below the diagonal) in the first tested
F2 family

Parametera Gluc Hct Lct NBT IgM Lys Cerul

Gluc 0.79*** 0.01 0.26* 0.23* 0.18 0.20 0.02
Hct 0.01 0.70*** 0.27* 0.12 0.24* 0.66 0.11
Lct 0.01 0.36** 0.65*** 0.10 0.04 0.27* 0.08
NBT 0.09 0.13 0.16 0.58*** 0.22* 0.02 0.10
IgM 0.06 0.32** 0.02 0.15 0.67*** 0.08 0.18
Lys 0.08 0.20 0.23 0 0.05 0.92*** 0.05
Cerul 0 0.09 0.29 0.02 0.22 0.03 0.66***

aThe correlations between post-stress and stress-increment values are presented on the diagonal. Significance values are indicated for P
<0.05 (*),P <0.01 (**) and P <0.001 (***)
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Confirmation of marker-trait associations in a second
F2 family

In order to validate some of these putative QTLs, nine
markers that were associated with several traits, or
highly associated with a single trait (P <0.01), were
genotyped in another F2 family. Seven of the markers
were found to be associated with stress response traits
also in the second family (Table 4). Overall, 14 markers
on nine linkage groups were verified for their associa-
tions with stress response traits (post-stress or stress-
increment values), either by re-sampling in a second
family or by association with several different traits.
Table 4 summarizes the extent of each effect as a per-
centage of the within-family variance it explained, and
the additive and dominant effects in each marker-trait
association. These 14 markers explained 6–29% of var-
iance, with the majority of markers having intermediate
values of 9–13%. None of these markers showed segre-
gation distortion in the F2 generation.

The grandparental origin of the increasing allele
(GOIA) is presented in Table 4. A minus sign indicates
that the difference between parental marker genotypes
was opposite in sign to the overall difference between the
parental strains. MHC class I, IgM (UNH881) and
markers on LG23 (GM47, UNH848 and UNH898) had a
consistent but opposite effect from that expected in 14
out of 15 marker-trait associations. For six other
markers (GM131, GM180 , GM553 , UNH208 ,
UNH868 and UNH925) the expected origin of the
increasing allele was observed in 16 out of 21 marker-
trait associations. GM131, associated with two traits,
was inconsistent for GOIA, and GM180 was consistent
for three traits in the first family but not for six traits in
the second family (Table 4). GM552 and UNH998 were
associated with four biochemical parameters of plasma,
with the expected inheritance of the increasing allele
from O. aureus. UNH868 was associated with two
plasma parameters, for which the increasing allele was
inherited from O. mossambicus (Table 4).

Discussion

Few QTLs have been detected in domesticated lines of
fish (Clark 2003). Some of the QTLs are for disease
resistance (Palti et al. 1999a; Ozaki et al. 2001; Grimholt
et al. 2003) and tolerance of thermal stress (Jackson
et al. 1998; Perry et al. 2001; Cnaani et al. 2003a). In all
of these studies the measured parameter was fish sur-
vival, which is the tertiary response to stress (Barton
2002). The objective of this study was to detect QTLs
affecting metabolic and immune responses to stress.
These are secondary responses to stress, which control
disease resistance and thermal tolerance (Barton 2002).

Our understanding of the biology of the stress re-
sponse is still limited. Studies in rainbow trout have
shown that fish strains selected for high cortisol and
lysozyme levels in response to stress may be more
resistant to certain pathogens but more susceptible to
others (Roed et al. 2002). Thus, there is genetic variation
for stress response but it is difficult to determine a
superior strain for aquacultural purposes. These differ-
ences may reflect the different challenges to which fish
have been exposed in their native habitats. The two
tilapia species used in this study have been spread from
their areas of origin, in the Middle East and Southern
Africa, throughout the world, and are facing new
stressors in aquaculture systems. In this study, both the
actual value of stress response (post-stress) and the
physiological changes from baseline levels (stress-incre-
ment) were used to represent immune parameters. The
high but incomplete correlations between the two mea-
sures may indicate that they represent different aspects
of stress response and consequently contribute to disease
resistance.

