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Parasites impose costs on their hosts. The capability to fight
against them is of great advantage, but may also be traded
off with other traits. Although often observed at the
phenotypic level, our knowledge of the extent to which such
trade-offs are genetically determined is relatively poor. We
tested this possibility with a farmed rainbow trout population
suffering from natural Diplostomum spp. infections that
cause cataracts in fish. We estimated the heritability of
cataract severity and examined phenotypic and genetic
correlations between cataract and a set of performance
traits measured three times during a 3-year rearing period.
A cataract score was used as an indicator of the host’s
capability to resist and/or tolerate the parasite. Our
results showed moderate heritability for the cataract. Nevertheless, we found no evidence for a genetic or phenotypic
trade-off between parasite resistance/tolerance and the

measured performance traits. Initial body weight was not
correlated with the cataract score. Phenotypic and genetic
correlations of cataract severity with body mass and
condition measured in the second and third year were
strongly negative, indicating reduced growth and condition in
fish with a high cataract score. The reduced body size and
condition in cataract-bearing fish were probably reflected in
the phenotypic association between a high cataract score
and delayed maturity age in females. Put together, our study
did not provide evidence of genetic or phenotypic trade-offs
between Diplostomum resistance/tolerance and a number of
performance traits. Therefore, selection for lessened Diplostomum-caused cataracts is unlikely to have a negative
impact on the studied performance traits.
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Introduction
Parasite resistance can be regarded as one prerequisite
for a successful life history because parasites are often
costly to their hosts. The costs of parasitism are typically
observed, for instance, as altered behaviour (Crowden
and Broom, 1980; Barber et al., 2000), an increased
predation risk (Seppälä et al., 2004), decreased fertility
(Riley and Chappell, 1992), reduced growth (Chappell
et al., 1994) and ultimately, as death (Lester, 1977;
Brassard et al., 1982). Hosts have therefore evolved a
wide array of adaptations to resist parasites. However,
parasite resistance can also incur physiological costs
because resources needed for resistance cannot be
allocated to other important functions, such as growth
and reproduction (reviewed by Sheldon and Verhulst,
1996; Norris and Evans, 2000). Individuals also potentially vary in their capability to tolerate the physiological
costs of the infection (Brown and Handley, 2006). When
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iation for the traits, they contribute to the evolutionary
trajectory of multitrait evolution.
Genetic variation in a trait allows adaptation in
response to selection and is thus of great importance
for population persistence in a changing environment.
However, natural selection is expected to erode genetic
variation in fitness-related traits, leading to low heritability of these traits (Fisher, 1930; Mousseau and Roff,
1987). Studies on various organisms have shown genetic
variation in parasite resistance (for example, Carius et al.,
2001; Råberg et al., 2007 and references therein). In fish,
genetic variation in parasite resistance has also been
shown (Ballabeni and Ward, 1993; Barber et al., 2001), but
the actual heritability of resistance and thus its potential
to respond to selection has rarely been reported (but see
Glover et al., 2005; Kolstad et al., 2005). In terrestrial farm
animals, a moderate heritability for parasite resistance
has been shown (Coltman et al., 2001).
The maintenance of heritable variation for resistance
may result from the costs of resistance (Luong and Polak,
2007), leading to genetic trade-offs between resistance
and other fitness-related traits (Sheldon and Verhulst,
1996). A gene (antagonistic pleiotropy), or a set of linked
genes (linkage disequilibrium), having a favourable
effect on one trait and an unfavourable effect on
another trait, forms the genetic basis for such trade-offs.
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Consequently, the traits would not be expected to evolve
independently from each other. It has been shown that in
fish, parasite resistance is traded off, for instance, with
growth (Barber et al., 2001), sexual ornamentation
(Skarstein and Folstad, 1996) or sperm quality (Liljedal
et al., 1999). These effects, however, have usually been
observed at the phenotypic level and very few studies
have examined the genetic correlations between resistance and other fitness-related traits (Coltman et al.,
2001). To be able to assess genetic constraints on
life-history evolution, estimates of genetic correlations
are needed.
Here, using rainbow trout, Oncorhynchus mykiss
(Walbaum), we first estimated the heritability of cataract
formation following an infection by the eye fluke,
Diplostomum spp. (Helminth, Trematoda). The Diplostomum spp. impairs vision by causing opaqueness, that is,
cataracts, in the lens of the fish eye. We were specifically
interested in Diplostomum spp. because the rainbow trout
were naturally and heavily infected with it and we
predicted that the problems caused by this parasite could
be reduced by selection. The direct cost of Diplostomum
spp. infection, that is, cataract severity, could be due to
parasite resistance (the amount of parasites capable to
infest an eye for a given exposure) and potentially also
due to tolerance (the ability of a fish to buffer the
negative effects of parasites in the eye), and thus a term
resistance/tolerance is used here from now on. Second,
to increase understanding of the way resistance/tolerance potentially co-evolves with other traits, we estimated phenotypic and genetic correlations between
cataract severity and a number of performance traits
(body weight, condition, age at maturity and mortality).
These traits are potentially influenced by resource
allocation to resistance, which may lead to trade-offs
(Stearns, 1989). Third, we aimed to clarify the relationship between carotenoids and parasite resistance/tolerance. Carotenoids are deposited in the flesh and give the
orange colour in the family Salmonidae. Owing to their
antioxidant and immune-enhancing activity they also
provide the physiological mechanism for a potential
relationship between resistance/tolerance and flesh
colour (Christiansen et al., 1995). Because carotenoids
deposited in flesh or skin are away from immunological
functions (Blount, 2004) we investigated whether there is
a trade-off between carotenoid allocation to flesh
colouration and cataract severity.

