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Abstract: Undesired maturation and reproduction are major challenges in fish aquaculture regarding
genetic introgression, precocious maturation, and reproduction-related mortality, which can have
profound ecological or economic impacts. Farming reproductively sterile fish can effectively mitigate
these challenges. In this paper, we transferred and applied a novel immersion-based, non-transgenic
gene silencing technology to sterilize coho salmon for the first time. Unfertilized eggs were bath
immersion-treated with csdnd-MO-Vivo in different immersion media. Eyed rates of treated groups
ranged from 0.9 to 63.5%. Sterile fish lacking germ cells, and those with arrested germ cells/atretic
oocytes, were obtained at 14 and 20 months of age, albeit at a low percentage (2.3 to 10.0% based on
females). Gonadal histology and vasa/nanos3 gene expression profile were provided for comparing
fertile and sterile gonads, as well as retarded ovaries. Future directions and strategies for optimizing
the technology and improving sterility induction were also proposed. The successful production of
sterile coho salmon achieved in this study demonstrates the proof of principle for this new sterilization
technology. As we continue to expand upon these findings and refine the technology, achieving
coho salmon sterile population farming would facilitate the future transfer and application to other
commercially important aquaculture fish.

Keywords: genetic containment; precocious maturation; coho salmon; PGC; dnd-Morpholino-Vivo;
reproductively sterile fish; sustainable aquaculture

1. Introduction

As seafood consumption shifts from harvested fishery production to artificially propa-
gated species, aquaculture is becoming increasingly important to resolve the current and
projected shortfalls in aquatic food production. Optimization of aquaculture is necessary to
maximize production to meet the increasing demands of the world’s growing population
while minimizing ecological impact under sustainability constraints. One approach to
increase aquaculture production is through selectively bred (non-native species in some
cases) and genetically engineered species that exhibit enhanced growth characteristics
and/or disease resistance [1–4].

However, these fish, often genetically distinct from their natural conspecifics, when
they escape from captivity, may propagate and/or interbreed with wild stocks, subse-
quently changing the genetic composition of populations [5,6]. Since intensifying aquacul-
ture activity in a sustainable manner is essential for ensuring our future seafood supply
and security, it is imperative to have highly effective containment methods in place to
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prevent escaped aquaculture species from propagating in the natural environment. The
most effective and cost-efficient genetic-containment strategy for large-scale commercial
aquaculture operations is using sterile populations of farmed fish.

On the other hand, many farmed species attain sexual maturity before reaching market
size, which is associated with a substantial decrease in somatic growth due to the diversion
of energy into the development of the gonads [7,8] (Supplementary Figure S1 illustrates
an example of precocious maturation in a male coho salmon, Oncorhynchus kisutch). The
period of intensive gonadal growth also results in the deterioration of flesh quality and
an increase in susceptibility to stress and disease [9–12]. Sterilization minimizes energy
input towards gonadal growth while enhancing muscle (flesh) development and promoting
health [13]. Thus, farming sterile fish populations can alleviate undesired maturation and
reproduction challenges associated with genetic introgression and precocious maturation.

One of the most common and practical methods for producing large-scale sterile
fish for aquaculture is chromosome set manipulation, more specifically, triploidization.
Nevertheless, triploid male fish are seldom completely sterile [14]. Moreover, triploid
fish are typically more sensitive to suboptimal environmental conditions and often do
not perform as well as the normal diploids under commercial culture conditions [14–17].
Alternatively, many emerging strategies take advantage of genetic engineering methods
to induce sterility (e.g., [18]). However, regulatory complexity and consumer resistance
associated with genetically engineered fish remain hurdles that limit their application.

Using zebrafish as the model, our lab has developed an immersion-based technology
to produce sterile fish by disrupting primordial germ cell (PGC) development without any
genetic modification of the fish [19]. Specifically, we delivered morpholino oligonucleotides
(MO) into the embryos, targeting the translation of dead end (dnd) gene to disrupt PGC
development in zebrafish, leading to the elimination of germ cells and the development
of sterile fish. As a transient gene-silencing method, it does not involve any genetic
engineering, thus alleviating public concerns associated with food safety and environmental
responsibility in aquaculture. In this study, we applied our novel immersion-based gene
silencing sterilization technology to coho salmon for the first time with some modifications.
We evaluated the gonadal development of two batches of treated fish at 14 and 20 months
old, respectively. Gonadal histology and RT-qPCR for germ cell marker gene expression
revealed sterile coho salmon were obtained without germ cell development or with arrested
prophase I germ cells, as well as with atretic oocytes. We have also proposed future
directions and strategies to improve the sterility rates and refine the technology.

