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Abstract 
Sperm cryopreservation is routinely used in reproductive medicine, livestock production, and 
wildlife management. Its effect on offspring performance is often assumed negligible, but this 
still remains to be confirmed in well controlled within-subject experiments. We use a 
vertebrate model that allows to experimentally separate parental and environmental effects to 
test whether sperm cryopreservation influences offspring phenotype under stress and non-
stress conditions, and whether such effects are male-specific. Wild brown trout (Salmo trutta) 
were stripped for their gametes, and a portion of each male’s milt was cryopreserved. Then, 
960 eggs were simultaneously fertilized with either non-cryopreserved or frozen-thawed 
semen and raised singly in the presence or absence of a pathogen. We found no significant 
effects of cryopreservation on fertilization rates, and no effects on growth, survival, nor 
pathogen resistance during the embryo stage. However, fertilization by cryopreserved sperm 
lead to significantly reduced larval growth after hatching. Males varied in genetic quality as 
determined from offspring performance, but effects of cryopreservation on larval growth were 
not male specific. We conclude that cryopreservation causes a reduction of offspring growth 
that is easily overlooked because it only manifests itself at later developmental stages when 
many other factors affect growth and survival, too. 
 
Introduction 
Sperm cryopreservation is an important routine in livestock production, human medicine, 
research, and conservation biology [1–6]. It is arguably always harmful to spermatozoa, 
affecting their motility, various aspects of cellular integrity, and often DNA integrity [7,8]. 
However, its widespread use in many taxa, including humans, suggests that effects of sperm 
cryopreservation on offspring performance are usually assumed to be negligible, even if most 
studies in this context focus on embryogenesis and studies on potential effects later in life are 
comparatively rare. Kopeika et al. [8] concluded from their review that, with regard to 
possible long-term effects of sperm cryopreservation, “… there are still insufficient data 
available on the potential impact … on future offspring” (p. 218).  

There are two possibilities how sperm cryopreservation could affect offspring 
performance. First, cryopreservation may induce artificial selection on spermatozoa as not all 
of them survive the freezing and thawing procedures [9]. Such selection could then positively 
or negatively affect mean offspring phenotypes [10,11]. Second, sperm cryopreservation 
could influence offspring development by affecting the genetic and epigenetic information 
that is transmitted to the zygote [7,8]. Such genetic effects are more likely expressed later in 
life than in early embryos, because maternal effects on offspring performance dominate at 
early embryonic stages while paternal effects become more important with increasing age of 
the embryo [12].  

Testing for long-term effects of sperm cryopreservation on offspring performance is 
challenging in most taxa, especially in mammals. If such effects are small compared to the 
usual parental effects on offspring phenotypes [13], maternal and paternal effects on the 
zygote must be experimentally controlled for to be able to detect effects of cryopreservation. 
This is difficult in species with only few offspring. Parental effects must also be 
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experimentally controlled for if they could be confounding, for example, if donors of 
cryopreserved sperm differ systematically from donors of non-cryopreserved sperm. Such 
systematic differences may often exist in livestock production and are especially likely in 
human medicine where sperm cryopreservation is used to treat couples that suffer from 
infertility or to store gametes from donors before they undergo a medical treatment that could 
affect gametogenesis [5,14]. Moreover, cryopreserved sperm are often used in the context of 
fertility treatments that may include, for example, intracytoplasmic sperm injection. Such 
treatments can induce considerable stress to the zygote [15] and need to be experimentally 
separated from potential effects of sperm cryopreservation to learn more about possible 
effects of the latter. Finally, if sperm cryopreservation affects, for example, later maternal-
foetal communication [16,17], differential maternal investment [18] could potentially modify 
the immediate effects that sperm cryopreservation could have on offspring. 

Given the difficulties in determining the long-term effects of sperm cryopreservation 
on progeny, it may not be surprising that studies on the subject often reach contradictory 
findings, especially if based on non-experimental data collected on humans [19][20]. Studies 
on mice (Mus musculus) led to conflicting results, too. On the one hand, different types of 
cryopreserved sperm (i.e. using different protocols) could be used to produce seemingly 
normal offspring [21,22]. On the other hand, Fernández-Gonzalez et al. [23] found that mice 
produced with cryopreserved sperm often have shorter lifespan and higher risk of developing 
tumours or behavioural syndromes. However, effects of cryopreservation could have been 
confounded with effects of intracytoplasmic sperm injection in their study. In fish, no effect 
of sperm cryopreservation on offspring performance could be found in some species [24–29], 
while significant effects on several developmental traits were reported in others [30–33]. In 
the latter case, effects of cryopreservation on potential indicators of offspring fitness were 
sometimes negative [30][31], sometimes positive [32], and sometimes results were mixed 
[33]. Most discrepancies among these studies may be explained by non-sufficient controls of 
potentially confounding parental and/or environmental effects. In some cases, possible effects 
of cryopreservation on embryo viability also need to be disentangled from variation in 
fertilization success [34]. 
 Because main effects of sperm cryopreservation on offspring performance are still 
debated, it may not be surprising that little is known about possible interactions between 
cryopreservation and other factors. It is, for example, possible that effects of sperm 
cryopreservation on offspring performance vary among males or men, which could then 
potentially explain some of the contradictory findings in the literature. Analogously, it is 
possible that interactions exist between effects caused by fertilization by cryopreserved sperm 
and effects caused by the environment of the developing offspring. Such interactions could, 
for example, include environmental stress amplifying the effects of sperm cryopreservation on 
offspring performance. They may even reveal cryptic genetic variation [35].  

