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A B S T R A C T   

Limited knowledge exists about the residing microbiome in gamete-related samples in fish. A potential effect 
between the seminal microbiome composition and sperm quality traits has been previously suggested in humans 
and livestock. Using a metabarcoding approach, we aimed to gain insights into the structure of the residing 
prokaryotes and microbial eukaryotes in ovarian fluid (n = 10) and milt (n = 84) from farmed Arctic charr - a 
species with highly variable reproductive success in captivity. In addition, sperm quality traits were recorded on 
the sampled males to investigate potential associations with the residing seminal microbiome. Higher microbial 
diversity was found in the ovarian fluid compared to the milt habitat. Even though the residing microbiome 
showed distinct differences between the two habitats, substantial overlap was observed, with >70% of the milt 
core microbiome being found in the ovarian fluid habitat. Statistically significant associations were found be-
tween the Shannon diversity index and sperm motility-related traits. Additionally, a fungal operational taxo-
nomic unit (OTU) potentially belonging to the Leotiomycetes class was associated with sperm concentration and 
motility. Overall, our study documents the microbiome structure of gamete-related samples from Arctic charr. 
Even though some associations were obtained between sperm quality parameters and either microbiome di-
versity or with a fungal OTU, follow-up studies on a larger scale with more tank replicates are needed to confirm 
the robustness and causality of these relationships.   

1. Introduction 

Reproduction in captivity is an essential prerequisite for any animal 
production system. Aquaculture is the fastest-growing food sector, 
increasing on average by >6% per year since the early nineties, with a 
global production that exceeds 110 million tonnes (Tacon, 2019). To 
cover the protein needs of the expanding human population and if we 
are to reach the United Nations Sustainable Development Goals by 2030, 
a substantial boost of global aquaculture production will be required 
(Naylor et al., 2021). Nevertheless, the above goals can only be fulfilled 
if the farmed animals produce high-quality and fertile gametes under 
captive conditions (Mylonas et al., 2010). 

A decline in reproductive success in captivity appears to be a com-
mon phenomenon for terrestrial and aquatic animals. Notably, a most 
striking decrease in reproductive performance is common in the case of 

farmed fish (Farquharson et al., 2018). Additionally, since farmed fish 
are characterised by exceptionally high fecundity, especially compared 
to livestock, many fish farms can achieve their short-term production 
goals using a low number of broodfish (Villanueva et al., 2022). Even 
though a low inbreeding accumulation can have positive effects on 
fitness (Kokko and Ots, 2006), the above practices run the risk of 
resulting to inbreeding depression (Hely et al., 2013). Current knowl-
edge suggests that reproduction-related traits in livestock are amongst 
the first to be negatively affected by inbreeding depression (Doekes 
et al., 2021). However, no conclusive evidence exists regarding the 
underlying causes of the reduced reproductive success in farmed fish. 
Environmental parameters (most prominently water temperature), 
broodfish nutrition, and underlying genetic and epigenetic factors have 
been previously pinpointed as affecting fertility in farmed fish (Cabrita 
et al., 2014; Migaud et al., 2013). Yet an underexplored parameter 
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thought to affect male fertility in fish (Bates and Tiersch, 1998) is the 
bacterial composition of the milt. 

In recent years, particular emphasis has been placed on deciphering 
the microbiome composition in humans and animals, aiming to identify 
beneficial or harmful associations with fitness or health-related traits 
(Foo et al., 2017). The advent of high-throughput sequencing technol-
ogies, in particular, has allowed unprecedented insights into both 
taxonomic and functional aspects of microbes, facilitated the study of 
host-microbiome interactions and opened avenues for microbiome 
bioengineering (Wei et al., 2019). Regarding the latter, due to the often 
tied connection between host genotypes and the microbiome’s diversity 
and abundance (Li et al., 2019), selecting directly on them appears to be 
a promising bioengineering approach (Raaijmakers and Mazzola, 2016). 
Notably, production efficiency in livestock has been linked to the 
composition of the ruminal microbiome (Myer et al., 2015). Though no 
conclusive inference can be drawn yet, the host’s microbiome has been 
suggested to play a role in reproductive success in humans and animals 
(Comizzoli et al., 2021; Farahani et al., 2021). 

In general, we have minimal knowledge about specific traits directly 
affected by the composition of the host’s microbiome in farmed fish. To 
date, most of microbiome research in fish has been centred on the gut 
focusing in many cases on diet effects and potential associations with 
fitness and health traits (Luna et al., 2022). To the best of our knowl-
edge, no prior study ever attempted to investigate the impact of the host 
microbiome on the reproductive success of any farmed fish. Therefore, 
characterising and understanding the role of the microbiome in fish 
gamete fluids could provide valuable insights. 