2. Materials and Methods
2.1. dnd Gene Target Region Verification and MO Design

Coho salmon dnd gene mRNA sequences with two transcript variants were accessed
from the National Center for Biotechnology Information (NCBI) website (https://www.
ncbi.nlm.nih.gov/, accessed on 10 October 2019). The accession numbers for two transcript
variants were XM_020452699.1 (variant X1) and XM_020452700.1 (variant X2). In order to
design a translation blocker MO, the sequence near the start codon needs to be verified.
Two primers WBCS1 and WBCS2 were designed (Table 1) to amplify the sequence spanning
the predicted start codons in both variants X1 and X2.

Coho salmon ovary samples were provided by Riverence Holdings LLC. Total RNA
was extracted by Trizol (38% Phenol, 0.8 M guanidine thiocyanate, 0.4 M ammonium
thiocyanate, 0.1 M sodium acetate, 5% glycerol, 0.7% 2-mercaptoethanol) according to the
standard protocol. The SuperScript™ III Reverse Transcriptase (Invitrogen, Waltham, MA,
USA) was used to reverse-transcribe extracted ovary RNA following the manufacturer’s
instructions. PCR amplifications of the cDNA by Advantage® 2 Polymerase (Takara Bio,
Mountain View, CA, USA) were set up, and amplicons were subsequently cloned into
pGEMT vector (Promega, Madison, WI, USA) and sequenced. The sequence of the region
around the predicted start codon is identical to XM_020452700.1 and was submitted to
design a translation blocker MO by Gene Tools LLC. (Philomath, OR, USA), which was
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subsequently conjugated to the molecular transporter Vivo and delivered as csdnd-MO-Vivo.
The csdnd-MO sequence is 5′-CTGACTTGAACGCTCCTCCATTATC-3′ (the underlined
“CAT” denotes the binding site for the targeting AUG start codon). A control-MO-Vivo
(sequence: 5′-CTTTCCATCGTCTCCTCCGGTGTAG-3′) was also introduced as a control.

Table 1. Primers used to amplify coho salmon genes.

Target Gene Accession Number Primer Name Direction Sequences (5′ to 3′) Tm
(◦C)

Anticipated
Amplicon Size

(bp)

Start codon verification

dnd XM_020452699.1
WBCS1 Forward CACCTAGAACTACCTGTCGAAAC

55 566
WBCS2 Reverse GCTGTCGTACTTGGCGTAG

Sex genotyping
WBCS11 Forward CCTGGATGACAATGACTCTCAGH1; GH2; GHΨ

1
Gene IDs: 109893213;

109898300 WBCS12 Reverse CTACAGAGTGCAGTTGGCCTC
60 779; 404; 273

sdY 2 - WBCS17 Forward ATGGCTGACAGAGAGGCCAGAATCCAA
55 ~700

WBCS18 Reverse TGCTCTCTGTTGAAGAGCATCAC

Gonadal tissue gene expression
qrCS5 Forward TTTGGGAGACCGACTGATAAAG

vasa XM_020457444.2
qrCS6 Reverse CACCAGCACCTGAAGAGAAA

60 124

nanos3 XM_031810988.1
WBTP51 Forward TCATGACTCCGGGATATGCT

60 115
WBTP52 Reverse GGGTTCCATTTCGTGCCATA
qrCS13 Forward CCCCTCCAGGATGTTTACAAA

ef1a 3 XM_031793750.1
qrCS14 Reverse CACACGGCCCACAGGTACA

60 57

1 Primers WBCS11 and WBCS12 are from Du et al., (1993) [20]; 2 primers WBCS17 and WBCS18 are from Yano et al.,
2013 [21]; 3 primers qrCS13 and qrCS14 are from Moore et al., (2005) [22]. Tm, annealing temperature used.

2.2. Immersion Treatment

Gametes were provided by Nez Perce Fisheries, Washington Department of Fish and
Wildlife Voights Creek Hatchery, Minter Creek Hatchery, and Bingham Creek Hatchery.
Briefly, the green eggs and milt were collected from three females and three males for each
batch by stripping broodstock separately to avoid fertilization. Approximately 500 mL of
eggs alongside ovarian fluid from each female, or 5 to 10 mL milt from each male, was
collected into a ziplock bag. All of the bags were inflated with oxygen and sealed. Gametes
were then kept cold and overnight shipped to the Institute of Marine and Environmental
Technology in Baltimore, MA, USA.