An ideal model for testing the effects of cryopreservation on offspring viability would 
be a species with large clutch sizes (to allow for within-subject comparisons while controlling 
for family effects), external fertilization, and no parental care (to control for potential 
differential investment). Cryopreserved and non-cryopreserved sperm of many males would 
have to be tested in within-subject comparisons and simultaneously on the same maternal 
background to test for potential male-specific effects of sperm cryopreservation, and the 
resulting embryos would have to be raised in various conditions to test for possible 
interactions between cryopreservation and the environment of the developing offspring. 
Salmonid fish fulfil these requirements as they are external fertilizers with large clutch sizes 
and show no parental care. We chose the brown trout (Salmo trutta) and sampled wild 
populations to test the effect of sperm cryopreservation on offspring performance for different 
males. Experimental protocols have been developed and successfully used in this species to 
separate parental from environmental effects on different measures of offspring performance 
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[36–39] and large number of independent replicates that allow detecting small effect sizes are 
possible. Moreover, highly effective sperm cryopreservation protocol have been developed 
and successfully tested on this species [40,41].  

Here we test experimentally whether sperm cryopreservation influences offspring 
phenotype under non-stress conditions and under ecologically relevant stress conditions. We 
also test whether sperm donors vary in the genetic quality as determined by indicators of 
offspring performance, and whether genetic quality covaries with the changes that sperm 
cryopreservation may impose on offspring phenotypes. 
 
Methods 
Gametes collection and sperm cryopreservation 
In total 40 males and 10 females were caught by electrofishing on their spawning ground 
from 3 tributaries (Müsche, Gürbe, and Kiese) of the river Aare [42]. These tributaries differ 
in their ecology and host populations that are genetically and morphologically distinct [42]. 
Fish were kept in a hatchery until collection of the gametes. The milt of the males was 
stripped drop by drop into large Petri dishes (145 x 20 mm, Greiner bio-one, Germany). Milt 
from drops that seemed not contaminated by urine or faeces was then transferred into 2 mL 
mini-tubes and stored on ice until further use. Eggs of each female were stripped into 
individual plastic containers and then distributed to 8 Petri dishes (60 x 15 mm; Greiner bio-
one, Germany) where they were fertilized with either cryopreserved or non-cryopreserved 
sperm (see detailed description below). 
 Sperm was cryopreserved using the protocol of Ciereszko et al. [40] that renders 
fertilisation success similar to that of non-cryopreserved milt even at very low sperm to egg 
ratios (down to 110,000:1 [41], suggesting minimal alteration of milt quality). Five hundred 
microliters of milt were diluted on ice at a 1:5 ratio in a solution of 10% methanol and 0.15 M 
glucose in a 2 mL microtube. Then, two 0.5 mL cryostraws (MTG Technologies, Germany) 
were filled with 500 µL diluted milt and sealed. After 10 minutes of equilibration on ice, the 
straws were placed on a floating rack at 1.5 cm above the surface of liquid nitrogen during 15 
minutes. Straws were then plunged into liquid nitrogen until used for fertilisation. 
 
Fertilisation and incubation of embryos 
The experiment was performed in 10 breeding blocks of 1 female crossed with 4 males each 
(i.e. 4 half-sib families per breeding block, 40 families in total). Supplementary Figure S1A 
illustrates such a breeding block and the treatments that were applied first to the sperm and 
later to the embryos. Within each breeding block, in total 96 eggs per female were equally 
distributed to 8 Petri dishes (i.e. 12 eggs per Petri dish). Cryopreserved or non-cryopreserved 
milt of one of the four males each was then added to these eggs, so that each male x female 
combination was produced once with cryopreserved sperm and once with non-cryopreserved 
sperm.  

