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Fig. 6 RNAseq analysis of WT and mytho KO testes. RNAseq was performed on testes from four 15-mpf WT and four 15-mpf mytho KO
animals, two of which had developed a seminoma. Bubble plots representing gene ontology enrichment analyses (GOEAs) of the WT vs mytho
KO (A, B) and WT vs seminoma-bearing mytho KO (C, D) comparisons. Biological Process and Molecular Function categories were considered.
Only GOs represented by 5 or more genes were used for the analyses and the rst 10 GOs in term of Enrichment Score (reported in abscissa)
are shown in the graph. Size and colour of the bubbles represent respectively the number of genes in each GO and the statistical signi cance
of the enrichment. E Heatmap showing expression patterns (z-scaled raw counts) across the samples of DEGs related to genome stability
maintenance upregulated in mytho KO testes. The genes were manually selected, only keeping the ones whose function has been veri ed
experimentally or with a clear homology to other known genes. Columns correspond to samples, and rows to DEGs. Changes in expression
levels are displayed from blue (less expressed) to red (more expressed). Hierarchical clustering of the genes was established using Pearson

correlation.

(SQRNA) (TGATCAATCTGCTCGATAGT-AGG) was designed to specifically
target a CRISPR site within exon 5 of the mytho/phafl gene (initially
identified as sequence sidkey-102f14.5-203, now updated to sequence
NM_001082813). This sgRNA was designed using the Breaking-Cas online
tool (https://bioinfogp.cnb.csic.es/tools/breakingcas/index.php?gset=SARS2),
which utilizes algorithms to identify exon sites with high efficacy and
minimal off-target effects, to specifically target an optimal CRISPR sequence.

The DNA oligonucleotide targeting mytho/phafl and the constant
oligonucleotide are reported in Table S4. gRNA synthesis templates were
generated following the protocol by [37]. Briefly, single-stranded DNA
(ssDNA) oligonucleotides were annealed and filled in with T4 DNA
polymerase. The resulting template was transcribed in vitro using the
SP6 transcription kit (MEGAscript SP6 kit, AM1330, ThermoFisher Scientific,
Monza, Italy), adhering to the manufacturer’s guidelines. At the 1-cell stage,
embryos were injected with 1 nl of a solution containing 280 ng/pL of Cas9
protein (M0646, New England Biolabs, Milan, Italy) and 100 ng/uL of sgRNA,
with 0.05% phenol red as an injection tracer. Genomic DNA extracted from
5-dpf FO embryos was analyzed to evaluate gRNA activity in producing
DNA indel mutation by a heteroduplex mobility assay (HMA). Putative FO
founders were raised to adulthood and mated with WT zebrafish. Their
embryos were genotyped to confirm germline transmission and identify
the desired frameshift mutation in the F1 generation. Heterozygous F1
mutants carrying the selected mutation were bred with WT fish to produce
heterozygous F2 offspring. These F2 heterozygotes were then crossed to
obtain homozygous mutant embryos in the F3 generation. Heterozygotes
and homozygotes were identified at early stages through DNA isolation,
PCR amplification of the mutated region using primers manually designed,
and sequencing of the PCR amplification. Genomic DNA was extracted
using the HotSHOT protocol. Primer sequences are provided in Table S5.

RNA isolation and RT-qPCR assay

Total RNA was extracted either from pools of embryos or larvae, or from
single organs, using TRIzol reagent (15596026, ThermoFisher Scientific)
and complementary DNA was generated using 1 ug of total RNA using the
SuperScript IV reverse transcriptase (18090050, ThermoFisher Scientific)
and random primers, following the manufacturer’s instructions.

Real-time PCR detection of mRNA expression was performed on
QuantStudio 5 Real-Time PCR Systems (ThermoFisher Scientific) using
the Power-UP SYBR®Green PCR Master Mix (A25741, ThermoFisher
Scientific). Cycle threshold (CT) values were obtained for each target
gene. Fold change values were calculated using the Delta Delta Ct (AACt)
method. All RT-qPCR primers were manually designed to span one intron.
Primer sequences are reported in Table S5.

For the RNAseq analysis, the sample preparation followed the procedure
described above. RNA was extracted from testes of 4 WT and 4 KO animals
of about 15 months of age. After quantification, samples were diluted to a
concentration of 100 pg/ml and shipped to Sequentia biotech (Barcelona,
Spain) for the analysis.