Materials and methods
Study fish
The study population of rainbow trout originated from a
selection programme run by the Finnish Game and
Fisheries Research Institute and MTT Agrifood Research
Finland at Tervo Aquaculture station (nucleus) in central
Finland. The population was established in the late
1980s, and fish are currently selected for rapid growth,
age of maturity, skin and flesh colour and body shape.
Selection and management procedures have been
described in detail by Kause et al. (2005).
Mating design and rearing procedure
The parents of the experimental fish were mated using a
partial factorial mating design, where each sire was

mated on average with 2.0. dams and each dam was
mated on average with 2.2 sires (Table 1). To generate a
total of 341 families, fertilizations with 168 sires and 155
dams were completed within two days in April 2003.
Eggs were incubated in a single incubator, and family
identification was maintained by dividing incubation
trays into subsections. At the eyed-egg stage in June, fish
were transferred to 150-l indoor family-specific tanks. At
an approximate weight of 50 g in October–February, fish
were individually tagged using passive integrated
transponders (Trovan Ltd., Munich, Germany). During
tagging, each family was divided into three groups, one
group to be reared at the nucleus and two groups at two
sea stations.
To maximize genetic gain at the nucleus, within-family
selection was practiced during tagging by leaving the
largest fish within a family at the nucleus and transferring the second largest ones to the two sea stations
(Martinez et al., 2006). The remaining untagged fish
within a family were weighed as a group (w), counted (n)
and culled. To include these fish in the data, a total of n
fish, each with a tagging weight of w/n, were generated
for each family. On average, 60 (range 47–65) individuals
were individually weighed and tagged from each family,
whereas data were generated for 89 (range 5–149)
untagged fish per family.
In April 2004, the two groups per family were
transferred to two sea stations in SW Finland. At both
stations, the fish were reared in a single net pen and
managed following the commercial practices of the farm.
The group maintained at the nucleus was reared in a
single ground-bottomed outdoor raceway (5  50 
1.5 m) supplied with freshwater. Throughout the cultivation, the fish were fed ad libitum with commercial pellet
feed (Raisio group, Raisio, Finland).
At the two sea stations, fish were reared for one
additional growing season until November 2004
(station 1) and January 2005 (station 2). At the nucleus,
fish were reared for two additional seasons, until October
2005. An effective growing season in Finland lasts from
late April to November.
Trait measurements
Fish were measured either at the freshwater nucleus or
seawater stations for a total of seven traits of interest on
three occasions: after one growing season during tagging
(time 1), after the second growing season (time 2) and
after the third growing season (time 3, freshwater only).
The recording time point is indicated in the Results
section as a subscript for a trait.
At the nucleus station, the following traits were
recorded. Time 1: body mass and condition factor. Time
2: cataract severity, blindness, body mass, condition
factor, age of maturity and mortality. Time 3: body mass,
condition factor, age of maturity and mortality. At the
two sea stations, age of maturity and fillet colour were
assessed at time 2. In the genetic analysis, the sea stations
were included as a fixed sea station effect, removing its
effect on a trait variation. Sample sizes for the studied
traits are given in Table 1.
The presence and severity of cataracts was recorded
using a KOWA sl-15 slit lamp microscope (Kowa Ltd.,
Tokyo, Japan) following the 0–4 categorization by Wall
and Bjerkås (1999). In addition, a score of 5 was used to
Heredity
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Table 1 Sample sizes (n), means and s.d. for traits measured in rainbow trout
Variable
Cataract2
Blindness2
Mass1
Mass2
Mass3
Condition factor1
Condition factor2
Condition factor3
Fillet colour sea2
Male maturity2
Male maturity sea2
Female maturity3
Mortality2
Mortality3