The tilapia linkage map is still in a developmental
stage. Over the last 5 years some markers have been
removed or assigned to different locations within or
between linkage groups, and the total length of the map
has been reduced (Kocher et al. 1998; Lee et al., in

Fig. 1 The false discovery rate
(FDR) curve calculated for 35
marker-trait associations
(P<0.05) from 42 markers
analyzed for seven traits in
the genome-scan analysis
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preparation). The microsatellites used in this study
provided �80% coverage of the �1200-cM tilapia gen-
ome, with a maximum spacing of 50 cM between
markers. There are some gaps in this genome scan, as
markers were chosen on the basis of an early version of
the map and some markers were not polymorphic in
the tested family. Three linkage groups (LG 10,
19 and 23) were densely covered, with markers every 10–
20 cM, while in other linkage groups there were markers
only every 20–40 cM, and coverage of some linkage
groups was incomplete. Genetic markers in four linkage
groups (LG 5, 12, 14 and 24) were not analyzed at all
(Table 3).

Genome-scan studies, in which dozens of markers are
analyzed for multiple traits, are prone to false discovery
(Lander and Kruglyak 1995; Weller et al. 1998). In all,
294 marker-trait combinations were analyzed in this
study, with the expectation that approximately 15
comparisons would achieve statistical significance at P
<0.05 purely by chance. The results of this study de-
monstrate 35 significant marker-trait associations, in-
volving 26 markers in 16 linkage groups, with QTLs
influencing health condition indicators in tilapia. By
controlling the FDR at 0.41 to determine significance, it
is clear that several of the significant effects are in fact
false positives. Further evidence to support the results

Table 3 DNA markers used in the genome scan and marker-trait associations in the first F2 family

Marker LG Position (cM) Ann. Tempa O. aureus b O. mossambicus b Marker-trait associationc

UNH868 1 40 55 220 214 Cerul*; D IgM**; Trig.**; Chol*
UNH854 2 38 55 215/225 215/219
UNH159 2 48 50 223/229 209
GM180 3 17 60 177 181/191 Gluc**; DGluc**; DLct*
UNH925 3d 60 212 210 Hct**
UNH952 4 27 62 193 189/207 Lct*; Glob**
GM553 4 65 57 222/280 260 Gluc**
UNH231 6 6 50 169 163 DIgM*
UNH160 6 22 54 154 170/180 DIgM*
UNH973 7 29 55 136/146 153/157 NBT**
UNH132 9 44 57 111 118 Lct*
UNH901 10 7 57 134/158 152/160
GM38 10 21 52 175 183 Gluc*
UNH915 10 24 55 144 140/158
GM472 10 50 55 319 307
GM131 11 16 50 248 242/268 Lct*; DNBT**
GM662 11 48 57 194/220 178/218 DLys*
GM263 11 65 58 138 140/198 Gluc*
UNH934 13 10 62 221 219
UNH954 13 32 62 177/185 171/211 IgM*
UNH155 15 7 54 176/188 156 DLys*
UNH431 15 47 54 133 157/161
UNH841 15d 58 112/152 152/156
UNH998 16 20 58 116/140 132/138 Prot*; Alb*; Glob*; Chol**
GM380 17 8 60 190/194 231/271
UNH362 17 47 60 108/122 128
UNH1003 18 3 58 185/189 155/159
TF 18 33 60 320 285/305
UNH419 19 0 57 173/209 165
UNH858 19 8 52 281/287 220/224 Lys*
UNH208 19 27 60 85 149/161 Cerul**; DNBT*; DCerul**
GM552 20 14 62 295/303 167 Gluc*; Alb*; Trig*; Chol*; Ca*
UNH957 21 3 58 164/172 172/176
MHC-1 22 11 60 466/488 433/456/489e Hct**; DLys*
UNH848 23 1 54 192 180 IgM **; DIgM*
GM47 23 16 57 206 226 Gluc*; IgM*
UNH898 23 23 55 242/281 232 Gluc*; IgM*
UNH879 23 29 54 202/210 202/224
GM576 23 36 58 195/199 181/185 Gluc**
UNH130 23 50 50 183 177/183
UNH907 23 49 54 127/139 149 Glob*
UNH881 UDf 54 222/266 248 Hct*; DLys**

aThe PCR annealing temperature (ºC) that was used in this study
bThe grandparental allele (fragment size in bp) for each species
cSignificant values are indicated for P <0.05 (*) and P <0.01 (**)
for plasma parameters, stress increment values (indicated with D)
and post stress values (ANOVA for normal distributed traits and
Kruskal-Wallis test for non-normal distributed traits, as indicated
in Table 1)

dUNH925 and UNH841 were previously mapped to LG3 and
LG15, but were removed from the updated map
eThe multi-loci pattern observed for this gene was explained by
Cnaani et al. (2003b )
fUndetermined linkage group, with assignment to the IgM light
chain gene (Cnaani et al. 2002a )
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presented can be obtained by analysis on independent
families and comparison to other QTL analyses in tila-
pia.