RNA sequencing

RNA quality was assessed using an Agilent 2200 TapeStation System
(Agilent Technologies). Sample RIN (RNA integrity number) values ranged
from 9.3 to 9.9. Total RNA samples (1 pg) were used for library preparation
(llumina’s TruSeq Stranded mMRNA LT Sample Prep Kit with poly A
selection). Sequencing was performed using an lllumina NovaSeq 6000
System (150 length, paired-end) platform (lllumina, Inc., San Diego, CA).

RNA-seq data analysis
FASTQ files obtained from the sequencer and the quality of the reads were
evaluated using FASTQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/
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projects/fastqc/). Next, a trimming step was performed to remove adapters
and low-quality bases using BBDuk v35.85 [38] with the following
parameters: 35bp minimum length and 25 minimum quality score. High
quality reads were mapped against the D. rerio genome (Ensembl GRCz11
reference genome and gene annotation, Ensembl release 107) using STAR
v2.7.1a [39]. FeatureCounts v 1.5.1 [40] was used to quantify gene expression
as raw fragment counts. Raw counts matrices were loaded in R v4.0.3 [41]
and filtered using HTSFilter package v1.30.1 [42] to remove the uninformative
genes. Filtered raw counts were processed with EdgeR package v3.32.1 [43]
to normalize the raw counts using the TMM method and perform differential
gene expression analysis to identify upregulated/downregulated genes.
Multiple testing correction was performed with the false discovery rate (FDR)
method [44] and significance level was set at FDR < 0.05. Gene Ontology (GO)
terms enrichment was analyzed performing hypergeometric tests [45] for
each individual term/pathway and FDR correction was applied (FDR < 0.05).

c¢DNA cloning, digoxigenin probe preparation and whole
mount in situ hybridization

To amplify the entire coding region of mytho, two pairs of primers (Table
S5 and Figure S1) were selected and used with cDNA obtained from 48-hpf
embryos.

To synthesize a digoxigenin (DIG)-labelled riboprobe for whole-mount
in situ hybridization (WMISH), a cDNA fragment was amplified using the
primer Mytho-F2 and Mytho-R2 (Table S5). The product of the PCR was
cloned using pGEM® T-easy vector system (A1360, Promega, Milan, Italy).
The antisense and sense DIG-labelled probes were synthesized by in vitro
transcription with SP6 RNA polymerase supplemented with DIG-UTP
(DIUTPS-RO, Sigma Aldrich), following the manufacturer's instructions, after
plasmid linearization with Apal or Sall restriction enzymes, respectively.

WMISH was performed following the protocol previously described [36].
After staining, zebrafish embryos and larvae were equilibrated in glycerol
80% and photographed using a LEICA M165 FC stereomicroscope
connected to a LEICA DFC7000T.

Representative 5-dpf stained larvae were then gelatin/albumin
embedded for vibratome sectioning. Larvae conserved in 80% glycerol
were equilibrated in a medium composed by 0.5% gelatine/30% albumin
solution in PBS for 15 min. Polymerization was initiated by adding 35 pL of
glutaraldehyde 25% to 500 pL of the medium; then larvae were oriented
(either for sagittal or transverse sectioning) and polymerization completed
by addition of another 35 pL of glutaraldehyde 25%. After 15 min, the
samples were completely solidified and then mounted on the vibratome
platform. 30-um thick sections were cut using a LEICA VT 1000S Vibratome,
mounted on slides, and photographed.