n

Mean±s.d.

n sires

n dams

n fams

696
7207
50827
7202
6037
20387
7202
4313
1958
2549
1540
3753
10240
6669

7.50±0.93
0.11±0.38
54.36±21.42
734.19±186.24
2243.86±430.31
0±0.08
0±0.11
0±0.10
28.27±0.03
0.09±0.029
0.20±0.40
0.53±0.50
0.29±0.46
0.09±0.29

168
168
168
168
168
168
168
168
168
168
168
168
168
168

155
155
155
155
155
155
155
155
155
155
155
155
155
155

341
341
341
341
341
341
341
341
341
341
339
341
341
341

Family size mean (min–max)
2.4
21.1
149.1
21.1
17.7
59.8
21.1
12.7
5.8
7.6
4.6
11.0
30.0
19.6

(1–7)
(3–29)
(52–209)
(3–29)
(2–27)
(47–65)
(3–29)
(2–24)
(1–13)
(1–17)
(1–11)
(2–20)
(29–34)
(2–28)

Number of sires (n sires), dams (n dams) and full-sib families (n fams), and mean family size are also given. The subscript indicates the
measurement time for the trait.

code for fully injured eyes, where the normal eye anatomy
could not be seen. Cataract scores from the right and left
eye were summed to obtain a single cataract value for
each individual for the analysis. In addition, a simple and
rapid macroscopic eye examination was carried out for all
the fish in the breeding programme by a trained person.
The resulting variable was termed ‘blindness’ and was
scored as 0 (healthy eyes), 1 (one eye opaque) or 2 (both
eyes opaque). Diplostomun flukes were the only macroscopically visible parasites observed during the handling
and slaughter of these fish. No signs of viral or bacterial
infections were noticed.
Residuals of the II type regression between body mass
and body length were calculated and used as values of
individuals’ condition factor (Green, 2001).
Ages at maturity of male and female fish were treated
as two separate traits (see Kause et al., 2005). To record
the stage of maturity of live fish at the freshwater
nucleus, the gonads were scanned through the skin
using an ultra-sound device (485 Anser Vet with a
7.5 MHz linear array probe; Pie Medical, Maastricht,
The Netherlands) to obtain an image. At sea, the
maturity stage was visually identified from the gonads
of gutted fish. For male age at maturity in freshwater, the
2-year-old mature males were scored as 1 and the
maturing 3-year-old males as 0. For female maturity in
freshwater, a score of 1 was given for the maturing 3year-old females and a score of 0 for immature, latermaturing individuals. For male maturity at sea, mature
males were scored as 1 and immature males as 0. Female
maturity could not be recorded at sea because they
mature after the years of recording. Across the whole
data set, five sex/maturity classes were identified: males
mature at 2 or 3 years of age, females mature at 3 or more
years and fish of unknown sex or age at maturity. To
record mortality, a score of 0 was given for a live
individual and 1 for a missing one at a recording time
point. Fillet colour at sea was measured using the Roché
colour reference card (Skrede et al., 1990).
To record traits at the nucleus station, the fish were
anaesthetized with buffered MS-222 (tricaine methane
sulphonate). At the sea stations, the traits were recorded
after the fish were killed. The fish were handled
following the Finnish legislation for using animals in
research (permission no. 12/05).
Heredity

