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Abstract: Alterations in gonad morphology are widespread in wild fish populations. Whitefish
(Coregonus spp.) from Lake Thun, Switzerland, display a high prevalence of macroscopical gonad
malformations including fusions to the musculature, segmented gonads and intersex condition.
The aim of the present study was to evaluate whether the gonad morphological changes in Lake Thun
whitefish are caused by genetic factors, environmental factors (water, diet) or “gene X environment”
interaction. We performed two independent experiments of a three-year duration in which we
reared whitefish from fertilization until adulthood and tested the possible causative factors using
a matrix design: (i) genetics—comparing the prevalence of gonad malformations in whitefish of
different genetic origin reared under identical environmental conditions (same diet, same water,
same experimental facility); (ii) environment—comparing the prevalence of gonad malformations
in whitefish of the same genetic origin reared in different water sources and/or fed with different
diets; and (iii) gene-environment interaction—comparing the prevalence of gonad morphological
alterations in relation to the combinations of genetics and environmental factors. Two diets were
used for the rearing experiments: either zooplankton collected in Lake Thun which represents the
natural diet of whitefish, or an artificial dry food which was used as control. The key finding of this
study is that the inducing factor of the gonad malformations is contained in the zooplankton of Lake
Thun. Fish fed with this diet developed a significantly higher prevalence of malformations than fish
from any other treatment, irrespective of the genetic origin and/or the water source. This result could
be repeated in the two independent experiments. Importantly, the prevalence values observed in the
experimental fish fed with Lake Thun zooplankton were similar to the prevalence values recorded in
free-ranging whitefish in the lake. The findings of this study advance the understanding of the causes
of gonad morphological alterations in wild fish populations.
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1. Introduction

Morphological abnormalities of the gonads is a phenomenon that has been reported from
numerous wild fish populations [1-14]. These morphological alterations are of concern as they may
be indicative of a disease and/or may impair the reproductive success of the populations [11,15,16].
Given the fact that fish sexual differentiation and gonad development are subject to genetic and
environmental influences [7,17], alterations in gonad morphology can be induced both by endogenous
and exogenous factors as well as their interaction. Accordingly, gonad abnormalities of fish have
been associated, among others, with genetic quality and hybridization status of the broodstock [18,19],

Fishes 2020, 5, 26; do0i:10.3390/fishes5030026 www.mdpi.com/journal/fishes


http://www.mdpi.com/journal/fishes
http://www.mdpi.com
https://orcid.org/0000-0002-1783-1295
http://www.mdpi.com/2410-3888/5/3/26?type=check_update&version=1
http://dx.doi.org/10.3390/fishes5030026
http://www.mdpi.com/journal/fishes

Fishes 2020, 5, 26 20f17

autoimmune disease [20], changes in physical water parameters [21,22] or parasite infection [23,24].
One environmental factor that has attracted particular attention as a cause of gonad abnormalities in
fish is aquatic contamination by anthropogenic chemicals [4,15,25-30]. Obviously, a broad variety of
factors can be involved in the induction of gonad morphological alterations in fish, and to advance our
understanding of this phenomenon, it needs a systematic approach to unravel the causative factors
and processes.

Whitefish (Coregonus spp.) populations from Lake Thun, Switzerland, were reported to exhibit
extensive changes in their gonad morphology, affecting up to 35% of the population [31]. The gonad
alterations are specific to whitefish since other fish species living in the lake do not show alterations in
their gonad morphology. Despite the high prevalence of the gonad alterations, there exists currently
no evidence that the reproduction of coregonid populations in Lake Thun is negatively impacted
(unpublished data). Based on the macroscopical appearance, six types of morphological alterations
have been classified [31]: (1) adhesion/fusion of the gonads to the peritoneal wall and the musculature,
(2) compartmentation of the gonads into separated lobes (“segmented gonads” according to [27],
(3) one or both gonad strands are undeveloped (atrophy) or totally absent (aplasia), (4) asymmetry
in the size of the left and right gonad strands, (5) constrictions of the gonads, and (6) macroscopic
hermaphroditism, i.e., the presence of complete male and female gonads in the same individual [27].
In addition, microscopic intersex, i.e., the presence of male germ cells in ovaries or the presence of
female germ cells in testes was observed. Using this macroscopical classification scheme, a large-scale
monitoring program in Lake Thun and two neighboring lakes provided epidemiological evidence that
gonad morphological alterations occurred in whitefish of the other lakes as well. However, whitefish
from Lake Thun displayed significantly higher prevalences of gonad compartmentations, gonad
fusions, gonad aplasias and intersex/hermaphrodism compared to whitefish of the other lakes [32].
In contrast, segmented gonads and gonad asymmetries occurred at comparable frequencies in whitefish
populations of all three lakes. Therefore, Bittner et al. [32]) interpreted the latter alterations to represent
natural “background” variations of gonad morphology in whitefish, whereas compartmentations,
fusions, aplasias and intersex/hermaphrodism, were classified as true malformations.