Upon arrival, eggs were kept in the original ovarian fluid at 4 ◦C until use. Before
treatment, a wash medium (123 mM NaCl, 25 mM glycine, 2 mM glucose, 6 mM Tris base,
4 mM Tris-HCl, 5 mM KCl, 1 mM MgSO4·7H2O, 2 mM CaCl2·2H2O; 295 mOsm/kg; pH 8.3)
was used to replace ovarian fluid. Ovarian fluid was collected after brief centrifugation to
remove the debris. After washing with the wash medium a few times, eggs were immersion-
treated in different immersion medium containing 12.5 to 20 µM csdnd-MO-Vivo for 12
to 36 h at 4 ◦C or 8 ◦C with gentle shaking (at around 70 rpm depending on immersion
volume) over an orbital shaker. About 200 to 400 eggs were treated for each group in
sealed 2-cup glass bowls with 25–50 mL immersion medium. Control groups without
csdnd-MO-Vivo treatment were also included for different immersion media.

The groups in Batch B were treated in November 2019 (Table 2) in medium B containing
35% ovarian fluid and 65% fertilization diluent (85 mM NaCl, 50 mM glycine and 20 mM
Tris base, with an osmolality of 240 mOsm/kg and pH 8.9) [23,24]. The groups in Batch C
were treated in November 2020 and January 2021 (Table 2) in media with cell culture-based
component Dulbecco′s Modified Eagle′s Medium (DMEM, Sigma-Aldrich D5523, St. Louis,
MO, USA). We developed two new immersion media, C1 (5g/L DMEM, 22 mM NaHCO3,
3 mM glucose, 43 mM NaCl, 25 mM glycine, 10 mM Tris; 280 mOsm/kg; pH 8.5) and
C2 (9g/L DMEM, 6 mM glucose, 25 mM glycine, 10 mM Tris; 280 mOsm/kg; pH 8.5), to
replace ovarian fluid containing immersion medium.
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Table 2. List of immersion media, treatment conditions, eyed rates, the number of fish dissected, and sterile fish found in different groups.

Group Immersion
Medium

csdnd-MO-Vivo
(µM) Tm (◦C) Time (Hours) Eyed Rates 1

Fish Dissected Sterile Fish
Sterility Rates 2

Female Male Female Male Retarded Female

Batch B
CSB1 - - - - 146/261 = 55.9% 11 13 0

CSB16 B 17.5 4 48 5/557 = 0.9% 2 3 1 -
CSB27 B 20 4 24 69/514 = 13.4% 24 26 1 1 2/24 = 8.3%
CSB39 B 12.5 8 36 53/258 = 20.5% 16 19 1 2 1/16 = 6.3%

Batch C
CSC13 C1 0 8 12 198/237 = 83.5% - - -

CSC14-2 C1 20 8 12 120/375 = 32.0% 25 33 1 -
CSC17 C1 0 8 24 198/230 = 86.1% - -

CSC18-1 C1 20 8 24 71/368 = 19.3% 20 25 2 2/20 = 10.0%
CSC19 C2 0 8 24 109/227 = 48.0% - - -

CSC20-1 C2 20 8 24 145/389 = 37.3% 28 22 1 1/28 = 3.6%
CSC22-2 C1 0 8 12 124/272 = 45.6% - - -
CSC27-1 C1 20 8 12 69/337 = 20.5% 34 17 1 1/34 = 2.9%
CSC28 C2 0 8 12 121/240 = 50.4% - - -