Genetic analysis
Pedigree information from the year 1989 onwards was
used in the analysis. Multivariate mixed animal models
with restricted maximum likelihood methodology in
DMUAI software (Jensen and Madsen, 2000) were used
to estimate heritabilities (h2) as well as phenotypic (rP)
and genetic (rG) correlations between the traits. The
animal models used for different traits are presented in
Table 2.
In animal breeding data sets, it is typical that selection
based on a single or several traits is practiced from
generation to generation and during data collection
within a cohort. This has two consequences. First, genetic
parameters are specific for the artificially selected
population and do not reflect those of natural populations. Second, if non-random phenotypic recording is not
accounted for in the statistical analysis, genetic parameters of the selected traits and the traits correlated with
these traits are biased. In this study, the pre-selection of
the fish at tagging was accounted for in the genetic
analysis to eliminate biases in the (co)variance components (Pollak et al., 1984; Ouweltjes et al., 1988).
We included the (tagging) mass of all the fish
(n ¼ 50827), including those transferred to the sea
stations, those left at the nucleus station and those
removed from the programme, always as a trait in all
multitrait analyses. In this way, the software recognizes
that fish at 2 and 3 years of age are not a random sample
of a family. This allows the estimation of expected trait
values at the age of 2 and 3 years also for the fish culled
at the age of 1 year, correcting for the sampling bias
(Pollak et al., 1984; Ouweltjes et al., 1988).
Heritabilities (h2 ¼ VG/VP) and full-sib effect ratios
2
(c ¼ VFS/VP), in which VG is genetic variance due to the
animal effect, VFS is variance due to the full-sib family
effect and VP is phenotypic variance, were calculated for
all the recorded traits. The full-sib effect was modelled
without pedigree information, and it includes effects due
to the common rearing of full-sibs from incubation until
tagging, as well as parts of potential dominance effects
and maternal, including maternal genetic effects. The
full-sib effect was excluded from the model when it
explained less than 2% of the total variance. Heritabilities
of binary traits, coded as 0 or 1, were transformed to the
underlying normally distributed liability scale following
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Table 2 Animal models used for investigating the heritabilities (h2) as well as phenotypic (rP) and genetic (rG) correlations between traits
measured in rainbow trout
Traita

animali
b

Cataract2
Blindness2b
Mass1c
Mass2
Mass3
Mass sea2
Condition factor1c
Condition factor2
Condition factor3
Fillet colour sea2d
Male maturity2
Male maturity sea2
Female maturity3
Mortality2
Mortality3

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

FSeffectj

SEXMATk

SEXl

SEASTATm

POP MEANn

x
x
x
x
x
x
x

x
x
x
x
x
x
x
x

x

x
x
x
x
x

x
x
x
x
x

Animali: random pedigree effect for an individual i ¼ number of observations.
FSeffectj: random full-sib effect j ¼ number of full-sib families.
SEXMATk: fixed effect for sex and maturity classes k ¼ 1–5 (male, female, mature, immature, maturity not known).
SEXl: fixed sex effect l ¼ 1–3 (males, females, sex unknown).
SEASTATm: fixed effect of the two sea stations, m ¼ 1, 2.
a
Within-family selection based on Mass1 was practiced at time 1. Thus, Mass1 was always included as a trait in multitrait analyses. In this
way, REML corrects the records of all traits to a random sample, and genetic parameters for all the traits will not be biased by the selection.
b
Because cataract formation secondarily postpones maturity, maturity in the analysis for cataract2 and blindness2 would diminish their
genetic variation. Thus, SEXl was used in the model instead of SEXMATk.
c
For mass1, a covariate of the cumulative temperature sum at the date of tagging mass recording was also used in the model.
d
SEXMAT was excluded in the analysis when calculating the correlation between male age at maturity and fillet colour at sea.