To thaw the cryopreserved milt, straws were removed from liquid nitrogen, plunged 
30 seconds in water at 25 °C, then put on ice for at least 1 minute. The content of each straw 
was disposed around the assigned eggs in the Petri dishes, carefully avoiding direct contact 
with the eggs. For the controls, 83 µL (corresponding to the absolute volume of milt in a 
straw) of non-cryopreserved milt were disposed analogously around the assigned egg 
samples. Both non-cryopreserved sperm and frozen-thawed sperm were activated on average 
33 minutes post-stripping (range 24 to 52 minutes) by adding 6 mL of Actifish solution (IMV 
Technologies, France) to each Petri dish (500 µL per egg) and gently moving the Petri dish to 
enhance mixing of gametes. After 5 minutes, 5 mL of standardized water (294 mg/L 
CaCl2·2H2O, 123.25 mg/L MgSO4·7H2O, 64.75 mg/L NaHCO3, 5.75 mg/L KCl) [43] was 
added to each Petri dish. The eggs were then allowed to harden for 2 hours. 
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 After hardening, the freshly fertilized eggs were transferred to a climate chamber 
where they were washed following the protocol of von Siebenthal et al. [44]. After washing, 
they were singly distributed into 24-wells plates (Greiner bio-one, Germany) filled with 1.8 
mL/well of autoclaved standardized water (see Figure S1B for the distribution scheme). Plates 
were stored at 6.5 °C under a 12-hours light cycle (no water exchange). Fertilisation success 
was assessed at 14 days post fertilisation (dpf). Eggs were considered fertilized if the spinal 
cord of a developing embryo was visible. The calculation of embryo mortality was based on 
fertilized eggs. 
 
Pathogen culture and inoculation 
At 35 dpf, frozen and dried Aeromonas salmonicida isolated from brown trout (DSM 21281, 
DSMZ, Germany) were rehydrated with 5 mL TSB (tryptic soy broth, Fluka, Switzerland) 
following the instructions of the provider. The suspension was used to inoculate four flasks 
containing each 100 mL of TSB. Flasks were incubated at 22 °C for 24 hours until 
exponential growth phase was attained. Cultures were washed and counted using a Helber 
counting chamber as described in Clark et al. [45]. Bacteria were diluted in standardized 
water and 1% TSB, such that adding 200 µl to individual wells of the 24-well plates (at 36 
dpf) would result in a concentration of 106 cfu per mL in each well (that each contained one 
embryo only). The sham-treated embryos received 200 µL of standardized water only. Half of 
the eggs of each combination of male x female x sperm treatment were exposed to bacteria, 
the other half was sham exposed, i.e. the treatments were full-factorial within each breeding 
block (see Figure S1). 
 
Measurements of embryo traits 
Embryos were daily monitored to record mortality and time until hatching. On the day of 
hatching, larvae were transferred to 12-wells plates (BD Biosciences, United States) filled 
with 3 mL of standardized water per well. Plates were then photographed from below under 
standardized conditions in a custom-made photo box with a Canon 70D (50 mm, f/3.2, 1/400 
s, RAW format) or at 600 dpi with a scanner (EPSON Perfection V37) for larvae 
measurements. Larvae were photographed again 14 days after hatching. The standard length 
of each larvae was measured in ImageJ [46] (Figure S2) by two different experimenters who 
both were naïve with regard to the treatments. The respective measurements were highly 
correlated (length at hatching, n = 604, r2 = 0.89; length 14 days later, n = 547, r2 = 0.95). 
Means of both measures were used for further analyses. Yolk sac volume was calculated as in 
Jensen et al. [47] based on the minor and major axis of the vitellus section. Individual larval 
growth was calculated as the larval length at 14 days post hatching minus the length at 
hatching. Yolk sac consumption was determined as yolk sac volume at hatching minus yolk 
sac volume 14 days later. Some measurements could not be taken because of larval mortality, 
low photo quality, or accidents during handling (see legend in Figure S2). Sample sizes are 
therefore given in the respective figures. 
 
Effect of cryopreservation on sperm motility 
In order to investigate potential effects of the cryopreservation protocol on sperm 
characteristics, 15 further brown trout males were sampled from the same populations. The 
same protocol as before was used for gametes collection and cryopreservation. Fresh sperm 
was diluted at 10% in Storfish (IMV Technologies, France). Frozen sperm was thawed as 
described above. A sample of both fresh and frozen-thawed sperm were activated with 
Actifish in a final dilution ratio of 1:500. Then, 2 µL of activated semen were analysed in a 4-
well chamber slide (Leja, IMV Technologies, France) on a cooling stage set at 6.5 °C. 
Motility of fresh and cryopreserved sperm was analysed with the CASA Qualisperm® 
software (Biophos AG, Switzerland). Motility (percentage of motile cells and fast moving 
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(>100µm/s) cells), concentration (number of cells/mL), and average path velocity (VAP in 
µm/s) were recorded under a phase contrast microscope at 20X magnification 20 seconds 
after activation by the software based on two consecutive measures whose difference was not 
allowed to exceed 10% for concentration and 15% for motility traits.  
 