Arctic charr (Salvelinus alpinus) has high commercial value for the 
Nordic aquaculture industry. This species is particularly suitable for 
farming across the Holarctic region mainly due to its superior ability to 
grow at low water temperatures compared to some of the most popular 
cold-water aquaculture species like Atlantic salmon (Salmo salar) or 
rainbow trout (Oncorhynchus mykiss) (Elliott and Elliott, 2010). Never-
theless, a highly variable reproductive success in captivity hampers the 
industry’s expansion (Olk et al., 2019). Current knowledge suggests that 
reproductive success in Arctic charr is affected by water temperature 
even during months outside the reproductive season (Nilsson et al., 
2016), physiological attributes like the age of each broodfish (Jeuthe 
et al., 2013), nutritional factors like fatty acid composition of the pro-
vided diet (Pickova et al., 2007) and underlying genetic factors (Olk 
et al., 2019). Recent studies demonstrated the existence of the latter as 
Arctic charr from different families, while being reared in identical 
environmental conditions and fed the same diet, displayed highly vari-
able levels of reproductive success and gamete quality (Kurta et al., 
2022; Palaiokostas et al., 2020). As microbiome breeding is a promising 
avenue for increasing productivity in farmed set-ups (Mueller and 
Linksvayer, 2022), it would be worth investigating whether the micro-
bial composition and abundance in gamete-related host samples play a 
role in fertility (Mueller and Linksvayer, 2022). Furthermore, as no in-
formation is available about the residing core microbiome in gamete- 
related body fluids on any fish, novel knowledge can be gained. 

In the current study, we performed 16S and 18S rDNA sequencing on 
milt and ovarian fluid samples from Swedish Arctic charr and profiled 
the residing communities of bacteria and microeukaryotes in both 
habitats. Furthermore, in the case of the milt samples, sperm quality 
parameters were recorded, and potential associations with the residing 
seminal microbiota were explored. As such, additional hypotheses were 
tested: To what extent, if any, do differences in the water temperature 
affect the milt microbiome structure? Does inbreeding accumulation 
affect the milt microbiome structure? Are there any links between sperm 
traits and the residing microbiome structure? 

2. Methods 

2.1. Collection of milt and ovarian fluid 

Male and female Arctic charr from the Swedish breeding program 
were used in our study. Sampling took place in October 2020 at the 
facilities of Aquaculture Centre North (ACN, Kälarne, Sweden). The 
studied fish were reared in concrete tanks (12 m3, ~1 m depth) and 
supplied with water from the nearby lake Ansjön. Animals were fed 2% 
of the body weight per day with Vitalis feed (Skretting, Tooele, UT, USA) 
with an automatic feeding system (Arvo-Tec Oy, Huutokoski, Finland). 
The sampled males were reared in two tanks with ambient (n = 69) or 
cooled (n = 15) water temperature. More specifically, in the latter case, 
a water-cooling system was used (from July to November), resulting in a 
drop in water temperature by 3◦C compared to the ambient one. During 
the sampling period, the ambient water temperature ranged from 10.6◦C 
to 4.8◦C, while in the water-cooling case, it ranged between 7.7 ◦C and 
4.3 ◦C. For females, ambient water temperature was used (Fig. 1). 
Stocking densities were similar across all three tanks, equal to approx-
imately 15 kg/m3. 

During sampling, tricaine methanesulfonate (MS-222, Sigma 
Aldrich, St. Louis, MO, USA) was used to anaesthetise the fish (0.15 
gl− 1). After that, ovarian fluid and milt were collected in 10 ml 
disposable cups through manual stripping. Overall, ovarian fluid from 
10 females and milt from 84 males was collected. All sampled animals 
were of the same age (3+ years) and inbreeding coefficients were 
available for all males in the study (Kurta et al., 2022). 

Moreover, in the case of milt, sperm quality parameters related to 
motility were recorded the same day as stripping at the on-site labora-
tory of ACN, as described in (Kurta et al., 2022). Specifically, sperm 
motility-related parameters were recorded using a computer-aided 
sperm analysis (CASA) system equipped with the SCA® Motility imag-
ing software v6.5 (Microptic, Barcelona, Spain). CASA measurements for 
each sample were taken 2–3times using 20 μm-depth slides with two 
counting chambers (CellVision, Heerhugowaard, Netherlands). Before 
loading the sample, the slides were pre-cooled at 8◦C. Sperm motility 
parameters were recorded at 15 s after activation with water, using a 
frame rate of 100 fps with recordings every 5 s (50 frames). The recorded 
parameters were: total motility (TM, %); total medium motility (%); 
total rapid motility (%); sperm velocity: average path velocity (VAP, 
μm/s), curvilinear velocity (VCL, μm/s) and straight-line velocity (VSL, 
μm/s). The minimum velocity for sperm cells to be considered motile 
was set to VCL ≥ 20 μm/s (Kurta et al., 2022). 