To date, the causative factor(s) of the gonad morphological changes in Lake Thun whitefish have
not been identified. Whitefish species can show considerable morphological variability, which may be
related to the genetic divergence and adaptive radiation of coregonids in many lakes of the Northern
hemisphere [33-37]. On the other hand, environmental factors such as parasites or anthropogenic
contaminants are also known to cause phenotypic variations of whitefish gonads [24,38].

The aim of the present study was to evaluate whether the high prevalence of gonad morphological
changes in Lake Thun whitefish is caused either by a factor contained in the genotype of Lake Thun
whitefish, a factor contained in the environment, i.e., the lake water or the natural zooplankton diet of the
fish, or a “gene X environment” interaction. For testing the various possibilities, we performed a three-year
experiment in which we reared whitefish from fertilization until adulthood under controlled conditions
and treated the fish according to the following matrix design: (i) genetics—comparing the prevalence
of gonad malformations in whitefish of different genetic origin reared under identical environmental
conditions (same food, same water, same experimental facility); (ii) environment—comparing the
prevalence of gonad malformations in whitefish of the same genetic origin reared in different water
sources and/or fed with different diets; and (iii) gene-environment interaction—comparing the
prevalence of gonad malformations in whitefish of different genetic origin kept under the various
environmental conditions. The study was replicated in two independent experiments in order to
test for the repeatability of the findings cf. [39]. The response variable assessed in the experiments
was “gonad malformation”. For this, we relied on the classification scheme for whitefish gonad
malformations as established by Bernet et, al. [31]. This scheme builds on macroscopical changes in
gonad morphology, only intersex gonads (i.e., the presence of male or female germ cells in ovaries or
testes, respectively) are assessed by means of histology. Gonad morphological alterations representing
natural variability (segementations, asymmetries—see above) were excluded from the analysis, but only
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true malformations (compartmentations, fusions, aplasias, intersex/hermaphrodism, cf. [32]) were
considered in the present analysis.

2. Results

Fish of the different treatment groups showed a considerable variation in body size (Figure 1).
Mean body lengths of fish varied between 14.5 cm (AlI2SP) and 21.7 cm (AI1LD), with a tendency
for dry food feeding to result in larger fish. Independent of the treatment group, body size of the
experimental fish after three years of rearing was smaller than that of wild fish of the same age in
Lake Thun (mean body size experimental fish: 32 cm, mean body size of wild fish of the same age:
37 cm [40]) or in Lake Biel, respectively (mean body size experimental fish: 27 cm, mean body size of
wild fish of the same age: 32 cm [40]). This indicates that our experimentally reared fish did not grow
equally well as the wild fish.
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Figure 1. Mean values (+S.E.) of body length and weight of fish from the different treatment groups.
See Table 1 for the connotation of the group names.

In all experimental groups, male fish showed significantly higher prevalences of gonad
malformations compared to females—an observation that agrees with findings in wild whitefish from
Lake Thun [31,32]. Thus, in the following, we will present the results separately for males and females.

At the end of the three-year experimental period, the highest prevalences of gonad malformations
were observed in the groups receiving Lake Thun zooplankton. This was observed both in males
(Figure 2a) and females (Figure 2b). Zooplankton-fed whitefish displayed higher prevalences of
malformations irrespective of the water source the fish were reared in (Lake Thun water, Lake Lucerne
water, spring water), and irrespective of the genetic origin of the fish (Bondelle ecotype from Lake Biel
versus Albock ecotype from Lake Thun). In the first experiment, 26% (Al1SP), of male offspring from
Lake Thun whitefish reared in spring water and fed with zooplankton (Al15P), developed malformed
gonads (Figure 2a). Their siblings fed with dry food showed gonad malformations in only 2-3% of
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the experimental fish, irrespective of whether they were reared in spring water (Al1SD) or in Lake
Lucerne water (Al1LD). Similarly, offspring of whitefish from Lake Biel fed with zooplankton showed
a significantly higher prevalence of gonad malformations than Lake Biel offspring fed with dry food
(Figure 2a). The results from the second experiment significantly agreed with the results of the first
rearing experiment (Fisher’s Combination Test for Two-Stage Sampling; p < 0.01): when male Albock
from Lake Thun were fed with zooplankton, they developed significantly higher prevalences of gonad
malformations than male fish fed with dry feed (16 % in the AI2SP treatment and 28 % in AI2TD, versus
2 % in AI2SD and 3 % in AI2TD; Fisher’s exact test, pairwise treatment group testing; p < 0.0002).
Neither the water source nor the genetic origin of the fish had a significant influence on the frequency
of the malformations in male whitefish. Comparable to the Albock ecotype from Lake Thun, male
Bondelle from Lake Biel also showed significantly higher malformation prevalences with zooplankton
feeding (Bi2TP: 20%) than with dry food (Bi1SD: 6%, Bi2SD: 2%).

Table 1. List of the abbreviations used to designate the experimental treatment groups.

Abbreviations Used for Treatment Groups Description of the Treatment Group

1st experiment

Whitefish of the ecotype “Albock” from Lake Thun, fertilized
AIlLD and reared in Lake Lucerne water, and fed with artificial dry
feed (Al = Albock, L = Lake Lucerne water, D = dry food).