Statistical analyses 
Paired Student t-tests were used to analyse the effect of cryopreservation on sperm 
characteristics. Mortality and fertilisation success were analysed as binomial variables in 
generalized linear mixed effect models whereas incubation time, length at hatching, yolk sac 
volume at hatching, and larval growth were analysed as continuous variables in linear mixed 
effect models. Mixed models were performed with the lme4 package [48] in Rstudio [49]. 
Pathogen treatment (control or exposure to bacteria) and fertilisation method (cryopreserved 
or non-cryopreserved milt) were entered as fixed effects. For the analyses on larval growth, 
length at hatching was also entered as a fixed effect to control for the initial variation in 
hatching length. Male and female (i.e. breeding block) identity were entered as random 
effects. For some variables, some of the 160 experimental cells (family x pathogen treatment 
x fertilisation method) were empty due to missing values. The respective family was then 
excluded from the corresponding comparison. The significance of an effect was tested by 
comparing a model including or lacking the latter to the reference model. The relative quality 
of models was estimated by the Akaike’s information criterion (AIC), and likelihood ratio 
tests (LRT) were used to assess differences in goodness of fit between models. 
 
Results 
All measures of sperm velocity and motility were negatively affected by the cryopreservation: 
The proportion of motile spermatozoa, fast spermatozoa and the average path velocity were 
reduced after cryopreservation (Figure 1A-C). Fertilisation success was overall very high 
(Figure 1D), and the apparent difference between the non-cryopreserved (95.2 ± 1.9 %) and 
the cryopreserved treatment (94.4 ± 2%) was not significant (Table 1A) and not affected by 
male identity nor breeding block (non-significant interaction terms in Table 1A).  
 Breeding blocks by themselves had no significant effects on fertilization success 
(Table 1A) but affected all other measured traits (Tables 1, 2 & Table S1). Male identity had a 
significant effect on fertilization success (Table 1A, C), hatching time (Table 1C), length at 
hatching (Table 2A), and on larval growth (Table 2C) when taken in consideration with larval 
size at hatching (l x m interaction in Table 2C; Figure S6), but not on the other traits 
measured. Importantly, larvae of parental sib groups that hatched later tend to be smaller than 
the ones that hatched earlier, i.e. male identity had a significant effect on embryo growth 
(Figure S3). 

Offspring produced with cryopreserved sperm did not suffer significant extra mortality 
compared to their siblings at any stage (Table 1B, Table S1A-B; Figure S4A-C), but they 
hatched slightly earlier than those produced with non-cryopreserved sperm (Table 1C; Figure 
S4D). Sperm cryopreservation treatment did not significantly affect larval length at hatching 
(Table 2A, Figure 2A) nor its initial yolk sac volume (Table 2B, Figure S5A), and yolk sac 
consumption over the 14 days was not significantly affected by the treatment of the sperm 
(Table S1; Figure S5B). However, larvae produced with cryopreserved sperm showed 
reduced growth (-4.2%) compared to their full sibs fertilized with non-cryopreserved sperm 
(Figure 2C, Table 2C). The effect of sperm treatment did not significantly interact with any 
other term for any of the traits we investigated (Tables 1, 2 & Table S1). 
 Exposure to the pathogen caused strong effects on embryos. Embryo mortality was 
about four times higher for embryos exposed to A. salmonicida than for sham-exposed 
embryos (Table 1B; Figure S4A). After transfer of the freshly hatched larvae to sterile new 
plates, pathogen-linked larval mortality dropped below the one observed in the controls 
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(Table S1A; Figure S4B), but the cumulative pathogen-induced mortality was still 1.8 times 
higher at the end of the experiment (Table S1; Figure S4C). Embryos exposed to the pathogen 
also hatched later (Table 1C; Figure S4D) and at smaller size (Table 2A; Figure 2B) than their 
sham-treated siblings despite having similar yolk sac sizes at hatching (Table 2B; Figure 
S5A). The pathogen stress reduced larval growth by about 3.6% compared to the controls 
(Figure 2D; Table 2C), and both, growth and pathogen stress, affected yolk consumption (g x 
p interaction in Table S1C; Figure S7). Breeding block affected tolerance to A. salmonicida 
with regard to mortality at the embryonic stage, hatching time, and cumulative mortality after 
2 weeks of growth (see p x b interactions in Tables 1B-C and Table S1B), but not for length 
at hatching, yolk volume at hatching or consumption, and larval growth (Table 2A-C, Table 
S1C). Males identities significantly affected pathogen-induced changes in hatching time 
(Table 2C) and cumulative mortality as determined 2 weeks after hatching (Table S1B).  

Importantly, no measure of pathogen virulence was enhanced as a consequence of 
being fertilized by cryopreserved sperm. There was no significant interaction between the 
pathogen treatment and the sperm treatment in any of the studied traits (see p x c interactions 
in Tables 1 & 2, Table S1). 
 
Discussion 
We tested experimentally whether sperm cryopreservation affects offspring performance in 
the presence or absence of environmental stress, and if so, whether such effects are male 
specific. We did not find significant effects of cryopreservation on embryo mortality, on 
embryo tolerance to infection, nor on embryo growth until hatching. However, we found 
significant effects on larval development after hatching. Larvae produced with cryopreserved 
sperm grew on average about 4.2% slower than their siblings produced with non-
cryopreserved sperm despite using up their yolk sac content at a similar rate. This will lead to 
a smaller size at, and/or a delayed time of, emergence from gravel when larvae have used up 
their yolk and start exogenous feeding. These two variables can be fitness-relevant in 
salmonids. Size at emergence affects competition for feeding territories [50,51], and mortality 
due to predation or hydroclimatic events is often size selective [52]. 