Finally, the sperm concentration of each sample was measured using 
a NucleoCounter® SP-100™ (Chemometec, Allerod, Denmark). Sperm 
samples were diluted at 1:1000 with a lysis buffer (20 μl sample and 20 
ml buffer; Reagent S-100, Chemometec, Allerod, Denmark). After that, 
the built-in setting for analysing bull sperm was used; shown to be 
suitable for estimating sperm concentration in fish as well (Nynca and 
Ciereszko, 2009). 

2.2. Library preparation and sequencing 

DNA from 94 samples (84 milt; 10 ovarian fluid) was extracted with 
the Power Soil kit (Qiagen) according to the manufacturer’s instructions 
using a Kingfisher Flex extraction robot (ThermoFisher). Each sample 
was PCR amplified in triplicates using Ready-To-Go (RTG) PCR beads 
(Cytiva) with the 18S-EUK581-F and 18S-EUK1134-R primers. For 18S 
sequencing, the following cycling conditions were used: 95 ◦C for 5 min, 
40 PCR cycles of 95 ◦C for 30 s, 51 ◦C for 30 s incubation, 72 ◦C for 45 s 
and then a final elongation step at 72 ◦C for 8 min. 

In the case of 16S sequencing, the 16S–341F and 16S-805R primers 
were used. The cycling conditions, in this case, were: 95 ◦C for 5 min, 40 
PCR cycles of 95 ◦C for 20 s, a gradual drop from 56 to 46 ◦C with 20 s 
incubation (0.25 ◦C drop per cycle), 72 ◦C for 15 s and then 72 ◦C for 8 
min. The PCR products were pooled and sent for library preparation 
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(https://ngisweden.scilifelab.se/methods/illumina-amplicon-sequenc 
ing/) and sequencing to the Swedish national genomics infrastructure 
(SciLifeLab; Uppsala Sweden). Libraries were sequenced in an Illumina 
MiSeq using v3 chemistry with a read setup of 2 × 300 cycles. We 
included negative controls for DNA extractions and verified the lack of 
contamination based on PCR reactions. 

2.3. Bioinformatic analysis 

Following sequencing, the data were quality-filtered and clustered 
into operational taxonomic units (OTUs). This was done using the 
LotuS2 pipeline v2.19 (Özkurt et al., 2021) as described earlier (Bahram 
et al., 2018). Briefly, demultiplexed paired-end reads were quality 
filtered using the sdm read filtering software v1.95 (Özkurt et al., 2021) 
based on the default settings for Illumina MiSeq read processing and 
assembled using FLASH (Magoč and Salzberg, 2011). Quality-filtered 
sequences were clustered using a 97% similarity threshold, followed 
by de novo and reference-based chimera filtering using Vsearch (Rognes 
et al., 2016). Taxonomic identification was made based on a BLAST 
search of representative sequences per OTU against the SILVA database 
(version 138; (Quast et al., 2013)). 

2.4. Descriptive and statistical analysis 

All analyses of the obtained sequenced data following taxonomic 
identification were performed in R v4.2.0 (R Core Team, 2022) unless 
otherwise stated. A descriptive analysis was performed for the recorded 
sperm traits using R/tidyverse v1.3.2 (Wickham et al., 2019). To check 
whether statistically significant differences existed between the sperm 
traits of the animals that were reared in ambient or cooled water tem-
perature, the non-parametric Wilcoxon test was used. Moreover, as 
already mentioned, inbreeding coefficients were available for the 
sampled males (Kurta et al., 2022). 

Prior to statistical analysis, the sequencing depth of each sample was 
adjusted to the overall mean value. The Richness and Shannon diversity 
indices were calculated using the functions specnumber and diversity, 
respectively from the R/vegan package (Oksanen et al., 2020). A pair-
wise comparison of the Richness and Shannon diversity indices between 
microbial habitats (milt and ovarian fluid) was performed using a t-test. 