Seven out of the nine markers that were re-analyzed
in a second F2 family were verified for association with
immune traits (GM180, GM553 , MHC-1 , UNH848 ,

UNH868 , UNH898 and UNH925). The exact marker-
trait associations were repeated in only two markers,
GM180 and MHC-I, that were associated with stress-
increment of glucose levels and lysozyme activity,
respectively (Table 4). However, the repeated associa-
tions of the same markers with parameters of the

Table 4 DNA markers associated with several quantitative traits in two F2 families

Marker LG (cM) Tested family Traita F ratiob Explained
variance (%) c

Additive effect
(SDU) d

Dominant
effect (SDU) d

GOIAe

UNH868 1 (40) First Cerul 4.17** 12.4 0.21 0.18 Oa
First DIgM 4.61** 12.3 0.22 �0.13 Oa
Second DHct 8.62**** 25.6 0.21 �0.33 Oa
First Trig 5.06*** 12.9 0.22 �0.09 �Om
First Chol 3.54** 9.4 0.19 �0.20 �Om

GM180 3 (17) First Gluc 6.06** 10.9 0.09 0.29 Om
First DGluc 5.69** 11.2 0.09 0.28 Om
First DLct 3.16** 8.3 0.19 �0.12 Om
Second Hct 4.36** 14.6 0.20 0.21 �Om
Second Lys 3.28** 12.0 0.17 0.33 �Om
Second DGluc 2.91* 10.6 0.17 0.27 Om
Second DHct 3.55** 13.1 0.20 �0.21 Oa
Second DNBT 3.24** 11.9 0.25 �0.10 �Om
Second DLys 4.00** 16.0 0.29 0.67 Oa

UNH925 3 First Hct 6.78**** 16.2 0.18 0.09 Oa
Second Gluc 2.63* 8.6 0.16 0.28 Om

UNH952 4 (27) First Lct 4.47** 9.1 0.05 �0.32 Om
First Glob 3.39** 9.2 0.23 0.12 Oa

GM553 4 (65) First Gluc 5.98*** 10.8 0.19 0.08 Om
Second Cerul 3.83** 19.3 0.30 0.18 Oa

GM131 11 (16) First Lct 3.24** 8.6 0.18 0.27 �Oa
First DNBT 5.55*** 16.1 0.20 �0.22 Oa

UNH998 16 (20) First Prot 3.87** 10.5 0.21 �0.23 Oa
First Alb 3.41** 9.0 0.23 �0.20 Oa
First Glob 3.80** 10.9 0.18 �0.26 Oa
First Chol 3.61** 10.4 0.20 �0.24 Oa

UNH208 19 (27) First Cerul 4.98*** 16.3 0.24 �0.28 Oa
First DCerul 5.40*** 24.7 0.27 �0.27 Oa
First DNBT 4.15** 11.2 0.14 0.32 �Om

GM552 20 (14) First Gluc 3.20** 6.3 0.18 �0.08 Om
First Alb 3.67** 9.9 0.25 �0.03 Oa
First Trig 4.07** 10.8 0.21 �0.15 Oa
First Chol 4.20** 11.1 0.22 �0.12 Oa
First Ca 3.82** 9.6 0.23 �0.04 Oa

MHC-1 22 (11) First Hct 5.38*** 12.5 0.18 0.20 �Om
First DLys 3.42** 13.2 0.29 0.06 �Om
Second Lct 5.60*** 28.6 0.33 �0.01 �Oa
Second DLys 2.97* 16.5 0.09 �0.56 �Om

UNH848 23 (1) First IgM 5.58*** 11.9 0.09 �0.30 �Om
First DIgM 4.74** 12.1 0.12 �0.31 �Om
Second Gluc 2.73* 8.9 0.30 �0.18 �Oa
Second DCerul 3.73** 18.0 0.05 �0.49 Om