The deleterious effect of cryopreservation that we found at the larval stage was 
independent of the environmental stress the embryos had been exposed to, i.e. we found no 
significant interaction between the sperm treatment and the effect of the pathogen. However, 
we found significant additive genetic variance for tolerance to the pathogen. Some males 
produced offspring that seemed less affected by the pathogen than others. Despite this genetic 
diversity, and despite significant genetic divergence between the populations the males were 
sampled from [42], the offspring of all males reacted similarly to cryopreservation.  
 We used an experimental design and a model organism that will reveal even small 
genetic effects if they exist. Such effects are difficult to demonstrate in internal fertilizers 
where genetic effects need to be disentangled from maternal effects that include, for instance, 
differential maternal investment [18]. Our within-male comparisons also allowed us to 
disentangle genetic from environmental effects. Salmonid males only fertilize eggs and show 
no parental care, hence the paternal effect on a given offspring phenotype is a useful proxy of 
additive genetic variance [53,13,54]. In order to detect genetic effects, we raised large 
numbers of embryos singly, keeping track of their pedigree, exposure to treatments, and of 
their individual performance. The statistical power given by such experimental setups could 
be used in previous studies to demonstrate genetic variance for tolerance to various types of 
biotic and abiotic stressors [44,37,55,12] or to demonstrate that there is no significant additive 
genetic variance for tolerance to an environmental stressor [39]. Moreover, we used males 
that vary genetically (the significant sire effects in our models). We therefore argue that we 
had the genetic diversity, the experimental design, and the statistical power to detect relevant 
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additive genetic variance for tolerance to cryopreservation if it existed, i.e. the likelihood of a 
type II error (false negative) is small in our case. 

As expected [7,8], cryopreservation reduced sperm motility and viability. Nonetheless, 
we obtained fertilization rates that were very close to that of fresh sperm by using a protocol 
developed by Ciereszko et al. [40], tested before in our group on brown trout [41], and rated 
as the most promising protocol for salmonids by Judycka et al. [56] in their recent review. As 
also expected (see Introduction), we did not find any deleterious effect of sperm 
cryopreservation on early embryo viability nor on early development. However, 
cryopreservation affected larval development. Because sperm cryopreservation is a procedure 
that includes dilution of sperm in an extender, equilibration, freezing, storage usually over 
longer periods, and thawing for final use, it remains to be shown which step(s) in the protocol 
is/are responsible for the observed effects on offspring growth. If storage time creates such 
negative effects, the short time frame used in our study would lead to an underestimation of 
the effects that would be relevant in medicine and population management.  

Previous breeding experiments with gametes from the study populations or from 
populations within the same drainage system [42] concluded that males differ in their genetic 
quality [57,45,37,58,59]. Here, we found again evidence for variation in genetic quality 
among males within wild populations: the offspring of some males grew faster and hatched 
earlier than the offspring of other males. However, the negative effects of cryopreservation on 
larval development seemed not mitigated by an overall good genetic quality (‘good genes 
effects’; [13]) of the sperm donor. We found no male effect on the tolerance to damage 
induced by cryopreservation. 
 We suggest two possible explanations for the observed effect of cryopreservation. 
First, cryopreservation could select against certain types of spermatozoa in the milt sample 
(the “sperm selection hypothesis”). There is typically much phenotypic variation among the 
sperm of an ejaculate, and this variation often clusters into several identifiable sub-
populations of sperm [60,61]. The proportion of these sub-populations in the milt seems 
typically affected by cryopreservation, and the factors responsible for this differential 
tolerance to cryopreservation are not clear yet [60]. However, for such an effect of selection 
to translate into variation in offspring phenotype, there need to be a relationship between 
sperm phenotype and factors that affect offspring growth. Such relationships have been 
observed in various taxa [10][11][62][63]. Considering the evidence for haploid selection 
[64], it is therefore possible that the effect we detected is due to cryopreservation-mediated 
selection against certain sperm phenotype and the haplotypes carried by these sperm.  
 Second, cellular damage induced by cryopreservation could affect offspring phenotype 
(the “cryodamage hypothesis”). Cryodamage is well documented and can be due to 
physicochemical stress [65]. It can affect the cellular integrity [65], the sperm DNA integrity 
[66,67], the sperm epigenome [68], and the sperm transcriptome [69,70]. DNA integrity can 
vary due to genotoxic products released during freezing-induced membrane peroxidation 
[65,71]. Sperm with damaged DNA can be viable and fertilize eggs [72], but there can also be 
selection against them, for example, in the mouse by the female reproductive tract and/or the 
zona pellucida [73]. The zygote may be able to repair some degree of DNA fragmentation 
[72,74,75], but cryodamage could still have consequences for the offspring [66,76,77]. Such 
consequence could be species specific [67]. So far, there seems to be little consensus in the 
literature about cryopreservation-mediated DNA fragmentation in humans and its effect on 
the progeny [14]. Moreover, cryodamage may not only affect genomic DNA. There is 
growing evidence that non-genomic information is transmitted by sperm to the embryo in 
various mammals [78] and that paternal epigenome can play a role during development 
through at least six ways [79]. This epigenetic information can play a role in embryo 
development [80] and can affect embryo phenotype [81]. Importantly, such non-genomic 
information can also be altered by cryopreservation [70]. 
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These two hypotheses lead to predictions that can be tested with our observations. In 
the cryodamage hypothesis, one possibility is that cryopreservation affects the genome 
randomly. We would then expect genes involved in larval growth and in pathogen resistance 
to be about equally affected. However, we found no significant interaction between the sperm 
treatment and the pathogen treatment, suggesting that genes may be differentially affected by 
cryopreservation based on their location in the nucleus, on their size, or on other aspects that 
make them susceptible to damage [82,83]. Indeed, Fernández-Díez and Herráez [69] found 
that DNA damage induced by cryopreservation mostly affected the transcription of genes 
related to metabolic and cellular processes. Future studies could explore the possible links 
between an induced loss of DNA integrity, offspring growth, and tolerance to infection in 
brown trout. 