Whitefish of the ecotype “Albock” from Lake Thun, fertilized
Al1SP and reared in spring water, and fed with zooplankton from
Lake Thun (Al = Albock, S = spring water, P = zooplankton).

Whitefish of the ecotype “Albock” from Lake Thun, fertilized
AlISD and reared in spring water, and fed with artificial dry feed
(Al = Albock, S = spring water, D = dry food).

Whitefish of the ecotype “Bondelle” from Lake Biel, fertilized
Bi1SD and reared in spring water, and fed with artificial dry feed
(Bi = Lake Biel whitefish, S = spring water, D = dry food).

2nd experiment

Whitefish of the ecotype “Albock” from Lake Thun, fertilized
and reared in Lake Thun water, and fed with zooplankton from
Lake Thun (Al = Albock, T = Lake Thun water,

P = zooplankton).

Whitefish of the ecotype “Albock” from Lake Thun, fertilized
AI2TD and reared in Lake Thun water, and fed with artificial dry feed
(Al = Albock, T = Lake Thun water, D = dry food).

Whitefish of the ecotype “Albock” from Lake Thun, fertilized
and reared in spring water, and fed with zooplankton from
Lake Thun (Al = Albock, S = spring water, P = zooplankton).
This is a repetition of AI1SP.

Whitefish of the ecotype “Albock” from Lake Thun, fertilized
and reared in spring water, and fed with artificial dry feed
(Al = Albock, S = spring water, D = dry food). This is a
repetition of A11SD.

AI2TP

Al2SP

AI2SD

Whitefish ecotype “Bondelle” from Lake Biel, fertilized and

reared in Lake Thun water, and fed with zooplankton from

Lake Thun (Bi = Lake Biel whitefish, T = Lake Thun water,
P = zooplankton).

Whitefish of the ecotype “Bondelle” from Lake Biel, fertilized
and reared in spring water, and fed with artificial dry feed
(Bi = Lake Biel whitefish, S = spring water, D = dry food).
This is a repetition of Bi1SD.

Bi2TP

Bi2SD
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Figure 2. Prevalences of gonad malformations in (a) males and (b) females. Fish were classified to

have malformed gonads if one the following alterations were present: fusions to the peritoneal wall,

compartmentations, and aplasia. The error bars represent the 95% confidence intervals (Clys) of the

frequencies. The numbers above the figure denote the number of fish analyzed within the treatment

group. Macroscopic intersex fish and juvenile fish that could not be sexed due to retarded gonad

development are not included in the data. This explains the difference in the number of fish sampled per

group indicated in Table 2. The asterisks denote treatment groups with significantly higher frequencies

of gonad malformations than the groups within the respective trial without asterisks at a significance

level of p < 0.004 (pairwise Fisher’s exact test).
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Table 2. Experimental setup of the different treatment groups. Connotations for the group names: genetic origin/water/food, i.e., Al;SD = “Albock’ whitefish from
Lake Thun, reared in spring water and fed with dry feed. The indexes “1” and “2” indicate the affiliation of the treatment groups to the first or second experiment.
Abbreviations: Al = Albock whitefish from Lake Thun; Bi = whitefish from Lake Biel; T = Lake Thun water, L = Lake Lucerne water; S = spring water; P = plankton, D

= dry fed; dph = days post hatch; d°C = degree-days post hatch; N = number; f = frequency in percent.

Origin of N of Parental  f of Gonad Deformations Water for . Water . Age of Age of
Group Parental Fish Fish in Parental Fish Hatchery  potilization TP Fam™  goirce Feed NFish  pichldphl  Fish [d°C]
AIILD Lake Thun 126 6 Fluelen Lake Fluelen Lake Dry feed 247 982 10,747
Lucerne Lucerne

AlISP Lake Thun 126 6 Spiez Spring Reutigen Spring Plankton 200 974 8296
water water

AlISD Lake Thun 126 6 Spiez Spring Reutigen Spring Dry feed 200 974 8296
water water

Bi1SD Lake Biel 89 1 Spiez Spring Reutigen Spring Dry feed 200 987 8407
water water

AIRTP Lake Thun 52 15 Faulensee Lake Thun Thun Lake Thun Plankton 200 964 10,324

AI2TD Lake Thun 52 15 Faulensee Lake Thun Thun Lake Thun Dry feed 200 964 10,324

. Spring . Spring

Al2SP Lake Thun 52 15 Reutigen Reutigen Plankton 200 1002 8526
water water

AI2SD Lake Thun 52 15 Reutigen Spring Reutigen Spring Dry feed 200 1002 8526
water water

Bi2SD Lake Biel 70 0 Reutigen Spring Reutigen Spring Dry feed 200 1020 8687
water water

Bi2TP Lake Biel 70 0 Faulensee Lake Thun Thun Lake Thun Plankton 200 973 10,389
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Female fish displayed the same trends as observed for male fish, although the absolute prevalence
values were lower (Figure 2b). In the first experiment, female offspring of Lake Thun whitefish reared
in spring water and fed zooplankton (Al1SP) showed significantly more gonad malformations (14%)
than their siblings fed with dry food (Fisher’s exact test; p < 0.004), regardless of the water in which
they were reared (groups Al1SD and AI1LD with 2%). In the second trial, there was a pattern in the
frequency differences between females reared in Lake Thun water fed with zooplankton (AI2TP with
4% and Bi2TP with 5%) compared to females reared in the same water but fed with dry fed (AI2TD
with 0%) (Fisher’s exact test; p = 0.12 and p = 0.05, respectively).