The core microbiome for both habitats (milt and ovarian fluid) was 
identified using the function Core from the R/microbiome package (Leo 
Lahti, 2017). Considering the number of samples from both habitats, we 
applied stringent threshold criteria to define the core OTUs. More spe-
cifically, OTUs were classified as core taxa if they were consistently 
present in at least 50% of the studied samples and had abundances 
>0.01% in the case of milt and > 1% in the ovarian fluid samples. The 
relative abundance of OTUs was calculated using the R/phyloseq 
package (McMurdie and Holmes, 2013). Moreover, to test whether the 
microbiome’s composition differed significantly between the ovarian 
fluid and semen samples, we performed a permutational ANOVA 
(PERMANOVA) analysis with the function Adonis from the R/vegan 
using 999 permutations. 

Furthermore, the relationship between the alpha diversity indices 
and the recorded sperm traits was tested through Pearson correlation 
and fitting linear regression models. Both univariate and multivariate 
regression models were fitted, including each of the sperm quality var-
iables in succession. At the same time, the effect of rearing at ambient 
versus cool water temperature and the inbreeding coefficient of each 
male was evaluated. To account for multiple comparisons, the obtained 
P values were adjusted with the Benjamini-Hochberg method (Benja-
mini and Hochberg, 1995). The variance inflation factor (VIF) was also 
used to assess multicollinearity between the fitted variables (Fox and 
Weisberg, 2019). To further test whether the sperm quality traits 
(motility, concentration etc.) were related to the identified OTUs, we 
performed an environmental fit and variation partition analysis using 
the R/vegan package (Oksanen et al., 2020). Finally, the beta-diversity 
was visualised with nonmetric multidimensional scaling (NMDS) using 
the metaMDS function with a Bray-Curtis distance dissimilarity matrix 
from the R/vegan package. 

3. Results 

3.1. Prokaryotic microbiota differences between milt and ovarian fluid 
samples 

Following quality control filtering, 1,265,341 and 20,999,151 high- 
quality 16S sequence reads were retained from the milt and ovarian fluid 
samples and clustered into 1688 and 2976 operational taxonomic units 

Fig. 1. Rearing conditions of the sampled Arctic charr (Salvelinus alpinus). Stocking densities were approximately 15 kg/m3in all three tanks.  
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(OTUs), respectively. Taxonomic annotation of these OTUs showed that 
bacterial communities in the ovarian fluid samples were dominated by 
Gammaproteobacteria (33.9%) Actinobacteriota (25.4%), Alphapro-
teobacteria (15.1%), Firmicutes (8.9%), Bacteroidota (7.6%) and Cya-
nobacteria (2.6%). Similarly, bacterial communities in the semen 
samples were dominated by Gammaproteobacteria (31.4%), Actino-
bacteriota (27%), Alphaproteobacteria (21.2%), Firmicutes (10.7%), 
Bacteroidota (5.1%) and Cyanobacteria (1.6%). 

Alphaproteobacteria were more abundant in the milt than in the 
ovarian fluid samples, whereas Gammaproteobacteria were slightly 
more abundant in the ovarian fluid samples. Finally, 6.4% and 2.9% of 
the detected OTUs in ovarian fluid and milt samples were classified as 
“others” (Fig. 2). 

The conducted alpha-diversity-based analysis revealed a statistically 
significant difference between the ovarian fluid and the semen samples 
for both Richness and Shannon diversity indices (Fig. 3). The ovarian 
fluid samples exhibited significantly higher richness (569.8 ± 74.4 SE) 
and higher Shannon diversity (5.06 ± 0.12) as compared to the milt 
samples (Richness index: 70.94 ± 7.9; Shannon index 3.27± 0.09). 

Furthermore, non-metric multidimensional scaling (NMDS), based 
on the Bray-Curtis distance matrix, revealed that microbial communities 
in milt formed a distinct cluster indicating their dissimilarity to the 
ovarian fluid samples (PERMANOVA with Adonis test: F = 5.12, R2 =

0.05, P = 0.001) (Fig. 4). 

3.2. Core microbiome of milt and ovarian fluid samples 

Altogether, 11 and 7 core OTUs belonging to 11 genera were iden-
tified in the ovarian and seminal fluid microbiome. Despite their rela-
tively low number, these OTUs accounted for 38% and 26% of the 
relative microbial abundance of those two habitats. The genera of the 
core OTUs included Bradyrhizobium (2 OTUs), Pelomonas, Curvibacter, 
Mycobacterium (2 OTUs), Pseudomonas, Staphylococcus, Micrococcus, 
Streptococcus, Sphingomonas, Acidibacter, and Afipia. Five OTUs were 
found common in both habitats (Fig. 5). 