CSC29-2 C2 20 8 12 81/326 = 24.58% 19 22 1 1/19 = 5.3%

CSC30-1 C1 15 µM
control-MO-Vivo 3 8 12 113/330 = 34.2% 58 43 0

CSC36-1 C1 15 8 24 202/318 = 63.5% 43 37 1 1/43 = 2.3%

The groups in Batch B were treated in medium B containing 35% ovarian fluid and 65% fertilization diluent (medium components listed in Section 2.2). The groups in Batch C were
treated in medium C1 or C2 with cell culture-based component DMEM replacing ovarian fluid (medium components listed in Section 2.2). 1 Eyed rates were calculated as the number of
embryos developed to eye stage (numerator) divided by total treated eggs (denominator). 2 Sterility rates were based on females only and calculated as the number of females without
germ cells and retarded females (numerator) divided by the total females dissected (denominator). 3 The CSC30-1 group was treated in 15 µM control-MO-Vivo as an MO control.
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Oxygen was filled into glass bowls at the beginning of treatment, as well as every 12 h
if the treatments were longer than 12 h. After immersion treatment, the original immersion
medium containing csdnd-MO-Vivo was gradually replaced by a fresh immersion medium
over about 2 h. The milt from each male was kept separately at 4 ◦C in oxygen-filled
bags before use. Sperm activity was checked for each male before using it for fertilization.
One hundred microliters of milt from each of the three males was mixed and diluted in
the wash medium, and immediately added to the glass bowl to fertilize treated eggs. After
incubation with gentle mixing for 5 min, eggs were transferred into a Heath tray system
with 8 ◦C freshwater for water activation and incubation. The number of eyed embryos was
documented, and eyed rates were calculated as the percentage of embryos that survived
and developed to the eyed larvae stage. A schematic diagram illustrating the immersion
procedures is given in Figure 1A.
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Figure 1. Flowchart of the immersion and sampling procedures involved in this study. (A) Schematic
depiction of the application of immersion-based sterilization technology in coho salmon. Unfertilized
green eggs were treated in an immersion medium containing csdnd-MO-Vivo. After washing, treated
eggs were fertilized and reared up to 14 or 20 months old for gonadal development assessment. (B) All
fish were individually tagged and sex genotyped before the assessment of gonadal development. The
left gel photo demonstrates sex genotyping using a primer pair that amplifies the growth hormone
genes. Males have an extra band compared to females, corresponding to the pseudo growth hormone
gene (GH-Ψ) amplicon, which falls between 200 and 300 bp. The right gel photo shows sex genotyping
with a primer pair for amplifying sexually dimorphic on the Y-chromosome (sdY) gene. Males have
a specific sequence in the Y-chromosome that can be amplified by this primer pair, which is absent
in females. L, DNA ladder; F, female; M, male. Numbers on the side denote the 100 bp, 500 bp and
1000 bp bands of the DNA ladder. After dissection, gonadal tissues were sampled and subjected to
gonadal histology (C) and RT-qPCR assay (D) for vasa and nanos3 expression.
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2.3. Animal Husbandry

After hatching and yolk absorption, larvae were transferred into 90-gallon tanks host-
ing four small compartments in a recirculating aquaculture system. The number of larvae
in each group was thinned down to up to 100 animals in each small compartment. Water
parameters (salinity, temperature, pH, ammonia levels, nitrite levels, and alkalinity) were
closely monitored and adjusted accordingly. Water temperature was gradually increased
from 10 ◦C to 14 ◦C over the course of a few weeks. Fish were reared under standard
feeding and natural photoperiod regimes until sampling. For groups from batch B, fish
were raised up to 14 months old, whereas fish were sampled at 20 months old in batch
C groups.

2.4. Animal Sampling

All of the fish were first tagged under anesthesia using tricaine (MS-222, Sigma-
Aldrich) (pH balanced by sodium bicarbonate), and a piece of caudal fin was clipped for
gDNA extraction and sex genotyping (Figure 1B). Animals were afterwards euthanatized
by an overdose of MS-222 before dissection and gonadal tissue sampling. Since all fertile
females were characterized by two prominent ovarian bulbs, sterile female gonadal tissues
could be easily distinguished due to their much smaller size. All potential sterile ovaries
were sampled for histology and RT-qPCR (Figure 1C,D). However, for males, all testes
were still small at these stages, and sterile testes were not easily separated from fertile
testes upon dissection; therefore, testes of treated fish were only randomly sampled and
examined. Five testes and five ovaries from untreated fertile males and females were also
sampled. All experimental protocols were approved by the Institutional Animal Care and
Use Committee at the University of Maryland School of Medicine.