The significantly higher frequencies of gonad deformations in both males and females fed with
plankton were mainly based on the occurrence of fused and compartmented gonads. Fusions of
gonad lobes with the filet and compartmented gonads are also the most typical gonad alterations
found in wild whitefish from Lake Thun [31,32]. The two other gonad malformations, aplasia and
intersex gonads, were less frequent in fish of our experiment, and they occur less frequently in
wild coregonids in the lake [31,32]. Overall, the experimental feeding of whitefish with Lake Thun
zooplankton well reproduces the frequency and type of gonad malformations as they occur in the
free-ranging conspecifics.

3. Discussion

The results of this long-term study provide strong evidence that zooplankton of Lake Thun
contains the factor causing the induction of the gonad malformations. Of the factors tested in the
experimental setup (‘genetics’, “‘water” and ‘food’), only zooplankton from Lake Thun was able to
significantly induce the gonad deformations typical for Lake Thun whitefish. It is a strength of the
present study that this result could be repeated in two independent experiments—each of them lasting
for three years. The zooplankton effect was observed irrespective of the genetic origin of the fish
(Lake Biel versus Lake Thun) and irrespective of the water source used for the fish rearing (Lake Lucerne
water, Lake Thun water, spring water). Remarkably, the induction of gonad malformations occurred
primarily in male fish, and only to a lesser degree in female fish, a finding which agrees with the
observations on the wild coregonid population in the lake [31,32]. The mean frequency of gonad
deformations in male fish fed with zooplankton was 21%, and this value corresponds to the mean
frequency of gonad malformations of the Albock ecotype in Lake Thun [31,32].

Dry food remained without effect on the gonad morphology; the mean prevalence of gonad
deformations in all dry food groups was 3%, and the maximum value was 8%. Further, the water source
did not appear to be a relevant factor, since the prevalence of gonad malformations in zooplankton-fed
Albock and Bondelle was not different between fish reared in Lake Thun water or in spring water.
In Lake Thun water as well as in spring water, both Lake Biel and Lake Thun whitefish developed an
elevated prevalence of gonad malformations when fed with zooplankton from Lake Thun, while this
did not occur when the fish were fed on dry food. There is no evidence for a ‘genetic predisposition’
of Lake Thun whitefish to develop malformed gonads: malformations in response to zooplankton
feeding were equally developed by whitefish from Lake Thun and whitefish from Lake Biel. Thus,
the increased prevalence of gonad malformations in Lake Thun coregonids is unlikely to represent a
genetic predisposition. This interpretation is supported by the findings of Urbach et al. [41] and Bittner
et al. [35]). Finally, the fact that the prevalence of gonad malformations in Lake Biel whitefish reared in
Lake Thun water and fed with Lake Thun zooplankton did not differ significantly from the prevalence
of gonad malformations in Lake Thun whitefish reared under identical conditions argues against a
contribution of “gene X environment” interaction. Taken together, the experimental data consistently
indicate that the inducing factor for the gonad malformations is contained in Lake Thun zooplankton.
Whitefish are zooplankton feeders, and thus, are vulnerable to any inducing factor being present in the
plankton. As suggested by Bittner et al. [42]) on the basis of transcriptomic analyses, the mechanism
inducing the malformations in the mature gonads could be an autoimmune reaction triggered by
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environmental factors. The possibility that autoimmune reactions can cause gonad morphological
changes of fish has already been discussed by Secombes et al. [20].

The fish in our study experienced a reduced body growth compared to wild fish in the lake.
There were also growth differences between the experimental treatments. These differences were a
consequence of (i) different fish densities in the tanks for which we did not correct, and (ii) different
energetic values of the zooplankton and the dry food. However, it is unlikely that the growth differences
had an influence on the manifestation of gonad changes. First, the prevalence of malformations did not
significantly correlate with body size (Spearman correlation index rs = —0.18), body weight (rs = —0.4),
or age of fish (r; = —0.09). Second, the zooplankton effect was still expressed when comparing
the groups with the slowest growth (Al2SP, Al12SD, AL2TD, AI2TP, and Bi2TP) to those with the
highest growth (AI1LD, AI1SD, BilSD). From these findings, a correlation between growth and gonad
malformations is not evident.