3.3. Descriptive analysis of sperm quality parameters 

Arctic charr males from the tank with ambient water temperature 
exhibited lower mean sperm concentration (3.04 ± 1.54 × 109/ml) than 
the ones held in the cooled water (3.55 ± 1.98 × 109/ml). However, the 
difference was not statistically significant (Wilcoxon, P > 0.05). 

Motility-related parameters in animals reared in ambient temperature 
were, on average higher (total motility: 83 ± 15%, total rapid motility: 9 
± 9%, total medium motility: 27 ± 14%, VCL: 74 ± 18 μm/s, VAP: 49 ±
18 μm/s, VSL: 35 ± 15 μm/s), as compared to the cold water group (total 
motility: 69 ± 21%, total rapid motility: 5 ± 6%, total medium motility: 
19 ± 12%, VCL: 65 ± 16 μm/s, VAP: 39 ± 15 μm/s, VSL: 27 ± 11 μm/s). 
In addition, all motility parameters, except for the total rapid motility, 
had significantly higher means in the ambient group (Wilcoxon, P < 
0.05) (Fig. 6). However, it should be pointed that the genetic composi-
tion of the two groups in terms of used families was different. 

3.4. Milt microbiota in animals reared in cool versus ambient water 
temperature 

Both the Richness and the Shannon diversity indices did not signif-
icantly differ between semen samples from the animals that were reared 
in the cool and ambient water temperature (P > 0.3; Fig. S1). Further-
more, PERMANOVA analysis did not reveal any significant differences 
regarding the bacterial community composition between the two groups 
(Adonis: F = 1.1, R2 = 0.01, P = 0.24). 

3.5. Associations between OTUs, inbreeding, and sperm quality traits 

No statistically significant associations were found between the 
relative abundance of any of the most abundant taxa and the recorded 
sperm traits. This also agreed with the output from the univariate linear 
regression models. Furthermore, no statistically significant associations 
were found between inbreeding levels and the bacterial community 
composition of the tested semen samples. Additionally, no statistically 
significant associations were found between the milt microbiota Rich-
ness index and any of the recorded sperm quality traits (P > 0.05). 

Nevertheless, the Shannon diversity index was found to be negatively 
correlated with total medium motility (r = − 0.23, P = 0.033), VCL (r =
− 0.26, P = 0.017), VAP (r = − 0.27, P = 0.014), and VSL (r = − 0.24, P =
0.029) (Fig. 7). 

Similarly, there were no statistically significant associations in either 
univariate or multivariate linear regression models between Richness 
and the sperm quality traits (P > 0.4). However, with the exception of 
total motility and sperm concentration the rest of the recorded traits 
were found to be significantly associated with the Shannon diversity 
index (Fig. 7; Table 1). 

In the case of multivariate regression models when water 

Fig. 2. Relative abundance of main prokaryotic taxa across milt and ovarian fluid samples from farmed Arctic charr (Salvelinus alpinus).  
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temperature and inbreeding levels were included as fixed effects, the 
corresponding P-values of the tested sperm quality parameters were also 
affected. More specifically, the following statistically significant asso-
ciations were found between the Shannon diversity index and total rapid 
or total medium motility (R2 = 0.09; P = 0.01), VCL or VAP (R2 = 0.11; 
P = 0.004) and VSL (R2 = 0.10; P = 0.006). Finally, the conducted 
variation partition analysis did not detect any statistically significant 
associations between the recorded sperm traits and the residing micro-
bial communities (P > 0.05). 

3.6. Microeukaryotes – 18S sequencing 

Compared to the detected prokaryotic community, the eukaryotic 

composition was less diverse. Overall, 23 OTUs (18S) were detected in 
both milt and ovarian fluid samples. Amongst these, only four OTUs 
belonged to the Protista kingdom. All four Protista OTUs were detected 
in only two ovarian fluid samples where the most abundant OTU was 
OTU131_Conoidasida (51 reads), followed by OTU263_Apicomplexa (27 
reads), OTU577_Histiobalantium (8 reads), and OTU648_Cercozoa (6 
reads). 

On the other hand, the detected fungal community was more abun-
dant in both habitats. OTU19 (Rhodotorula sphaerocarpa) and OTU9 
(Cordyceps javanica) were the dominant OTUs in milt, whereas OTU7 
(Polyporales), OTU12 (Rhexocercosporidium carotae), OTU46 (Peziza-
ceae) and OTU78 (Agaricomycetes) were abundant in the ovarian fluid 
(Fig. 8). Since OTU12 and OTU9 were represented in most samples, we 

Fig. 3. Comparison of alpha diversity indices amongst ovarian fluid and milt samples from Arctic charr (Salvelinus alpinus). To have comparable sequencing depth 
across all samples, the raw read numbers were rarified to the mean number of reads across all samples (1,914,287reads) before calculating the diversity indices. 