The sperm selection hypothesis predicts a relationship between sperm phenotype and 
the genetic or non-genetic information it carries, but it remains unclear what type of sperm-
mediated information would be selected. One possibility is that post-thaw sperm viability, i.e. 
tolerance of sperm to cryopreservation, reveals mainly haploid information linked to 
development [10][11]. Our observations seem to support this possibility, as sperm 
cryopreservation affected offspring growth but not their tolerance to the pathogen. However, 
further studies will be necessary to test the sperm selection hypothesis. 
 To conclude, we demonstrate that milt cryopreservation affects offspring performance 
at a late stage of development, i.e. after the first developmental stages that have typically been 
considered for the validation of cryopreservation. In these earlier developmental stages, 
cryopreservation shows no significant damaging effects and does not even affect the tolerance 
to an infection. The late effects of cryopreservation seem independent of variation in overall 
genetic quality among males, i.e. they seem unlikely to be mitigated by ‘good genes’ effects. 
Sperm cryopreservation reduces the average genetic quality or the haplotype diversity as 
compared to fresh sperm. Further studies are necessary to evaluate the consequences and the 
applicability of our findings for the use of sperm cryopreservation in reproductive medicine, 
livestock production, and conservation biology.  
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Tables 
Table 1. Treatment effects on embryo traits. Likelihood ratio tests comparing generalized 
linear mixed-effects models on (A) fertilisation success and (B) embryo mortality, and (C) 
linear mixed-effects models on hatching time. Models including or lacking the term of 
interest were compared to the reference model in bold. Significant p-values are highlighted 
with bold letters. 
 
Model terms Effect tested AIC d.f. c2 P 

A) Fertilisation success     
c+m+b  261 4   
c+m b 261 3 2.1 0.14 
c+b m 321 3 62.5 <0.001 
m+b c 259 3 0.8 0.37 
c+c|m+ b c x m 264 6 0.3 0.87 
c+m+c|b c x b 263 6 0.4 0.83 

B) Embryo mortality     
p+c+m+b  625 5   
p+c+b b 657 4 34.4 <0.001 
p+c+b m 623 4 0.5 0.48 
p+c+m+b c 623 4 0.1 0.75 
c+m+b p 734 4 111.6 <0.001 
p+c+m+c|f c x b 629 7 0.1 0.97 
p+c+m+p|b p x b 613 7 15.6 <0.001 
p+c+c|m+t c x m 628 7 0.2 0.90 
p+c+p|m+b p x m 624 7 4.8 0.09 
p+c+p:c+m+b p x c 625 6 1.5 0.21 

C) Hatching time     
p+c+m+b  2900 6   
p+c+b b 2906 5 7.9 0.005 
p+c+b m 2918 5 19.2 <0.001 
p+m+b c 2904 5 5.6 0.02 
c+m+b p 2931 5 32.8 <0.001 
p+c+m+c|b c x b 2904 8 0 1.0 
p+c+m+p|b p x b 2894 8 10.0 0.007 
p+c+c|m+b c x m 2917 8 0 1.0 
p+c+p|m+f p x m 2891 8 13.7 <0.001 
p+c+p:c+m+b p x c 2902 7 0.2 0.68 

Fixed effects: p, pathogen treatment; c, cryopreservation; Random effects: m, male; b, breeding block 
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Table 2. Treatment effects on larval traits. Likelihood ratio tests comparing linear mixed-
effects models on (A) length at hatching, (B) yolk sac volume at hatching, and (C) larval 
growth. Models including or lacking the term of interest were compared to the reference 
model in bold. Significant p-values are highlighted with bold letters. 
 