Dempster and Lerner (1950). When two traits were
measured from different animals (for example, fresh and
seawater traits), residual correlation was set to zero
because it does not exist.

Results
All the 969 screened individuals had cataracts in their
eyes. Cataracts were severe, with the average score being
7.50 (±s.d. 0.93, range 4–10).
Genetic variation
Heritability estimates for the studied characters are
presented in Table 3. For cataract2 and blindness2,
heritability was of a moderate degree. Body mass and
the condition factor showed high heritabilities at all three
measuring points. The full-sib effect for body weight and
the condition factor was high only at measurement time
one, and marginal at times two and three, suggesting
that in the initial phase both maternal and common
environmental effects had a role. Both male and female
age at maturity had moderate heritabilities. For mortality, heritability was low at both measurement times.
Heritability of the fillet colour2 was low.
Phenotypic and genetic correlations
The phenotypic correlation between cataract2 and blindness2 was moderately positive and the genetic correlation highly positive (Table 4). This is of methodological
interest due to the simplicity and ease of recording
blindness rather than the more sophisticated but more
laborious use of the split-lamp. Owing to the high
genetic correlation between the two traits, blindness2
was discarded from the latter analysis.

Table 3 Heritabilities (h2), full-sib effect ratio (c2) and phenotypic
variances (VP) for the traits measured in rainbow trout
h2

Trait
Cataract2
Blindness1
Mass1
Mass2
Mass3
Condition factor1
Condition factor2
Condition factor3
Fillet colour sea2
Male maturity2
Male maturity sea2
Female maturity3
Mortality2
Mortality3

0.35
0.21
0.41
0.41
0.48
0.47
0.55
0.65
0.09
0.17
0.34
0.29
0.19
0.12

s.e.

0.09
0.03
0.08
0.05
0.05
0.09
0.04
0.05
0.03
(0.50) 0.05
(0.694) 0.08
(0.453) 0.05
(0.33) 0.04
(0.369) 0.03

(0.15)
(0.16)
(0.08)
(0.07)
(0.09)

P

c2

*
*
*
*
*
*
*
*
*
*
*
*
*
*

—
—
0.24
0.02
0.02
0.21
—
—
—
0.05
0.03
0.05
0.05
0.05

s.e.

VP

—
0.864
—
0.146
0.04
185
0.01 32562
0.01 167648
0.04 0.006
—
0.014
—
0.009
—
1.289
0.02 0.087
0.03 0.158
0.02 0.258
0.01 0.180
0.01 0.082

The subscript indicates the measurement time of the trait. Liability
scale heritabilities and their s.e. for binary traits are given in
parentheses.
*Zero not within 1  s.e. of a heritability.

Cataract2 displayed weak negative phenotypic and
genetic correlations with mass1 and condition1, indicating that early growth and condition were only weakly
related to cataract severity recorded later on (Table 4).
In contrast, phenotypic correlations of cataract2 with
mass2 and mass3 were moderately and genetic correlations strongly negative, showing that increased cataract
severity was related to reduced body mass. The negative
phenotypic correlations of cataract2 with condition2
and condition3 were weak but the negative genetic
correlations moderate (Table 4).
Heredity
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Table 4 Phenotypic (rP) and genetic (rG±s.e.) correlations between
the traits measured in rainbow trout. The subscript indicates the
measurement time for the trait
Trait combination
Cataract2—blindness2
Cataract2—mass1
Cataract2—mass2
Cataract2—mass 3
Cataract2—condition factor1
Cataract2—condition factor2
Cataract2—condition factor3
Cataract2—female maturity3
Cataract2—male maturity
Cataract2—mortality2
Cataract2—mortality3
Cataract2—fillet colour sea2
Male maturity sea2—fillet colour sea2

rP

rG ±s.e.

P

0.21
0.09
0.35
0.37
0.18
0.12
0.16
0.15
0.01
—
0.03
—
0.38

0.764±0.11
0.080±0.17
0.640±0.10
0.715±0.10
0.197±0.16
0.371±0.13
0.332±0.13
0.269±0.15
0.030±0.19
0.132±0.16
0.085±0.18
0.171±0.23
0.052±0.21

*
*
*
*
*

*Zero not within 1.96  s.e. of a genetic correlation.