Fig. 4. Non-metric multidimensional scaling of bacterial community composition in milt and ovarian fluid samples from farmed Arctic charr (Salvelinus alpinus). 
Relative dissimilarities or distances between samples were calculated based on the Bray-Curtis distance matrix. 
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estimated the Pearson correlation between their relative abundance and 
the recorded sperm quality traits. A strong negative correlation (r =
− 0.78, P = 0.004) was detected between the relative abundance of 
OTU12 (Rhexocercosporidium carotae) and sperm motility (Fig. 8). At the 
same time, a moderate positive correlation was found between the same 
OTU and sperm concentration (r = 0.62, P = 0.04) On the other hand, no 
statistically significant correlation was found for OTU9 (Cordyceps 
javanica). 

4. Discussion 

Despite the importance of microbes in host performance and fitness 
(Wallace et al., 2019), scarce information yet exists about their role in 
shaping critical biological functions in fish. Notably, regarding fertility, 
limited knowledge exists even in more well-studied organisms (Farahani 
et al., 2021; Swanson et al., 2020). Gaining insights into the core 
microbiome composition of gamete-related samples from farmed fish 
and investigating for associations between the residing microbiome and 
fertility proxies could open bioengineering avenues aiming to increase 
fertility. Particularly in the case of the Scandinavian Arctic charr, where 
a highly variable reproductive success is often observed in captivity, 
microbiome-focused studies could reveal underlying associations that 
remained undetected in previous studies that focused solely on rearing 
conditions, nutrition, or host genetics (Kurta et al., 2022; Olk et al., 
2019; Pickova et al., 2007). 

4.1. Microbiota differences amongst gamete-related habitats and rearing 
conditions 

Overall, the diversity of the residing prokaryotic microbial commu-
nities was significantly higher in ovarian fluid compared to the milt 
habitat (Fig. 3). Even though we need to account for the substantial 
difference in terms of sample size between the ovarian fluid (n = 10) and 
the milt samples (n = 84), all the estimated microbial diversity-related 
indices supported this finding. As no prior study has attempted to gain 
insights into the microbiome abundance in gamete-related samples in 
fish, no reference is available to compare our results. Although direct 
comparisons with mammals are of limited value, the milt microbiome 
diversity, in that case, appears to be higher compared to gamete-related 
habitats in females (Rowe et al., 2020; Wang et al., 2020). 

Despite the fact that separate clusters of the residing bacterial com-
munities were obtained for the two habitats, common taxa were shared 
between them. As both sexes were communally reared until the onset of 
the reproductive season (usually between September and November in 
Sweden), the identified shared taxa amongst the two habitats appear to 
be in line with previous studies showing that the rearing environment 
has a drastic effect on shaping the residing microbiota communities in 
fish (Deng et al., 2021a). In accordance with the above, distinct mi-
crobial communities were found both in the skin and intestine of wild 
Arctic charr sampled in fresh- or marine water environments (Hamilton 
et al., 2019). However, it is worth mentioning that in this study, 

Fig. 5. Core microbiome of ovarian fluid and milt 
samples from farmed Arctic charr (Salvelinus alpinus). 
Bar charts represent the relative abundance of indi-
vidual members of the core microbiome of each 
habitat (ovarian fluid and milt). Pie charts depict the 
total abundance of core microbiome members, and 
other OTUs detected from their respective habitats. 
Coloured bars represent the same respective OTUs 
detected in the core microbiome of both habitats. In 
contrast, grey bars indicate the unique association of 
that OTU with the core microbiome of the habitat.   
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Cyanobacteria and Proteobacteria were also amongst the most abundant 
taxa. Whether this is merely due to the fact that those two taxa are highly 
abundant in aquatic environments or they play a functional role in the 
fitness of the fish is not clear. Notably, even though the residing fish 
microbiome appears to be species-specific (Minich et al., 2018), amongst 
the most abundant taxa found in both ovarian fluid and milt, the Acti-
nobacteriota and Proteobacteria have also been found previously in high 
abundance in Nile tilapia (Oreochromis niloticus) gut (Deng et al., 
2021b), a species with strikingly different rearing conditions compared 
to Arctic charr. More specifically, Nile tilapia is usually reared in water 
temperatures above 25 ◦C (Moses et al., 2021), while Arctic charr 
farming ideally is performed at temperatures below 15 ◦C (Jobling et al., 
1998). It should be noted that the water temperature during sampling in 
our study was ~5 ◦C. As mentioned above, we could not determine 
whether those taxa play a role in fish health or other critical biological 
functions, which would be worth exploring further in future studies. 