The finding that the development of gonad malformations of whitefish is induced by Lake
Thun zooplankton leads to the question which components of the plankton are responsible for this.
Principally, it could be a biochemical component of the zooplankton, or an environmental substance
accumulated in or adsorbed to the plankton organisms. Biochemical changes in the natural diet as
a cause of disease in wild fish have been described for a number of cases. For instance, thiamine
deficiency was the causative factor of the ‘M74 mortality syndrome’ in Baltic salmon as well as of
the ‘early mortality syndrome (EMS)’ in salmonids of the Great Lakes [43—45]. Similarly, an altered
biochemical composition of the zooplankton was assumed to be responsable for increased mortalities
and intestinal pathologies observed in larval coregonids from Lake Constance [46-48]. One factor that
can cause changes in the biochemical composition of the zooplankton is an alteration of the plankton
species composition. Diversity and abundance of the zooplankton in Lake Thun is continuously
monitored since 1994 [49,50]. The absolute abundance of zooplankton in the lake is moderate, which
reflects the oligotrophic state of the lake with a total phosphorus concentration of < 5 pg-L=!. The yearly
mean values are approximately 250,000 zooplankton individuals per m™2. During the growing
season, zooplankton concentrations can reach values from 300,000 to 700,000 individuals per m2.
The dominating zooplankton species belong to the Calanoida family (Eudiaptomus gracilis, Mixodiaptomus
laciniatus), which constitute 60-90% of the yearly mean abundance of individuals m~2. Cyclopina
species (mainly Cyclops abyssorum) amount for 5 to 15% and cladocerans represent 8 to 28% the number
of individuals m~2. Cladocerans are mainly represented by Daphnia hyalina and Eubosmina spp., and to
a lesser extent by Bythotrephes longimanus and Leptodora kindtii. According to stomach analyses of the
two most abundant coregonid ecotypes in Lake Thun, ‘Albock’ and ‘Brienzlig’, cladocerans represent
the main part of the ingested zooplankton [51]. Among the cladocerans, Daphnia species were found
all over the year in the stomach of whitefish and often covered the major part of the diet. In late spring
and summer, Bythotrephes, and to a lesser extent Leptodora, became an important food item in addition
to Daphnia. In autumn and winter, the proportion of ingested calanoida species such as Eudiaptomus
and Mixodiaptomus but also Cyclopina species such as Cyclops sp. increased and partly represented the
major food items. New or alien zooplankton species were not found in Lake Thun to date. Overall,
from these data, there is no indication of a recent change in the Lake Thun zooplankton community;,
which could give rise to a change in the plankton biochemical composition.

An alternative explanation to a change of the biochemical compositions of the zooplankton as
inducing factor of the gonad malformations would be the accumulation of toxic substances in the
plankton, such as cyanotoxins or anthropogenic contaminants. The ability of cyanotoxins to cause
pathologies in fish is well documented [52,53], but the presence of cyanotoxins in Lake Thun has not yet
been reported. A further argument against cyanotoxins as inducing factor of the gonad malformations
is the absence of liver pathologies in the experimental fish and in coregonids collected from the lake
(Bernet, unpublished), although cyanotoxins are known to cause liver pathologies in fish [54].

Apart from cyanotoxins, zooplankton is known to accumulate lipophilic anthropogenic
contaminants which can be trophically transferred to zooplankton-feeding fish such as coregonids.
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The water quality of the oligotrophic Lake Thun is considered to be good. In line with this is the
fact that the lake is used as a drinking water source. Effluents of wastewater treatment plants
or paper mills, which have been associated with gonad alterations in fish populations elsewhere,
e.g., [55-57], are not released into Lake Thun. Still, the lake water may contain microcontaminants, i.e.,
chemicals which occur in very low concentrations (ng to low pg per liter range) but possess a high
biological potency. Examples of such microcontaminants are endocrine-disrupting compounds (EDCs).
Particularly estrogenic EDCs including natural and synthetic hormones or alkylphenols are known
for their potential to cause gonad pathologies in fish [4,16,27]. Therefore, the water and sediments
of Lake Thun were investigated for contamination by estrogenic EDCs. Bioassays performed with
bile fluid and muscle tissue extracts of whitefish collected in the lake could not find any estrogenic
potential in these samples [58]. Likewise, biomarkers of exposure of fish to estrogenic EDCs such
as vitellogenin were not upregulated in Lake Thun whitefish, neither in fish with normal nor in
fish with abnormal gonad morphology [59]. These field observations suggest that there exists no
relevant exposure to estrogenic EDCs in the lake. Beyond, experimental findings indicated that
the gonad morphology of whitefish is not very sensitive to estrogenic EDCs: long-term exposure
of Lake Thun whitefish to 17(3-estradiol did not induce Lake Thun-typical macroscopical gonad
malformations, but led only to an elevated frequency of microscopic intersex [60]. In the study of
Kipfer et al. [60]), the intersex prevalence of whitefish induced by experimental estrogen exposure was
higher than the percentage of intersex fish found in the lake (up to 30% intersex in the fish exposed
in the laboratory to estrogens versus <5% in wild fish from Lake Thun), a result that corroborates
the findings of the biomarker and bioanalytical studies in field-sampled coregonids [58,59]. Taken
together, these data suggest that estrogenic contaminants are not involved in the etiology of the gonad
malformations. Other contaminants that could be associated with gonad changes in exposed fish
populations include persistent organic pollutants (POPs), which are known to contaminate Lake Thun
via airborne immission [61]. However, coregonids from Lake Thun contain low POP levels in their
tissues and show lower POP bioaccumulation than coregonids from other Swiss and European lakes,
what is not consistent with the presence of gonad malformations only in Lake Thun. Beyond, fishes
with or without gonad pathologies did not differ in their POP tissue burdens [61].