2.5. Sex Genotyping

Caudal fin samples were first incubated at 95 ◦C for 10 min to inactivate DNase, and
then incubated in gDNA lysis buffer (50 mM KCl, 10 mM Tris-HCl with pH 8.0, 0.3% Tween-
20, and 0.3% NP40) with 20 units/mL proteinase K (New England BioLabs, Ipswich, MA,
USA) at 55 ◦C for at least 3–4 h. After digestion, fin tissue lysates were boiled at 95–100 ◦C
for 15 min to deactivate proteinase K and centrifuged for 5 min at 10,000× g. The gDNA in
the supernatant was genotyped by PCR to determine the sex. Primers targeting growth
hormone genes (GH-I and -II and -Ψ) from Du et al., (1993) [20], and sdY genes from Yano
et al., (2013) [21] were employed (Table 1). PCR products were visualized by agarose gel
electrophoresis, and the sex of each fish was documented (gel photos in Figure 1B).

2.6. Gonad Histology

Gonads were excised out and fixed in Bouin’s fixative solution (Sigma-Aldrich) for
24 h at room temperature, followed by paraffin embedding. Five-micrometer sections were
cut and mounted on plus-charged glass slides and dried overnight over a heat plate at
40 ◦C. The sections were then rehydrated and stained with standard hematoxylin-eosin
staining and mounted for detecting any germ cells in the gonads. The images were acquired
using a Zeiss Axioplan2 microscope (Carl Zeiss AG, Oberkochen, Germany) and CCD
Olympus DP70 camera (Olympus Corporation, Tokyo, Japan).

2.7. RT-qPCR Assay

Gonads were also flash-frozen in a dry ice–ethanol bath and stored at −80 ◦C until
further analysis. Total RNA was extracted by Trizol, and 2 µg RNA was reverse-transcribed
to cDNA using QuantiNova Reverse Transcription Kit (Qiagen, Hilden, Germany) con-
taining a gDNA removal step. Primer sequences for the target genes, including vasa,
nanos3 and a housekeeping gene α subunit of elongation factor 1 (ef1a), are given in Table 1.
Amplification of cDNA was performed on a 7500 Fast Real-Time PCR System (Applied
Bioscience) with a Fast SYBR™ Green Master Mix kit (Thermo Fisher Scientific, Waltham,
MA, USA) using the following conditions: 20 s 95 ◦C activation, 3 s 95 ◦C denaturation, and
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30 s 60 ◦C annealing/amplification, with the last two steps repeated 45 times. A melting
curve running program was also added to the end of amplification to confirm that only a
single PCR product was amplified. In each reaction round, negative controls, including
non-RT controls (without reverse transcriptase) and non-template controls, were added to
determine gDNA and other contaminations. CT values for target genes in each sample were
normalized against the internal control ef1a, and the relative expression level was calculated
by 2−44Ct method. Statistically significant differences between female, male, and sterile
gonads were determined by one-way ANOVA, followed by Tukey’s HSD post hoc test,
except for the nanos3 gene in batch B, where Kruskal–Wallis rank sum test and pairwise
Wilcoxon Rank Sum tests were applied due to the violation of ANOVA test assumptions.
The significance level was set as * indicating p value ≤ 0.05, ** indicating p value ≤ 0.005,
*** indicating p value ≤ 0.0005.

3. Results
3.1. Immersion Treatment

The eyed rates in different control and treated groups are shown in Table 2. All groups
treated for 48 h exhibited low eyed rates (<5%). As a result, subsequent treatments in both
batches B and C were reduced to 12 to 36 h, which improved survival until the eye stage.
In batch C, the ovarian fluid component in medium B was later replaced by DMEM due to
inconsistent availability, biochemical parameters, and composition of ovarian fluid among
different females. Immersion media C1 and C2 with DMEM were found to be competent to
maintain the viability of green eggs during the incubation procedure.

3.2. Sex Genotyping

Fish were sex genotyped before dissection. Representative gel photos for sex geno-
typing are demonstrated in Figure 1B. Female gDNA samples yielded amplification of
GH-I and GH-II genes, whereas males exhibited an additional product of the male-specific
pseudo growth hormone gene, GH-Ψ (the left gel photo in Figure 1B). The sexually di-
morphic on the Y-chromosome (sdY) gene was only amplified, as a product around 700 bp
in size, in male but not female fin samples (the right gel photo in Figure 1B). The sex
determined by these two marker genes was consistent for all of the fish examined.