Autophagic ux quanti cation

The autophagic flux was assessed following different approaches for larvae
and adults. In zebrafish larvae, we followed the method proposed by
Kimura et al. [46] using a mCherry-GFP-Lc3 construct that was transferred
from the original plasmid into a pCS2+ plasmid, normally used with
zebrafish. 250 pg per embryo of this construct were then injected in one-
cell stage embryos. At 5 dpf, anaesthetized larvae were mounted in 1% low
melting agarose on depression slides for acquisition under a Nikon C2
confocal microscope equipped with NIS Element Software. The same
upper emisomite located above the anus was acquired by z-stacks (2 pm
step size) for each larva, using a 40X objective. Fiji-lImageJ software was
used for image analysis. For each individual, 6 focal planes uniformly
spaced were considered and yellow (deriving from the colocalization of
the mCherry red and GFP green fluorescence) and red puncta (deriving
from the quenching of GFP fluorescence in the autolysosome acidic
environment) were manually scored. The number of yellow and red
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puncta, together with the total number of autophagic vesicles, were
compared between WT and mytho KO samples. The mCherry-GFP-Lc3
construct used in this work was subcloned from the original vector of Terje
Johansen (The Arctic University of Norway) and kindly shared by Sabine
Hilfiker (Rutgers - New Jersey Medical School).
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In adult zebrafish, we divided 4-mpf individuals in three different
groups: a control group fed normally, a group starved for 4 days, and a
group starved for 4 days and treated with chloroquine (C6628, Sigma-
Aldrich) dissolved in fish water at a final concentration of 1 mM during the
last 24 h. At the end of the treatment, zebrafish were euthanized, the
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Fig. 7 Analysis of sperm quality parameters. A Representative TEM micrographs of mytho KO immature sperm with still present cytoplasmic
material (black arrows). Scalebar: 1 um. B Percentage of motile sperm measured with CEROS Sperm Tracker (Hamilton Thorne Research) in
ejaculate collected from 17 WT and 18 mytho KO adult zebra sh of 7-14 mpf. Graphs show the mean + SEM. Statistical signi cance was tested
with a beta regression model ( 2=17.902, df = 1, p<0.001). C Representative images from Halomax assay where DNA-fragmented sperm
shows a big, diffused and faint halo (asterisks), while sperm with intact DNA appears as small, compact and bright puncta. Scalebar: 100 um.
Percentage of DNA-fragmented sperm was calculated in ejaculates collected from 20 WT and 20 mytho KO adult zebra sh of 7-18 mpf. Graphs
show the mean + SEM. Statistical signi cance was tested with a beta regression model ( 2=23.914, df = 1, p<0.001). D Representative
images from dSTRIDE staining (IntoDNA) of sperm collected from 2 WT and 2 mytho KO adult zebra sh aged 11 mpf. The graph shows the
mean + SEM of double-strand breaks foci number per sperm nucleus. Statistical signi cance was tested with a generalized linear model with

zoisson error distribution ( 2 =93.788, df = 1, p<0.001). (***p < 0.001).

organs were extracted, and protein samples prepared as described in the
protein extraction and western blotting section.

Protein extraction and western blotting

Pools of embryos, larvae or organs from adults were used for protein
preparation following the published protocol [47]. After quantification,
samples were immunoblotted as previously described [6]. We used the
following primary antibodies: anti-C160rf70 (Mytho) (ab181987, Abcam,
DBA, Milan, ltaly), anti-B-Actin (A1978, Sigma-Aldrich), anti-Lc3B (PAl-
16930, ThermoFisher Scientific), and secondary antibodies: Goat Anti-
Rabbit 1gG (H +L)-HRP Conjugate (#1706515, Bio-Rad, Milan, Italy), Goat
Anti-Mouse 1gG (H +L)-HRP Conjugate (#1706516, Bio-Rad).

Birefringence assay

Muscle birefringence was used to assess differences in the muscle fibre
structure of 5-dpf larvae and performed as previously described [18]. Two
independent experiments were performed: one with larvae from a cross
between mytho heterozygous (HET) parents and the other using larvae
from a mytho WT x mytho WT and a mytho KO x mytho KO matings.

Larvae behavioural assay

Behaviour of mutant and WT larvae was analyzed by light dark transition
test as previously described [47]. The track files were analyzed using the
Ethovision XT software (Noldus Information Technology, Rome, Italy) to
assess the distance moved every 2 min. The experiment was repeated 3
times, using 12 larvae per genotype for each biological replicate. For
thigmotaxis assay, the protocol of Schnorr and collaborator was followed
[11]. Zebrafish larvae were tracked to analyze the time spent in the
periphery of the 24-well plates in response to sudden change in
illumination: after an acclimatization step of 6 min with the light on,
swimming activity of the larvae was recorded for 4 min in the dark.

Treatment of larvae with H,0,

The resistance to oxidative stress of WT and mutant zebrafish larvae was
assessed following the assay used in [48]. Briefly, 5-dpf larvae were treated
by adding hydrogen peroxide (H1009, Sigma-Aldrich) to the fish water at a
concentration of 2mM. Larvae were kept at 28 °C and their mortality was
monitored after 3, 6 and 9 h of treatment.