Further potential sources of contaminants in Lake Thun could be deposits of ammunition,
or wastewater effluents from the nearby Loetschberg tunnel works. Ammunition was deposited in
Lake Thun from 1920 until 1963, when the Swiss Army dumped approximately 4600 tons. Chemical
analyses on the presence of trinitrotoluene (TNT) and other selected explosives in water and sediment of
Lake Thun found concentrations in the range of 0.1 to 0.4 ng/L [62,63]). These explosives, however, were
also present and even at four-fold higher concentrations in the water of Lake Biel [62]) where whitefish
do not exhibit gonad malformations. As shown by the present experiment, gonad malformations can
be induced by environmental factors in Lake Biel whitefish; thus, if the explosives were the causative
factor, gonad malformations should be present in the whitefish of Lake Biel as well.

The Loetschberg tunnel works lasted from 1994 to 2006. For the construction of the tunnel, a
wide range of chemical substances was used, for instance various explosives (mainly polyisobutenes)
and concrete plasticizers (mainly naphthalene-sulphonates) and flocking agents for the wastewater
treatment (mainly acryl amides) (Cantonal Office for Water and Soil Protection, unpublished).
The wastewaters of the tunnel works are treated before release into the river Kander, from where
they reach Lake Thun after a 25 km passage. An ecotoxicological exposure and risk analysis came to
the conclusion that chemicals from the tunnel works could be a source of low-level contamination
of the lake. However, the risk assessment was difficult due to the insufficient hazard data for the
compounds used in the tunnel construction [64]. Experimental exposure of developing coregonids
to a few selected chemicals used for the tunnel works did not result in the induction of gonad
malformations [65]. Nevertheless, given the myriads of chemicals being used in the tunnel works,
in partly high amounts, it cannot be excluded that contaminants from that source end up in the Lake
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Thun ecosystem and are transferred via the zooplankton into whitefish, where they may induce the
development of gonad malformations.

In conclusion, coregonids are known to show high levels of phenotypic diversity, which can result
from phenotypic plasticity or from genotypic adaptation [33,35,37]. The fact that the malformations
develop during gonad sexual differentiation of C. spp. [66] would be in line with both mechanisms.
The results of the present study provide strong evidence that the gonad changes are not genotypically
but environmentally induced, more specifically, by factor(s) contained in the zooplankton of Lake
Thun. This result could be confirmed in two independent experiments. Although we are not yet
in a position to identify which component in the plankton is the inducing factor, the findings of
the present study represent an important step forward in understanding the causes of the gonad
malformations in Lake Thun whitefish populations, and they will guide the next research steps in
unraveling this phenomenon.

4. Material and Methods

4.1. Experimental Setup

Testing the factor “genetics”: As genitors, we used whitefish from Lake Thun and Lake Biel.
In contrast to whitefish from Lake Thun, the Lake Biel coregonids do not show an increased frequency
of gonad malformations [32]. Lake Biel belongs to the same catchment area as Lake Thun. It is
situated 78 km downstream of Lake Thun (Figure 3). In Lake Thun, there exist different ecotypes
of whitefish which are locally known as “Albock”, “Balchen”, “Brienzlig”, and “Kropfer” [35,67].
All ecotypes display gonad malformations [39]. For our breeding experiments, we used the abundant,
winter-spawning, pelagic ecotype ‘Albock’. In Lake Biel, there are three whitefish ecotypes present.
All three ecotypes of Lake Biel display no gonad malformations. For our breeding experiment, we used
the “Bondelle” ecotype.

Switzerland, . ¢~
T

Lake Biel Reuss

Lake Lucerne

Thun @ Lake Thun
Aare
Reutigen 1
Spiez i

Faulensee

Figure 3. Map with the geographical situation of the breeding and rearing location, the lakes and the
water sources. Locations in italics denotes lakes and rivers. Bold characters represent the locations of
hatcheries/fish farms used for rearing fish in the experiment.

Testing the factor ‘water”: Three types of water were used for the rearing of the fish: water from
Lake Thun, spring water, and water from Lake Lucerne, which belongs to a catchment separate from
the Lake Thun catchment. Albock” whitefish from Lake Thun were reared in all three water sources,
and “Bondelle” whitefish from Lake Biel were reared in Lake Thun water and in spring water.
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Testing the factor 'food’: Two types of food were tested: zooplankton caught in Lake Thun
(i.e., the natural diet of the fish in the lake), and commercial dry feeds.

Testing interactions: Fish of different genetic origin were exposed to the various combinations of
water and food sources in order to assess whether a given set of environmental factors (water, food) in
combination with one of the two genotypes is able to induce the gonad alterations.