3.3. Dissection and Gonadal Histology

In batch B, fish were sampled at 14 months old. Upon dissection, all fertile female fish
were identified by two apparent ovarian bulbs, while many, although not all, fertile male
fish displayed two small lobes of the testes (Figure 2A,B). In contrast, gonad development
in sterile fish was absent except for two barely visible pieces of thin filament-like tissue
(Figure 2C). There was a remarked size difference between fertile (Figure 2a,b) and sterile
gonads (Figure 2c) when excised from the fish. Gonad histology further confirmed the
presence of previtellogenic oocytes at the perinucleolar stage (Figure 2a′) in control females
and spermatogonium A (Figure 2b′) in control males. In contrast, both sterile male gonads
(Figure 2c′) and sterile female gonads (Figure 2c′′) were devoid of germ cells. Sterile gonads
were less organized, with the presence of lacuna, connective tissue elements, as well as
some cells that may have represented gonadal somatic cells. Interestingly, another type
of sterile female was observed as oogenesis retardation, where germ cells were arrested
at different prophases in meiosis I (Figure 2d′). The retarded ovaries (Figure 2d) were
larger than sterile gonads but still significantly smaller than fertile ovarian bulbs at the
perinucleolar oocyte stage.

In batch C, fish were sampled at 20 months old. Upon dissection, ovaries affected by
the treatments (Figure 3C,D) were distinguishable from fertile ovaries (Figure 3A). Control
females exhibited ovaries at the early cortical alveoli stage, marked by the accumulation
of cortical alveoli (Figure 3a). Fertile testes remained at similar stages compared to the
earlier sampled batch B without further development (Figure 3B,b). Most retarded ovaries
were found arrested at different stages of prophase I oocytes (from leptotene to pachytene,
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Figure 3d′). However, one retarded female had two primary oocytes (perinucleolar and
late cortical alveoli), with the rest of the oocytes all being atretic (Figure 3d), indicating
their incompetence to develop into functional ovaries, thus representing sterile gonads.
Table 2 provides the number of sterile fish found in each group and sterility rates (based on
females only).
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ovaries were found arrested at different stages of prophase I oocytes (from leptotene to 
pachytene, Figure 3d′). However, one retarded female had two primary oocytes (peri-
nucleolar and late cortical alveoli), with the rest of the oocytes all being atretic (Figure 3d), 
indicating their incompetence to develop into functional ovaries, thus representing sterile 
gonads. Table 2 provides the number of sterile fish found in each group and sterility rates 
(based on females only). 

Figure 2. Gross morphology of gonads and gonadal histology in 14-month-old fertile and treated
sterile coho salmon. (A) A control female; (B) a control male; (C) the gonads of sterile female and
male fish had similar appearance; (D) a retarded female. Arrows in (A–D) point to the gonads;
(a–d) show the excised gonads from fertile female, fertile male, sterile, and retarded female, respec-
tively. Two ovarian bulbs were present in control females (A,a). Gonads of sterile fish (C,c) are
filament-like and much smaller than testes (B,b), which can be easily distinguished. Retarded ovaries
(D,d), although exhibiting some development at the anterior end, remained considerably smaller than
the fertile ovaries. Gonad histology sections of a control female (a′), a control male (b′), a sterile male
(c′), a sterile female (c′′), and a retarded female (d′) are shown. Germ cells (perinucleolar oocytes and
spermatogonium) were present in control fish, while sterile gonads were devoid of germ cells and
less organized, with the presence of lacunas. The ovary with oogenesis retardation exhibited oocytes
arrested at different prophases at meiosis I stage (d′). OcN, oocyte nucleus; Pn, perinucleolar oocyte;
SpA, spermatogonium A; La, lacuna; Le, leptotene; Zy, zygotene. Scale bar = 1 cm in (a–d). Scale
bar = 100 µm in (a′). Scale bar = 10 µm in (b′,c′,c′′,d′).