In terms of detected eukaryotic taxa, far less diversity was observed 
in both habitats compared to the prokaryotic taxa. More specifically, 
only four OTUs from protists were found. Moreover, high variability was 
obtained, especially amongst the ovarian fluid samples, with only two of 
them containing all four protistan OTUs. On the other hand, more reli-
able results were obtained in the case of the residing fungal community, 
where a higher fungal diversity was found in the ovarian fluid habitat. 
Nevertheless, we need to consider that we did not account for genetic 
relationships in the case of the sampled females. Therefore, it is possible 
that those animals were not fully representative of the entire farmed 
population, and validation of the results on a larger sample size would 

be needed. Moreover, as our study was conducted in an industrial set-up, 
future studies using replicate tanks would be needed to validate the 
above findings. 

4.2. Core microbiome in gamete-related samples 

Deciphering the core microbiome of a specific habitat could reveal 
microbial communities tightly interconnected to relevant host traits, 
which explains why identifying it is often a key focus of microbiome 
studies in animals (Tarnecki et al., 2017). To the best of our knowledge, 
the composition of the core microbiome in fish has been characterised 
only for the gut so far (Givens et al., 2015; Kokou et al., 2020; Sharpton 
et al., 2021). A relatively higher number of OTUs (11 vs 7) present in the 
ovarian fluid microbiome compared to the milt is in agreement with the 
higher diversity of the residing microbial community in the former 
habitat. Furthermore, the putative core microbiome in ovarian fluid 
comprised overall approximately 50% higher relative microbial abun-
dance than that of the milt. Nevertheless, a substantial overlap between 
the two habitats was found, with approximately 70% of the milt core 
microbiome OTUs found also in ovarian fluid samples. Even though 
limited comparisons with prior studies are possible, the Pseudomonas 
OTU classified as a member of the milt core microbiome in our study is 
an abundant generalist genus found in the gut of several farmed fish, e. 
g., Atlantic salmon, Nile tilapia, European seabass, and rainbow trout 
(Kokou et al., 2019). 

Fig. 6. Statistical analysis of sperm quality parameters in farmed Arctic charr (Salvelinus alpinus). The y-axis shows the recorded parameter, and the x-axis shows the 
water temperature of the two groups. Horizontal lines with asterisks indicate sperm concentration means that were significantly different (Wilcoxon test, *P < 0.05, 
** P < 0.01, *** P < 0.001). 
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4.3. Associations between the milt residing microbiome, inbreeding and 
sperm quality parameters 

Associations were found between the microbial diversity (Shannon 
diversity index based on the 16S data) and several recorded traits (total 
medium and rapid motility, VCL, VAP, VSL). At the same time, no as-
sociations were found between the Richness index and any of the sperm 
quality traits. Nevertheless, we need to point out that the latter index 
only considers the presence of a species. On the contrary, the Shannon 
index also includes information about the corresponding relative 
abundances. However, no statistically significant associations were ob-
tained between the identified bacterial OTUs and the recorded sperm 
traits. Additionally, as the sampled animals of our study originated from 
a breeding program with accompanying pedigree records, we were also 
able to obtain preliminary results regarding the association between 
inbreeding accumulation and the residing seminal microbiome. Overall, 
the inbreeding levels could not be connected to the residing seminal 
microbiome. 

The hypothesis that the residing milt microbiome might affect 
fertility has been previously formulated and studied in humans and 

livestock with no uniform results across studies (Comizzoli et al., 2021; 
Wang et al., 2022). Furthermore, probiotics have been suggested to 
positively affect the reproductive performance of teleost fish (Gioacchini 
et al., 2014). As already mentioned, a considerable knowledge gap exists 
regarding the role of microbiota in fish reproductive success in com-
mercial aquaculture settings (Parata et al., 2021). Although the presence 
of particular bacterial taxa in the milt can affect male fertility, whether 
the overall microbiome structure plays a role or not is still debatable, at 
least in the case of humans (Baud et al., 2019; Farahani et al., 2021). 
Notably, potential associations between milt microbiota and fertility 
were recently suggested in bulls (Cojkic et al., 2021). In our study, the 
only statistically significant associations between individual OTUs and 
any of the sperm quality traits concerned a member of the fungal com-
munity (similar to Rhexocercosporidium carotae). The OTU above is 
potentially a pathogen belonging to the Leotiomycetes class and has 
been previously found in the gut of both wild and domesticated zebra-
fish (Siriyappagouder et al., 2018). 