Cataract severity was related to the age at maturity in
females but not in males (Table 4). There was a moderate
negative phenotypic correlation between cataract2 and
female age at maturity, indicating that the females with
cataracts matured later than the healthier eyed ones. The
genetic correlation was also negative but did not reach
significance. However, the age at maturity of males was
not related to cataract2 at phenotypic or genetic levels.
Cataract2 was not related to individual mortality either
(Table 4).
The genetic correlation of cataract2 with fillet colour2
was low (Table 4), and thus did not indicate a link
between fillet carotenoids and parasite defence. Male
maturity and fillet colour at sea showed a moderate
negative phenotypic, but not a genetic correlation,
indicating that the late-maturing males had more colourful fillets (Table 4).

Discussion
Diplostomum spp. eye flukes can have a severe impact on
their fish host population by reducing the visual capacity
of the hosts and thus their foraging and anti-predatory
performance (Owen et al., 1993; Seppälä et al., 2004). Our
results show that the susceptibility to cataracts induced
by Diplostomum spp. has a moderate heritability (h2 ¼
0.35) within a farmed rainbow trout population. Given
that the Diplostomum load in rainbow trout eyes has been
found to be directly related to the cataract score
(Karvonen et al., 2004; Seppänen et al., 2008), our findings
suggests that part of the variation in Diplostomum
resistance/tolerance within our study population is
determined by genetic factors. To the best of our
knowledge, this is the first study on the quantitative
genetics of fish cataracts caused by Diplostomum spp. and
it indicates that Diplostomum resistance/tolerance, and
thereby the severity of cataracts, is prone to evolutionary
change when either natural or artificial selection acts
upon it. If severe cataracts lower the fitness of an
individual fish, this should be followed by a genetic
increase in resistance against cataracts and/or in
tolerance to cataracts at the population level.
The vertebrate immune response includes an innate
and an acquired component (Janeway et al., 1999).
Although we cannot discount the effects of physical
Heredity