Two potential causative factors of the gonad malformations were not considered in the present
study: first, parasite infections. This factor was excluded since previous parasitological investigations
did provide any evidence that fish with malformed gonads are parasitized [59]. Further, all fish sampled
in the present study were analyzed for parasite infection, and we determined that they were free of
parasite infection. The second factor that was not tested was the influence of the hatchery environment.
Offspring of some ecotypes of Lake Thun whitefish are bred for stocking purposes in hatcheries around
the lake, and it is known that hatchery practices can cause morphological variation [68]. However,
since the gonad alterations are equally present in whitefish ecotypes of Lake Thun that are stocked and
in ecotypes that are not stocked, it is highly unlikely that the hatchery environment has an influence.

The rearing experiments were partly replicated in two consecutive years. The various treatment
groups are summarized in Figure 4. Acronyms and detailed information about the treatment groups
are presented in Tables 1 and 2.

Eirst experiment
Lake Thun ecotype Lake Biel ecotype
«Albock» (Al) genotype «Bondelle» (Bi)

Lake Lucerne (L) spring water (S) “ spring water (S)

dry food (D) plankton () dry food (D} “ dry food (D)

Al1LD Al1sP Al1SD BilsD

(@
Second experiment

Lake Thun ecotype Lake Biel ecotype
wAlbock» (Al) genotype «Bondelle» (Bi)

Lake Thun (T} spring water (S) m spring water (S)  Lake Thun (T)

plankton (¢)  dryfood (D)  plankton (7)  dry food (D) “ dryfood () plankton (p)

Al2TP Al2TD Al2SP Al2SD Bi2sD Bi2TP

(b)

Figure 4. Experimental setup of the rearing experiment to test the factors “water” (spring water as
control group; Lake Thun water; Lake Lucerne water as a second lake from another catchment area),



Fishes 2020, 5, 26 12 of 17

“fish genetics” (fish from Lake Thun—'Albock’ ecotype—and Lake Biel “Bondelle” ecotype—, “feed”
(zooplankton from Lake Thun and commercial dry feed as control). Abbreviations: For the fish
origin: Al = ‘Albock” whitefish from Lake Thun; Bi = fish from Lake Biel. For the water quality:
S = spring water; L = water from Lake Lucerne; T = water from Lake Thun. For the Feed: D = Dry feed;
P = Zooplankton from Lake Thun. Connotations for the groups: genetic origin/water/food, i.e., A11SD
= ‘Albock’” whitefish from Lake Thun, reared in spring water and fed with dry feed. The indexes
“1” and “2” indicate the affiliation of the treatment groups to the first experiment and the second
experiment, respectively. (a) shows the treatments of the first experiment, and (b) shows the treatments
of the second experiment.

4.2. Fish Stripping, Egg Fertilization and Incubation

The experiments started with stripping whitefish collected in either Lake Thun or Lake Biel during
their spawning season in December. This procedure was designed in a way to ensure that (a) offspring
of whitefish from Lake Thun and Lake Biel reared at the three locations were siblings and represented
the same genetic background, and (b) fish were kept during the complete life cycle from fertilization,
incubation and rearing until they reached maturity in the same source of water.

Mature coregonids were caught on their spawning places by gill netting. Fish were transported
alive to the hatchery ‘Faulensee” at Lake Thun, and killed by a blow on the head immediately before
stripping. The area around the genital pore was dried to avoid sample contamination and prevent
pre-term activation of the semen. All genitor fish were measured, weighted and dissected after
stripping. The presence of gonad deformations in the genitor fish was recorded. The number of
parental fish as well as the frequency of gonad deformations among them are indicated in Table 2.

For the fertilization, gametes of each fish were stripped into individual Petri dishes. Eggs from
one female were paired with milt from one male. Prior to fertilization, the egg sample from each
female was subdivided into equal batches for allocation to the individual treatments. Each batch of
egg was fertilized with 10-50 pL milt from a single male. Sperm cells were activated by adding a
few ml of water to the eggs in each batch. The water used for sperm activation corresponded to the
water the eggs were later incubated in. After having started sperm activation, eggs in each dish were
moved smoothly in circles to ensure homogenous milt repartition, and then left undisturbed for 15 to
30 min for swelling. Thereafter, fertilized eggs from one treatment were pooled together in containers
and left undisturbed for at least another one hour for hardening. Thereafter, the containers with the
fertilized eggs were transferred to the respective hatcheries, where the eggs were incubated in Zuger
jars. In the hatchery ‘Faulensee’, the eggs were incubated in water from Lake Thun. In the nearby
hatchery, ‘Reutigen’ the Zuger jars were supplied with spring water. In the hatchery ‘Fluelen” at Lake
Lucerne, the eggs were incubated in Lake Lucerne water.

4.3. Fish Rearing

After hatch, the fishes were transferred into circular 2000 L fiberglass tanks. They were reared in
the same water as used for the fertilization and incubation.