GM47 23 (16) First Gluc 3.41** 7.8 0.22 �0.07 �Oa
First IgM 3.96** 10.6 0.10 �0.33 �Om

UNH898 23 (23) First Gluc 3.10** 6.1 0.21 0.06 �Oa
First IgM 3.87** 8.7 0.12 �0.26 �Om
Second DLct 3.62** 15.3 0.15 �0.42 �Oa

UNH881 First Hct 3.17** 6.4 0.16 0.19 �Om
First DLys 3.78** 12.1 0.25 0.01 �Om

aThe traits are: plasma biochemical parameters, stress increment
values (indicated by D) and post stress values
bSignificant values are indicated for P <0.10 (*), P <0.05 (**), P
<0.01 (***) and P <0.001 (****)
cThe variation explained by each effect is presented in percent of
the within family variance
dThe additive and dominant effects of each marker-trait association
are given in standard deviations units

eThe grandparental origin of the increasing allele (GOIA) is indi-
cated with ‘‘Oa’’ for O. aureusand ‘‘Om’’ for O. mossambicus. A
minus sign is shown when the difference between paternal marker
genotypes was opposite in sign to the overall difference between the
paternal strains
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physiological response to stress may imply association
with factors modifying the stress response. A possible
explanation for the association of the same markers with
different traits in the two tested populations could be
that these two families were phenotyped at different
times and life stages of the fish; thus, a stress response
could be observed in different traits. Seven other
markers (GM47, GM131 , GM552 , UNH208 , UNH881
, UNH952 , UNH998) were associated with more than
one trait, reducing to some extent the possibility of
association resulting from type I statistical error.

Jackson et al. (1998) searched among 24 polymorphic
loci for linkage with temperature tolerance in trout, and
detected two QTLs. In our study, 1–4 QTLs were de-
tected for each of the stress-response traits. The extents
of variance explained by the stress response QTLs were
similar to those observed for QTLs for temperature
tolerance in trout, ranging from 9% to 13% (Jackson
et al. 1998). In a trout genome-scan, O’Malley et al.
(2003) detected QTLs for body weight in seven different
linkage groups, while in this study QTLs for body
weight were detected in six linkage groups. The pro-
portion of variance explained by QTLs for body weight
varied from 7% to 19%, which is somewhat lower than
the 11–25% that was found in trout (O’Malley et al.
2003). Additive effects varied in their magnitude, be-
tween 0.05 and 0.33 standard deviations, but most of
them were close to 0.2 standard deviations. Dominant
effects showed greater variation in their magnitude, be-
tween 0.01 and 0.67 standard deviation units of the
traits. Most of the additive and dominant effects are
relatively small, and the small F2 family sizes used here
did not provide sufficient statistical power to detect the
same effects in repeated experiments, as reflected by the
high FDR of 40%.

Significant differences in the response to stress have
been observed between O. mossambicus and O. aureus.
The latter strain had higher levels of hematocrit, lyso-
zyme, ceruloplasmin, respiratory burst activity and IgM,
and lower levels of glucose and leukocrit (Palti et al.
1999b; Cnaani et al. 2004). Thus these strains were used
to construct an F2 segregating population in which to
search for QTLs for immune response traits. The
grandparental origin of the increasing allele (GOIA) was
tested for each significant QTL (Table 4). Consistent
patterns of inheritance of the GOIA for several traits
and in related families may support the detection of true
QTLs. Many QTLs showed highly significant effects of
opposite sign to the overall difference between the
parental strains. It appears that, in spite of the overall
difference between the two strains, they both harbor
favorable alleles in different genes for the traits analyzed.
This has been denoted as ‘‘cryptic’’ genetic variation that
can be uncovered by marker-linkage analysis (Weller
et al. 1988).