3.4. Gene Expression in Gonadal Tissues

Relative expression levels of nanos3 and vasa normalized by ef1a are presented sep-
arately for batch B and batch C in Figure 4. Significant differences were observed in the
mRNA levels of both vasa (Figure 4A,C) and nanos3 (Figure 4B,D) among different groups.
For vasa expression, fertile ovaries and testes had similar levels at 14 months old (p = 0.17),
while fertile ovaries displayed lower vasa expression compared to fertile testes at 20 months
old (p = 0.01), due to the advancement of oogenesis from perinucleolar to cortical alveoli
stage. Sterile gonads lacking germ cells showed no expression of vasa mRNA, while re-
tarded ovaries with arrested germ cells exhibited similar vasa expression as fertile females
due to early activity of their germ cells (Figure 4A,C, p > 0.05). In terms of nanos3 expression,
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sterile ovaries exhibited no nanos3 expression at 14 months old (Figure 4B), and extremely
low levels at 20 months old, significantly lower than fertile ovaries (Figure 4D, p < 0.005).
Ovaries displaying retardation had extremely low levels of nanos3 expression that were
significantly lower than in fertile ovaries at 20 months old (p < 0.0005).
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Figure 3. Gross morphology of gonads and gonadal histology in 20-month-old fertile and treated
sterile coho salmon. The gross morphology of gonads was similar to those at 14 months old. Arrows in
(A–D) point to the gonads. Control females (A) at this age had progressed to the early cortical alveoli
stage (a), while control testes (B) were still small and had only germ cells at the spermatogonium
A stage (b). Sterile male (C,c) and female gonads (c′) were both devoid of germ cells and exhibited
less organization, with the presence of lacunas. Most retarded ovaries (D) had oocytes at different
prophase I stages (d′), while one displayed two primary oocytes at perinucleolar and late cortical
alveoli stages, with the remaining oocytes all atretic oocytes (d). OcN, oocyte nucleus; eCa, early
cortical alveoli oocyte; SpA, spermatogonium A; La, lacuna; Pn, perinucleolar oocyte; Ao, atretic
oocyte; lCa, late cortical alveoli oocyte; Cn: cell nest in different meiosis stages; Oo, oogonium; Le,
leptotene; Zy, zygotene; Pa, patchytene. Scale bar = 100 µm in (a,d). Scale bar = 10 µm in (b,c,c′,d′).
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Figure 4. Relative expression levels of vasa and nanos3 genes were measured and compared among
different groups. Data are presented as relative expression normalized against ef1a expression and
separated by vasa (A,C) and nanos3 (B,D), as well as by batch B at 14 months old (A,B) and batch C at
20 months old (C,D). Sterile gonads had no expression of vasa, while retarded ovaries with arrested
germ cells showed vasa expression levels similar to those of fertile females due to the early activity of
their germ cells at both stages. In terms of nanos3, both sterile and retarded ovaries exhibited no nanos3
expression at 14 months old, and extremely low levels at 20 months old, significantly lower than that
observed in fertile ovaries. Statistical significance was determined by one-way ANOVA, followed
by Tukey’s HSD post hoc test in A, B, and C, and by Kruskal–Wallis rank sum test and pairwise
Wilcoxon Rank Sum tests in D. The significance levels are denoted as * indicating p value ≤ 0.05,
** indicating p value ≤ 0.005, *** indicating p value ≤ 0.0005.

4. Discussion

As the first example reported of applying this novel immersion sterilization technology
to an aquaculture species with elaborated protocols, we demonstrated the proof of con-
cept of the transferability of this technology. We obtained sterile coho salmon individuals
without germ cells, those with oocytes arrested at prophase I, and with atretic oocytes as
well, though in small numbers. As dnd is an evolutionarily conserved element essential for
PGC development in multiple fish species [18,25–29], this sterilization technology could be
applied to other commercially important fish species. As we pursue strategies for optimiza-
tion, including those mentioned here and elsewhere [30], we will continue to build on these
results to achieve high sterility induction in salmonids and extend the methodology to
other fish species. Achieving reproductively sterile fish farming by immersion sterilization
is expected to mitigate the issues associated with undesired maturation and reproduction,
and provide premium sterile fish farming paradigms for ecologically and economically
sustainable aquaculture globally.

The emerging immersion-based approach targeting dnd to sterilize fish without in-
troducing any genetic modifications presents a promising solution for mitigating the
limitations and disadvantages of triploidization and genetic engineering approaches. This
novel sterilization technology has many advantages, including (1) targeting dnd, which
is highly conserved across species, to disrupt PGC development, offering a solid founda-
tion for technology transfer to other fish, (2) achieving sterility without introducing any
genetic modifications, thus mitigating public concerns over food safety and environmental
sustainability, (3) producing sterile populations in an efficient manner that is practical for
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large-scale aquaculture operations, and (4) acquiring sterility in an inducible way, while
fertile broodstock can be maintained by simply omitting the treatment.