Water temperatures of Lake Thun and Lake Lucerne follow seasonal variation with minimum
values of 2 °C (Lake Lucerne) and 5 °C (Lake Thun), respectively. Maximum water temperature values
amounted to 20 °C (Lake Thun) and 22 °C (Lake Lucerne). Water temperature of the spring water
in the hatchery Reutigen was constantly between 8 to 8.5 °C throughout the year. The tanks were
cleaned daily and dead fish were removed. Fish density in the rearing tanks was regularly adapted in
line with fish growth and biomass increase. Fish densities in the different tanks, however, were not
equalized to each other. Fish of all treatment groups were reared for three years until they developed
mature gonads.
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4.4. Fish Feeding and Zooplankton Sampling

The different treatment groups received either frozen zooplankton from Lake Thun or commercial
dry feed. In the first few months, this was AgloNorse Nr.1 and Nr.2 (EWOS AS, Bergen, Norway) and
thereafter Silvercup 500 to 503 (Hokovit, Biitzberg, Switzerland).

Fry from Lake Thun whitefish, both those incubated in spring water and those incubated in Lake
Thun water, were divided before first feeding into two equal batches to be fed with either zooplankton
or dry feed. Offspring from Lake Biel whitefish reared in spring water received dry food, while their
siblings reared in Lake Thun water were fed with frozen zooplankton. Lake Thun whitefish reared in
Lake Lucerne water received dry food.

Zooplankton from Lake Thun was collected from mid March to the beginning of June, using
a plankton net of 225 um mesh size. This mesh size was employed to exclude cyanobacteria from
the samples. Collected plankton was frozen at —20 °C. Zooplankton was sampled at four locations
in Lake Thun along the northern and southern shore of the middle part of the lake. The amount of
frozen plankton collected in one year sufficed to feed the fish until the plankton sampling season in the
following year of the rearing trial.

4.5. Fish Sampling and Assessment of Gonad Malformations

Sampling took place at 964-1002 days post hatch (Table 2). In terms of day-degrees, fish of the
different treatments were sampled between 8’296 to 10’747 degree-days (Table 2). From every treatment
group, at least 200 fish were sampled—the total number of fishes sampled was 2032. Fish were
euthanized with an overdose of Finquel (Argent Laboratories, Redmont, WA, USA), and afterwards
measured and weighed. The gonads were dissected. The presence of malformations was assessed
macroscopically, following the classification scheme of Bernet et al. [31]. For the analysis, gonad
morphological alterations representing natural variability (cf. [32] and Introduction) were excluded.
To assess the prevalence of microscopical intersex, which cannot be detected macroscopically, the gonads
were preserved in buffered formalin, paraffin-embedded, sectioned, stained with hematoxylin-eosin
and subsequently subjected to histological analyses.

4.6. Statistics

The original data consist of 2032 samples. When excluding the Lucerne fish, which differed in
some treatment aspects from the other groups, there remained a sample size of 1785 animals. For each
sample, the response variable was gonad malformations (130 malformed/1655 normal). The covariates
were sex (856 males/929 females), genetic (599 “Bondelle” whitefish from Lake Biel/1186 “Albock”
whitefish from Lake Thun), food regime (788 fed with Lake Thun zooplankton/997 fed with dry food),
water source (1185 raised in spring water/600 raised in water of Lake Thun), age of fish in days (mean
=983, SD = 18) and the condition index (mean = 0.73, SD = 0.1).

The sample size that would be needed to detect treatment differences was calculated using the
freeware program Win Episcope 2.0 [69]. The level of confidence was set to 95%, with a power of
80%. A sample size of 200 fish per tank turned out to be sufficient to reveal group differences for (a)
the overall malformation frequency and (b) the particular malformation types (exceptions: intersex
gonads, where more than 500 fish per tank should have been sampled to reveal group differences).

For the statistical analysis, we compared two approaches. In the first approach, differences in
gonad malformation frequencies among treatment groups were analyzed using Fisher’s exact test.
Equality of the frequencies for gonad malformations within a treatment group received from the
two trials was tested using Fisher’s Combination Test for Two-Stage Sampling with the formula
Chi2 =}, In(p)*—-2, where p represents the stochastically independent p-values from the pairwise
treatment group testing (Fisher’s exact test), calculated with data from the first and the second trial,
respectively. The degrees of freedom were set at two. Statistical analyses were performed using
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Number Cruncher Statistical Systems (NCSS) 2001 and MS Excel. A p-value of < 0.01 instead of 0.05
was considered significant, because we did not correct for multiple testing.

In the second approach, univariate analysis was used to select the experimental variables to be
integrated in a multivariate logistic regression analysis. The univariate analysis used a chi-square test
for the selection of categorical variables, and a t-test for continuous variables. Based on this analysis,
the variables selected for the logistic regression model were food, water and sex, while genetic strain
was not integrated as no significant difference existed between “Bondelle” and “Albock” with respect
to gonad malformations. The logistic regression identified “food” and “sex” as variables significantly
influencing the response variable “gonad malformations”, with an odds ratio of 6.6 for the plankton
and 3.85 for the males. Overall, the findings of the two statistical approaches agreed well, and therefore
we present in the text only the statistical data of the first approach.
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