Two out of the 42 markers utilized in this study were
polymorphic genes, for MHC class I (MHC-I) and
transferrin (TF), which are related to the immune sys-
tem, and were previously mapped in the tilapia genome

(Cnaani et al. 2002b, 2003b). In addition, two of the
microsatellite markers, UNH881 and UNH208, were
previously found to be part of genes coding for the IgM
light chain and attractin, respectively (Cnaani et al.
2002a). The MHC genes are likely candidates for iden-
tifying genetic variation associated with immune re-
sponse in all vertebrate species (Van der Zijpp and
Egberts 1989). Thus, associations between the MHC and
infectious diseases have been reported for non-mam-
malian species, notably the chicken (Zhou and La-
mont2003). Association between polymorphism in the
MHC genes and disease resistance was found in trout
(Palti et al. 2001) and salmon (Langefors et al. 2001;
Lohm et al. 2002; Grimholt et al. 2003), but, to the best
of our knowledge, association studies between poly-
morphism in the MHC and stress response have not
been published previously. The polymorphism in the
variable region of the IgM light chain (UNH881) was
found to be associated with post-stress levels of hemat-
ocrit and with stress-increment levels of lysozyme. The
polymorphism in the attractin gene (UNH208) was
found to be associated with post-stress levels of cerulo-
plasmin and stress-increment levels of both ceruloplas-
min and respiratory burst activity (measured as NBT).

Although sex is a binary trait with only two possible
phenotypes, the determination of sex in tilapia may be
considered as a quantitative trait, which is controlled by
several genes on different chromosomes and is influ-
enced also by environmental factors (Devlin and Na-
gahama 2002; Shirak et al. 2002; Lee et al., 2004). In
three linkage groups (LG 1, 3 and 23), markers were
associated with loci affecting several traits: sex determi-
nation, fish size, response to stress and biochemical
blood components (Table 5). The discovery of three
regions in the genome that are associated with a variety
of traits implies the existence of genes which control
major physiological or developmental pathways. DNA
markers in these linkage groups were previously asso-
ciated with loci affecting sex determination (Shirak et al.
2002; Cnaani et al. 2003a; Lee et al. 2003, 2004), dele-
terious alleles (Palti et al. 2002), cold tolerance and fish
size (Cnaani et al. 2003a; Moen et al. 2004). The marker
GM553 on LG4 that was associated with post-stress
levels of glucose and ceruloplasmin was also associated
with cold tolerance in another study on tilapia hybrids
(Moen et al. 2004).

The associations of markers located in LG23 with
response to stress, as reflected in levels of glucose and
IgM, and with body weight, provide evidence for a
major role of one or more genes on this linkage group
in fish fitness. Cnaani et al. (2003a) detected two QTLs,
for cold tolerance and body weight, in this linkage
group, and Moen et al. (2004) verified these QTLs in a
different tilapia hybrid population. Palti et al. (2002)
and Shirak et al. (2002) found an association between
loci with deleterious alleles and distorted sex ratio in
this linkage group in a gynogenetic line of O. aureus.
DNA markers on LG23 associated with fish size in the
current study had similar effects to those previously
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detected by Cnaani et al. (2003a), with a decreasing
over-dominant effect and a small additive effect in the
QTL (Table 5). Notably, decreasing dominant effects
were found also for the stress related traits associated
with markers in LG23 (Table 4). The markers UNH130
and UNH907, which are located on this linkage group,
were significantly distorted from the expected Mende-
lian segregation, and showed the same effect in another
F2 hybrid family (Cnaani et al. 2003a). The QTLs
found in previous studies were located at positions 25,
29 and 39 cM along this 51-cM linkage group. The
results of the current study imply the presence of QTLs
at positions 1, 16 and 23 cM. Therefore, it seems that
at least three QTL regions were detected in this linkage
group.

Searching for QTLs for several traits with many
markers, as in genome scans, increases the chance of
finding false positive associations. In order to control
false discovery of QTLs, a validation experiment was
performed by genotyping a second F2 family only for
markers that were highly significant for immune re-
sponse in the genome scan. In addition, the grandpa-
rental source of the QTL alleles was compared between
traits for a given marker, and between the two F2 fam-
ilies for the same marker and trait. Thus, the QTLs in
LG 1, 3, 4 and 23 for immune response were confirmed
by supporting evidence. Putative QTLs for blood com-
ponents on LG 16 and 20, and association of the MHC
class I and IgM genes with stress related traits, were also
demonstrated.

Several studies have characterized the phenotypic
variance and inheritance of production traits such as

growth, reproduction and cold tolerance (e.g. Wohlfarth
et al. 1983; Cnaani et al. 2000). The QTL mapping in
this study is only the first step towards the detection of
genes that influence traits of economic importance in
tilapia. Additional studies in fine mapping of the QTLs
and subsequent positional cloning are required in order
to turn molecular knowledge into selective breeding
plans for disease resistance and sex control in popula-
tions of tilapia.
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