In the case of zebrafish, where the technology was first demonstrated [19], a post-
fertilization treatment was conducted on early embryos. However, for coho salmon, only
the pre-fertilization treatment (treating eggs before fertilization) was feasible since the
embryos after fertilization were sensitive to the movement applied during immersion
treatment. Therefore, eggs must be incubated in an appropriate medium during treatment
to maintain their viability before fertilization. A common practice to achieve this is by
keeping them in the ovarian fluid, imitating the environment they originated from [31,32].
Therefore, we included ovarian fluid as a major component of the immersion medium
during the 2019 winter treatments. The presence of ovarian fluid in the immersion medium
was indeed shown to maintain some viability of the green eggs compared to other media
we used.

However, obtaining enough ovarian fluid can be challenging. In addition, the charac-
teristics of the ovarian fluid, such as clarity, ionic composition, pH, and osmolarity, vary
among different females and at different maturation stages [3], leading to potential incon-
sistency affecting egg viability and MO uptake during immersion treatments. Moreover,
the use of ovarian fluid increases the risk of introducing diseases into the fish culture
system [33]. Therefore, adopting a well-defined medium, such as a fish cell culture medium
like Leibovitz’s medium (L-15) and Eagle’s minimum essential medium (MEM), modified
to resemble components and physicochemical properties of ovarian fluid [34], may provide
a more reliable and consistent treatment condition. Indeed, the immersion medium C1
containing DMEM, for example, demonstrated competence in maintaining the viability of
green eggs during incubation (Table 2).

The immersion conditions, including temperature, the concentration of csdnd-MOVivo,
and duration of treatment, collectively determine survival and sterility rates, between
which there is a trade-off. In zebrafish, a higher concentration of zfdnd-MO-Vivo or longer
immersion treatment produced more sterile fish but led to lower embryo survival (citation).
This drop in survival may be caused by the endocytosis activity imposed by Vivo during
early embryogenesis, which may retard and irreversibly arrest development. Therefore, the
optimal dosage and immersion conditions need to be determined according to not only their
effectiveness for sterility induction but also the embryo viability after treatments. When
we shortened the treatment to 12 and 24 h in subsequent treatments in batch C, survival
rates in the eye stage increased to 19.3–63.5% compared to extremely low eyed rates (<5%)
for groups treated for 48 h in batch B. The survival rates may be further improved by
shortening treatment time, as we have found the MO uptake by chorion is a relatively
fast process.

In addition to egg viability, the immersion medium must also prevent water hardening
of the eggs. Teleost eggs, when spawned from the isotonic environment of the coelom
into freshwater, regardless of whether or not fertilization occurs, undergo rapid changes
generally referred to as activation and water hardening. This change renders the chorion to
act as a semipermeable barrier [35,36] and become noticeably less permeable in many teleost
fish [37–43]. In zebrafish, decreased permeability of chorion after water hardening caused
insufficient MO uptake and reduced sterilization rates [19]. Therefore, the immersion
medium needs to be isotonic to coelomic/ovarian fluid to prevent water hardening in
this regard. On the other hand, enzymatic removal of chorion has also been attempted
using natural hatching enzymes, trypsin, pancreatin, or a combination of them [44–46]. A
milder treatment with these enzymes during or before treatment may soften the chorion,
promoting its permeability and enhancing MO uptake for a higher sterility rate.

Coho salmon, a native Pacific salmonid species with a long cultural history, has gained
increasing interest in aquaculture in recirculating aquaculture systems (RAS) in recent
years [47,48]. Although fish reared in RAS are less likely to escape into the wild compared
to those reared using the net pen culture method, many salmonids experience a high level
of precocious maturation in both sexes when raised in RAS [49,50], which can severely com-
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promise their growth and flesh quality, thus economic profitability. Farming sterile coho
salmon offers one of the most effective methods to prevent unwanted maturation and repro-
duction while promoting cost-effective and ecologically responsible aquaculture. Here, we
applied our novel immersion-based gene silencing sterilization technology to coho salmon
for the first time to produce sterile coho salmon and evaluated their gonadal development.

The excessively long reproduction cycle of many aquaculture fish may hinder the
application and refinement when transferring this technology. In the case of coho salmon,
testes were still tiny and underdeveloped even at 20 months old, making it difficult to
distinguish sterile males upon dissection. In contrast, sterile females without germ cells and
those with oogenesis retardation showed remarkably smaller ovaries compared to fertile
females. As the two prominent ovarian bulbs can develop in as early as 6 months in females,
using an all-female population for immersion treatment would shorten the time needed for
gonadal development assessment and accelerate the application and optimization process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11122208/s1, Figure S1: A striking example of a precocious
male coho salmon reared in our recirculating aquaculture system.
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