Model terms Effect tested AIC d.f. c2 P 

A) Length at hatching      
p+c+m+b  821 6   
p+c+m b 851 5 32.1 <0.001 
p+c+b m 828 5 9.4 0.002 
p+ m+b c 819 5 0.2 0.61 
c+m+b p 866 5 47 <0.001 
p+c+m+c|b c x b 820 8 4.8 0.09 
p+c+m+p|b p x b 823 8 2.2 0.34 
p+c+c|m+b c x m 824 8 0.5 0.79 
p+c+p|m+b p x m 832 8 0 1.0 
p+c+p:c+m+b p x c 821 7 2.2 0.14 

B) Yolk volume at hatching     
p+c+m+b  4273 6   
p+c+m b 4362 5 90.8 <0.001 
p+c+b m 4271 5 0 1.0 
p+m+b c 4272 5 0.8 0.36 
c+m+b p 4272 5 1.0 0.33 
p+c+m+c|b c x b 4273 8 4.0 0.13 
p+c+m+p|b p x b 4276 8 1.4 0.49 
p+c+c|m+b c x m 4275 8 2.0 0.37 
p+c+p|m+b p x m 4277 8 0.2 0.91 
p+c+p:c+m+b p x c 4275 7 0.1 0.72 

C) Larval growth     
l+ p+c+m+b  488 7   
l+p+c+m b 492 6 6.0 0.01 
l+p+c+b m 488 6 2.4 0.12 
l+p+ m+b c 491 6 5.2 0.02 
l+c+m+b p 489 6 3.5 0.06 
p+c+m+b l 486 6 0.3 0.56 
l+p+c+m+c|b c x b 492 9 0.2 0.91 
l+p+c+m+p|b p x b 491 9 1.2 0.54 
l+p+c+m+l|b l x b 490 9 1.6 0.46 
l+p+c+c|m+b c x m 492 9 0.4 0.83 
l+p+c+p|m+b p x m 492 9 0.1 0.95 
l+p+c+l|m+b l x m 483 9 8.5 0.01 
l+p+c+p:c+m+b p x c 490 8 <0.1 0.84 
l+p+c+l:c+m+b l x c 488 8 1.5 0.23 
l+p+l:p+c+m+b l x p 490 8 <0.1 0.99 

Fixed effects: p, pathogen treatment; c, cryopreservation; l, length at hatching; Random effects: m, 
male; b, breeding block 
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Figure 1 Effect of cryopreservation on sperm quality indicators: (A) motility (paired t-test: t14 
= 12.1, p < 0.001), (B) percentage of fast progressive sperms (t14 = 9.7, p < 0.001), and (C) the 
average path velocity VAP (t14 = 2.3, p = 0.04). Panel (D) shows the fertilization success of 
the 40 males used in the breeding experiment, based on 2 x 12 eggs per male (see Table 1A 
for statistics). Plots show means and 95% confidence intervals for non-cryopreserved sperm 
(empty bars or symbol) and cryopreserved sperm (filled bars or symbol). Asterisks indicate 
the levels of significance (***p<0.001, *p <0.05; “ns” = not significant). 
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Figure 2. Effects of (A & C) sperm cryopreservation and (B & D) exposure to pathogen on 
(A & B) larval length at hatching and (C & D) larval growth during 14 days after hatching. 
The figure gives the means and 95% CI (based on family means) and the total number of 
larvae that could be measured per treatment group. Asterisks indicate the levels of 
significance (***p<0.001, *p <0.05; “ns” = not significant). See Tables 2A and C for 
statistics. 
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Table S1. Likelihood ratio tests comparing linear mixed-effects models on (A) larval mortality, 
(B) the cumulative mortality (i.e. embryo plus larval mortality), and (C) yolk consumption. 
Models including or lacking the term of interest were compared to the reference model in bold 
to determine the significance of the effect tested (in (C), growth was also entered as a fixed 
effect in the reference model). Significant p-values are emphasised in bold letters. 
 
Model terms Effect tested AIC d.f. c2 P 

A) Larval mortality     
p+c+m+b  458 5   
p+c+b b 479 4 22.8 <0.001 
p+c+b m 458 4 1 0.31 
p+c+m+b c 457 4 0.5 0.48 
c+m+b p 466 4 9.2 0.002 
p+c+m+c|f c x b 462 7 0.3 0.88 
p+c+m+p|b p x b 462 7 0.3 0.86 
p+c+c|m+t c x m 461 7 1 0.59 
p+c+p|m+b p x m 462 7 0.5 0.79 
p+c+p:c+m+b p x c 460 6 0 0.83 

B) Cumulative mortality     
p+c+m+b  974 5   
p+c+b b 992 4 19.1 <0.001 
p+c+b m 975 4 2.1 0.15 
p+m+b c 973 4 0.6 0.45 
c+m+b p 1005 4 33 <0.001 
p+c+m+c|b c x b 978 7 0.2 0.91 
p+c+m+p|b p x b 945 7 33.4 <0.001 
p+c+c|m+b c x m 978 7 0 0.99 
p+c+p|m+f p x m 967 7 11.2 0.004 
p+c+p:c+m+b p x c 976 7 0.3 0.60 