and behavioural differences such as swimming speed
and feeding behaviour, the existence of genetic variation
in cataract severity suggests that innate resistance,
genetic control of acquired resistance and/or tolerance
potentially have a role in the susceptibility of rainbow
trout to Diplostomum spp. infection. Heritable resistance
against helminths is well documented in sheep (Eady
et al., 2003). In fish, Karvonen et al. (2005) showed that
innate immunity has little or no role in Diplostomum
infection in rainbow trout. They found that over 80% of
the experimentally presented D. spathaceum cercariae
were established in the lenses of naive fish. In fish that
were infected second time, acquired resistance decreased
the establishment of cercariae by 85–89%. In contrast,
Kalbe and Kurtz (2006), working on three-spined sticklebacks, Gasterosteus aculeatus, found no evidence of a
significant decrease in D. pseudospathaceum infection after
a previous exposure to the parasite.
Despite the potential for a trade-off between Diplostomum resistance/tolerance and growth, the current results
revealed neither a phenotypic nor a genetic trade-off
between growth and the cataract score. Our study
showed weak phenotypic and genetic correlations
between the cataract score and the initial body mass at
the first measurement, when the average fish weight was
50 g. Accordingly, higher cataract score was not related to
slower initial growth. There was no evidence of a tradeoff between cataract severity and growth at older ages,
either. Instead, the opposite was observed. Phenotypic
and genetic correlations of cataract severity with mass
and condition factor in the two later samplings (at ca.
734 g and ca. 2245 g of body weight) were strongly
negative. In other words, the heavier the fish were at the
time of eye checking and also later on, the smaller were
the cataracts in their eyes. Given the absence of the
genetic trade-off between cataracts and growth, the
continuous selection for rapid growth is not expected
to make fish more genetically prone to cataracts.
A similar trend was seen for the correlations of body
condition with cataract severity. This is logical because
rapid growth is typically phenotypically and genetically
related to increased body condition (Kause et al., 2003).
Similar to our study, in sheep, genetic correlations
between nematode resistance and growth are mostly
favourable (Pollott et al., 2004), but unfavourable genetic
trade-offs have been observed especially in young
animals (Bisset et al., 1992). In contrast to our study,
though, genetic trade-offs have been observed between
resistance against mastitis causing pathogens and milk
production in cows (Lund et al., 1999).
Cataract frequency displays extensive annual variation
in our study population, and is strongly influenced by
management practices of a farm (personal observation).
The high incidence of cataracts in this study likely results
because these practices such as gull nets have not been
implemented in our population until now.
The lack of a relationship between initial growth
(before the first body mass measurement) and later
cataracts suggests that there are no obvious maintenance
costs of immune function that would be reflected as a
cost in reduced growth. Because of the early rearing in
regularly cleaned indoor plastic tanks with much lower
parasite exposure than in outdoor ground-bottomed
raceways, and also because of the young age and thus
undeveloped cataracts leading to reduced eyesight and
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consequently to less efficient feeding, it is likely that
Diplostomum infection or cataract formation had not
influenced fish growth at the first measurement time.
Consequently, the maintenance costs of resistance/
tolerance, if any, should have been detected at the initial
growth stage.
The distinct negative relationship between the cataract
score and subsequent body masses suggests that cataract
development is followed by impaired growth. This has
been reported to be the case in fish suffering from nonparasitic cataracts (Ersdal et al., 2001). Similarly, Seppänen et al. (2008) showed a significant phenotypic
relationship in landlocked Atlantic salmon, Salmo salar,
between parasitism and individual growth (r ¼ 0.376,
n ¼ 50 fish, Po0.01), such that fish with a higher parasite
load and more severe cataracts suffered from reduced
growth. However, a vision-mediated reduction in the
weight increment may not be the only explanation for the
observed relationship between cataract severity and
body size. It is also possible that a third trait related to
both susceptibility to Diplostomum infection and body
size can generate the negative relationship. Behaviour,
for example, is a potential candidate for such trait. If
there were differences, for example, in the spatial
distribution of large (fast growing) and small (slow
growing) fish, they might be exposed to a differential risk
of Diplostomum infection. Fish swimming in the upper
water body will probably face fewer parasites released
from bottom-detached snails than fish swimming in
lower water body. Although our results do not imply
costs of resistance or tolerance we cannot totally exclude
the possibility that the negative impact of cataract
formation on growth caused directly by reduced eyesight
(Ersdal et al., 2001) is masking the potential costs of
resistance or tolerance on growth.
Although there was a distinct relationship between the
severity of cataracts and body mass and condition at the
final two sampling times, our results showed no
relationship between the cataract score and mortality.
At least three factors may explain this result. Firstly, it is
possible that cataracts caused some deaths in our study,
but that other causes of death masked the impact.
Mortality did show moderate heritability and was
probably affected by some other inherent factor(s) and/
or diseases. Survival is typically a composite trait
influenced by multiple underlying factors, causing great
temporal and spatial variation in the expression of its
genetic variation and of its relation with other traits
(Vehviläinen et al., 2008). Second, cataracts may not have
been severe enough to cause death under the benign
farming conditions where predation was absent and food
was offered ad libitum. Third, this result is perhaps not so
surprising when considering the parasite’s point of view.
It is not beneficial for Diplostomum to kill its fish host
because this would risk the transmission of the parasite
to its definitive fish-eating bird host (Chappell et al.,
1994). However, non-parasitic cataract as such has been
shown to reduce survival in farmed salmon (Menzies
et al., 2002).
Our results revealed that at the phenotypic level,
females with more severe cataracts had postponed
maturity. It is possible that, first, reduced growth or a
lower condition in individuals with more severe
cataracts led to a delay in maturity (Fleming, 1996).
Second, given that the circadian rhythm is an essential