The suspected pathogenicity of OTU12 may, to some extent, explain 
its negative association with sperm motility. Nevertheless, the same 
OTU showed a positive association with sperm concentration. We 
speculate that owing to a higher sperm concentration, a richer niche is 
provided, allowing the suspected pathogenic OTU to thrive, consistent 
with the species-area relationship (Horner-Devine et al., 2004). Alter-
natively, it is possible that an unaccounted confounding factor could be 
present, resulting in a spurious association. Additionally, we need to 
point out that a potential limitation of our study is that even though the 
sampled males encompass most of the families of the breeding popula-
tion, only one or two individuals were used from each family, which 
probably is not sufficient to allow for in-depth host genetic-related in-
ferences. Future studies using a larger number of sampled males with 
sperm quality recordings could shed additional light and allow for 
investigating the existence of potential interactions between them. 
Furthermore, the fact that we could not use tank replicates would 
require validation of our findings through a more concise experimental 
set-up. 

Fig. 7. Pearson’s correlation between Shannon diversity and sperm quality traits of farmed Arctic charr (Salvelinus alpinus). The number of raw reads per sample was 
rarified to the mean number of reads across all sperm samples before calculating the Shannon diversity index to allow for comparable sequencing depth (15,063 
reads) across all samples. 

Table 1 
Summary from fitting univariate linear regression models.  

Recorded traits Richness Shannon Index   

R 
squared 

P- 
value 

R 
squared 

P-value P 
adjusted* 

Sperm 
concentration 

− 0.01 0.95 − 0.008 0.57 0.57 

Total Motility 0.002 0.26 0.0002 0.31 0.36 
Total medium 

motility 
0.002 0.23 0.05 0.028* 0.04* 

Total rapid motility 0.010 0.17 0.05 0.024* 0.04* 
VCL 0.006 0.22 0.06 0.013* 0.04* 
VAP 0.006 0.21 0.067 0.0098* 0.04* 
VSL 0.008 0.19 0.05 0.019* 0.04*  

* Adjusted P-values with the Benjamini-Hochberg method. 
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5. Conclusions 

Our study provides novel information about the ovarian fluid and 
milt microbiome structure from farmed Arctic charr. Despite a more 
diverse microbial community in the case of the ovarian fluid, there was 
substantial overlap between the two habitats indicating that the rearing 
environment significantly shapes the residing microbiome. No effects of 
inbreeding levels or water temperature were found in the composition of 
the milt microbiome. We further found some evidence pointing to links 
between the sperm quality parameters and the microbiome 
composition– particularly a fungal OTU. Further investigation is needed 
to validate our findings and establish cause-and-effect relationships with 
fertility. 
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Sunagawa, S., Ryberg, M., Tedersoo, L., Bork, P., 2018. Structure and function of the 
global topsoil microbiome. Nature 560, 233–237. https://doi.org/10.1038/s41586- 
018-0386-6. 

Bates, M.C., Tiersch, T.R., 1998. Preliminary studies of artificial spawning of channel 
catfish as male-female pairs or all-female groups in recirculating systems. J. World 
Aquacult. Soc. 29, 325–334. https://doi.org/10.1111/j.1749-7345.1998.tb00654.x. 

Fig. 8. (A) Abundance (raw read counts) of eukaryotic communities detected in milt and ovarian fluid from farmed Arctic charr (Salvelinus alpinus). Each bubble 
point represents a sample and the size of the point represents the frequency of each particular OTU in that sample. Bar charts show sperm concentration (million per 
millilitre) for each sample. Y-axis label colours represent the OTUs from Fungi (black) and Protista (red). (B) Pearson correlation between the relative abundance of 
OTU12 (Rhexocercosporidium carotae) and sperm motility and sperm concentration. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

C. Palaiokostas et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.aquaculture.2023.739648
https://doi.org/10.1016/j.aquaculture.2023.739648
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1111/j.1749-7345.1998.tb00654.x


Aquaculture 574 (2023) 739648

10

Baud, D., Pattaroni, C., Vulliemoz, N., Castella, V., Marsland, B.J., Stojanov, M., 2019. 
Sperm microbiota and its impact on semen parameters. Front. Microbiol. 10. 

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. Journal of the Royal Statistical Society Series 
B (Methodological) 57, 289–300. 
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