C) Yolk consumption     
g+p+c+m+b  3432 7   
g+p+c+m b 3438 6 8.4 0.004 
g+p+c+b m 3431 6 1.3 0.25 
g+p+m+b c 3431 6 0.9 0.33 
g+c+m+b p 3432 6 2 0.16 
p+c+m+b g 3440 6 10.6 0.001 
g+p+c+m+t|b p x b 3433 9 2.1 0.34 
g+p+c+m+c|b c x b 3435 9 0.5 0.80 
g+p+c+m+g|b g x b 3423 9 12.7 0.002 
g+p+c+p|m+b p x m 3433 9 2.7 0.25 
g+p+c+c|m+b c x m 3435 9 0.3 0.86 
g+p+c+g|m+b g x m 3412 9 23.1 <0.001 
g+p+c+t:c+m+b p x c 3432 8 1.2 0.27 
g+p+c+g:p+m+b g x p 3429 8 4.5 0.03 
g+p+c+g:c+m+b g x c 3433 8 0.5 0.49 

Fixed effects: p, pathogen treatment; c, cryopreservation; g, growth; Random effects: m, male; b, 
breeding block 
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Figure S1. Experimental design. (A) Schematic representation of a breeding block (1 female 
crossed with 4 males) and the treatments applied to the sperm (NC: non-cryopreserved; C: 
cryopreserved) and to the fertilized eggs (sham exposed vs. pathogen exposed). (B) 
Illustration of how the eggs of a breeding blocks were distributed to the 24-well plates for 
incubation. The 96 fertilized eggs were distributed to 4 24-well plates, such that each sire was 
equally represented per plate (one row per sire), and half of the embryos per plate had been 
fertilized by cryopreserved sperm (i.e., the first three columns of eggs), the other half by non-
cryopreserved sperm. All embryos of 2 plates each were exposed to the pathogen, the 
remaining embryos were sham-exposed. This design was replicated for all breeding blocks. 
In two of the 40 experimental families, one and two eggs were accidentally lost during the 
handling. We therefore incubated one additional egg each of three other families to avoid 
empty wells in the 24-well plates. 
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Figure S2. A larva photographed on (A) its hatching day and (B) fourteen days later. Body 
length and yolk sac volume at hatching could only be determined for 604 and 639, 
respectively, of in total 751 larvae that had hatched, because the hatching date was in some 
cases accidentally missed, some larvae were lost during handling, or because of low photo 
quality due to the position of the larvae within the well. At day 14, the number of hatchlings 
whose body length and yolk sac volume could be determined were 547 and 555, respectively. 
The missing values were due to low photo quality or mortality between hatching and day 14. 
Apart from larval mortality (see Table S1), these missing data were about equally spread over 
treatments and males (likelihood ratio tests comparing generalized linear mixed-effects 
models that are analogous to Table S1, testing the effects of cryopreservation (c2 = 3.1), 
pathogen treatment (c2 = 3.1), and male (c2 = 0.01) on missing values not due to larval 
mortality: p always > 0.05).  
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Figure S3. The effects of male (sire) identity on embryo growth, balanced for treatments per 
paternal sib group (i.e. means of the means of the four experimental cells each). The figure 
shows the mean larval length at hatching per paternal sib group as predicted by the mean time 
of hatching per paternal sib group (regression line; n = 40, r = -0.33, p = 0.04).  
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Figure S4. The effects of cryopreservation and pathogen exposure on (A) embryo mortality, 
(B) larval mortality, (C) cumulative embryo and larval mortality, and (D) hatching time. 
Empty and filled symbols represent embryos produced with non-cryopreserved sperm or 
cryopreserved sperm, respectively. The panels show means and 95 % confidence intervals 
(based on family means). Asterisks indicate the levels of significance (***p<0.001, *p <0.05), 
and ns means not significant. See Tables 1 and S1 for the statistics. 
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Figure S5. The effect of cryopreservation and pathogen exposure on (A) yolk sack volume at 
hatching and (B) yolk consumption during 14 days. Empty and filled symbols represent 
embryos produced with non-cryopreserved sperm or cryopreserved sperm, respectively. The 
panels show means and 95 % confidence intervals (based on family means). See Table 2 and 
S1 for statistics (“ns” means not significant). 
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Figure S6. Effect of length at hatching on larval growth during 14 days for each male, 
illustrated by each grey line. Slopes are based on the linear mixed effect model coefficients. 
See Table 2 for statistics.  
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Figure S7 Effect of larval growth during 14 days on yolk consumption during the same time. 
The black bold line shows the main effect of growth on yolk consumption, each dashed black 
line shows the same effect within each block and each grey line shows the same effect for each 
experimental male. Colored lines show the effect of growth on yolk consumption when larvae 
were exposed to the pathogen (red) or sham-treated (blue). Slopes are based on the linear mixed 
effect model coefficients. See table S1 for statistics. 
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