Reproductive performance

The reproductive performance of six 8-mpf mytho KO and six age-matched
WT males was assessed by natural matings in spawning tanks under
standard aquarium conditions [49]. The reproductive success was assessed
in four independent experiments, spaced 7 days apart to allow the
generation of new gametes and to obtain a realistic average of the
reproductive performance of each individual. Specific male-female
interaction effect was excluded by coupling animals with different partners
on each trial. To quantify the reproductive success, we recorded the
number of times each couple produced eggs across four different trials.
For each successful reproduction, we documented the total number of
eggs spawned, the number of fertilized eggs over the total number of eggs
and the rate of offspring survival.

Sperm analysis

For the analyses of ejaculate quality, anaesthetized males were stripped to
obtain the sperm. A week prior to stripping, males were separated from
females by means of a grid allowing visual but not physical contact.

Cell Death Discovery (2026)12:252

Ejaculate collection, sperm count, viability and velocity, were obtained
and analyzed as previously described [3].

Fragmentation of sperm DNA was measured as an index of DNA
damage. The assay was performed using a Halomax kit (Halotech, Madrid,
Spain), a diagnostic test specifically designed to measure DNA fragmenta-
tion, according to the manufacturer instructions. The analysis is based on a
protein depletion treatment and the evaluation of chromatin response.
DNA-fragmented sperm shows a big, diffused and faint halo, while sperm
with intact DNA shows a small, compact and bright halo. The samples were
examined under a fluorescence microscope.

DNA damage quanti cation through dSTRIDE (SensiTive
Recognition of Individual DNA Ends)

As an additional mean to evaluate the level of sperm DNA damage, we
chose the dSTRIDE assay provided by intoDNA (Krakow, Poland). Collected
sperm were let adhere onto slides previously coated with poly-D-lysine
(A3890401, ThermoFisher Scientific), according to manufacturer instruc-
tion. Once the sperm adhered to the slides, they were fixed in PFA 4% and
shipped to intoDNA. The dSTRIDE methodology was applied according to
the protocol previously described [50].

Histological and electron microscopy analyses
Hematoxylin/eosin histological analysis of WT and mutant fish was
performed as previously described [3].

For ultrastructural analysis of adult muscle and testes we used
conventional fixation-embedding procedures as previously described [3].

Sperm ultrastructural analysis was performed with samples collected as
previously described and fixed with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer. Following fixative removal, samples were resuspended
in 0.1 M cacodylate buffer for 2h at 4°C and then embedded in 3% low
melting agarose. Samples were postfixed in 1% osmium tetroxide + 1%
potassium ferrocyanide for 1h at 4°C, ethanol-dehydrated and then
embedded in a mixture of Epoxy Embedding Medium kit (45359, Sigma-
Aldrich) epoxy resin and propylene oxide 1:1 overnight. The following
procedure was the same described in [3].

Statistical analysis

Analyses were performed using R Studio v 2023.03.1 + 446. Repeatability
within sample for sperm velocity, linearity of sperm trajectory, sperm
motility and viability are reported in electronic supplementary
Tables S2 and S3. Since sperm velocity parameters (VAP, VSL, VCL) were
all highly correlated (all Pearson r>0.96) a combined index of sperm
velocity was generated from the 3 velocity variables using a principal
component analysis (PCA). The scores of the first component, accounting
for 98.54% of variance and with all sperm traits showing similar positive
loadings (Table S2), were used for the following analyses on sperm
velocity. Continuous dependent variables (gene and protein expression,
Daniovision traveled distance, thigmotaxis distance and time, birefrin-
gence, autophagic flux, morphometric parameters, mitochondrial length,
sperm velocity, sperm count) were analyzed using linear models.
Proportional response variables (mortality, reproductive success, fertiliza-
tion rate, sperm motility, sperm viability and sperm DNA fragmentation)
were analyzed using beta regression models. Small counts (n° of
autophagosomes and autolysosomes, n° of stride foci) were analyzed with
generalized linear models assuming Poisson error distribution and log-link
function. Kaplan-Meier survival curves were analyzed with log-rank test.
P-values were obtained from F-statistic for linear models and x2-statistic for
the other models. In each model, male genetic group was included as a
fixed factor (predictor). Other predictors (e.g., time, age, treatment) were
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