stimulus in the maturation process (Duston and
Bromage, 1986), the reproductive physiology of fish with
severe cataracts may have been impaired because of the
reduced perception of the light stimulus. Third, parasites
might have directly influenced the host maturation
process. Interestingly, there was neither phenotypic nor
genetic relation between male maturity and cataract
severity, even though physiological costs of spawning
are well documented in male fish (Skarstein et al., 2001).
Because reproduction in females requires considerable
resources, the potential for a trade-off between growth,
survival and reproduction is potentially greater than for
males (Wootton, 1998). Moreover, it is likely that because
male rainbow trout generally mature on average 1 year
earlier than females (Kause et al., 2005), Diplostomum has
less time to influence male maturation compared with
that of females.
We also observed no genetic relationship between
cataract severity and fillet colour. Carotenoids have an
important role as antioxidants and immunostimulants
(Skarstein and Folstad, 1996), as well as in ornament
development in mature fish (Aksnes et al., 1986).
However, our study design did not allow us to examine
this phenomenon in enough detail. Ornament formation
should also have been taken into account. This approach
is also justified based on our results. In the studied fish
there was a negative phenotypic relationship between
male maturity and fillet colouration. This means that
late-maturing males had more colourful flesh compared
with their earlier-maturing counterparts. It is possible
that early-maturing males had invested carotenoids in
sexual ornamentation, as carotenoid-based pigments are
important in sexual ornamentation (Olson and Owens,
1998). Interestingly, this relationship was not observed at
the genetic level.
Given that fillet colour can be measured only
destructively, the sea-reared sibs of the freshwater brood
stock fish were used to record fillet colour. However,
cataract severity was recorded from their sibs reared in
freshwater. Because either fillet colour or cataract
severity might display family re-ranking across
environments, it is possible that an existent relation
between the two traits may have been masked by
the recording procedure in the current study. Nevertheless, genotype-by-environment interactions across
production environments are typically weak (Kause
et al., 2005).
In conclusion, our results showed that heritable
genetic variation in cataract formation exists in rainbow
trout. However, because of the lack of trade-offs between
the studied traits and cataract formation, this variation
may not be explained by negative genetic relationships
among the studied traits. Instead, it is more probable that
the dynamic host–parasite interactions maintain the
heritability because the evolutionary change in parasites
is likely to be more rapid than in their hosts (Hamilton
and Zuk, 1982). Based on our results from rainbow trout,
selection might increase parasite resistance/tolerance in
farmed fish and thereby also reduce the frequency and
severity of cataracts. The positive effects of selecting
healthy eyed individuals would most probably also
include faster growth. However, given that parasites
rapidly adapt to their hosts (Dieter, 1994; Kaltz and
Shykoff, 1998), there is a risk that selection will not
guarantee an advantage.
Heredity
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use of alternative breeding schemes to enhance genetic
improvement in rainbow trout: II. Two-stage selection.
Aquaculture 254: 195–202.
Menzies FD, Crockford T, Breck O, Midtlyng PJ (2002).
Estimation of direct costs associated with cataracts in
farmed Atlantic salmon (Salmo salar). Bull Eur Ass Fish Pathol
22: 27–32.
Mousseau TA, Roff DA (1987). Natural selection and the
heritability of fitness components. Heredity 59: 181–197.
Norris K, Evans MR (2000). Ecological immunology: life history
trade-offs and immune defence in birds. Behav Ecol 11: 19–26.
Olson VA, Owens IPF (1998). Costly sexual signals: are
carotenoids rare, risky or required? TREE 13: 510–514.
Owen SF, Barber I, Hart PJB (1993). Low-level infection by eye
uke, Diplostomum spp., aects the vision of 3-spined sticklebacks, Gasterosteus aculeatus. J Fish Biol 42: 803–806.

Quantitative genetics of parasite-induced cataract
H Kuukka-Anttila et al

27
Ouweltjes W, Schaeffer LR, Kennedy BW (1988). Sensitivity of
methods of variance component estimation to culling type of
selection. J Dairy Sci 71: 773–779.
Pollak EJJ, Van der Werf J, Quaas RL (1984). Selection bias and
multiple trait evaluation. J Dairy Sci 67: 1590–1595.
Pollott GE, Karlsson LJE, Eady S, Greeff JC (2004). Genetic
parameters for indicators of host resistance to parasites
from weaning to hogget age in Merino sheep. J Anim Sci 82:
2852–2864.
Riley EM, Chappell LH (1992). Effect of infection with
Diplostomum spathaceum on the internal defence system of
Lymnea stagnalis. J Invert Pathol 59: 3280–3283.
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