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STEM CELLS

Gametes of semelparous salmon are repeatedly
produced by surrogate rainbow trout

Goro Yoshizaki'?*, Ryo Fujihara1, Shun Namura’, Koji Kanzaka', Kenji Kamiya’,
Madoka Terasawa', Shotaro Shimamori', Natsuko Moriya1, Misako Miwa', Makoto Hayashi3

Most Pacific salmon species grow in the ocean, return to their native rivers to reproduce, and then die (semelpa-
rous type). However, rainbow trout survive after spawning and reproduce repeatedly until the end of their lives
(iteroparous type). Little is known about how germline stem cells behave during gametogenesis in the two types
of Pacific salmon. In this study, we show that all germline stem cells disappear after the first gametogenesis in
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Chinook and Kokanee salmon, whereas germline stem cells are maintained in rainbow trout. However, the germ-
line stem cells of Chinook and Kokanee salmon transplanted into rainbow trout survive even after their spawning
seasons and supply salmon gametes for multiple years. These results indicate that the behavior of the germline

stem cells is mainly regulated by the somatic environment.

INTRODUCTION

Most Pacific salmon, belonging to the genus Oncorhynchus, are
known to spawn and spend their early life in fresh water, migrate to
the sea, grow for several years in the ocean, return to their native
river at age 3 to 7 years upon maturation, and die soon after spawn-
ing there (I). Unlike many other groups of fish, these species gener-
ally do not sexually mature and ovulate multiple times during the
spawning season, and the oocytes in the ovaries develop in com-
plete synchrony and eventually ovulate simultaneously (2). For
males, spermatogenesis and spermiogenesis are known to occur al-
most synchronously, although the sperm that are released in the
ductus deferens are used for several matings (3, 4). On the other hand,
rainbow trout Oncorhynchus mykiss and cutthroat Oncorhynchus
clarki, which are considered primitive species belonging to the same
genus Oncorhynchus, return to their native river when they sexually
mature and continue to live after spawning there, repeatedly pro-
ducing gametes every year when the spawning season comes until
the end of their lives (5, 6). Furthermore, rainbow trout and cut-
throats have many land-locked populations, and, in these cases, egg
formation and spermatogenesis are also repeated annually, as de-
scribed above, and they do not die after the spawning seasons. Sockeye
salmon Oncorhynchus nerka, a typical single spawning species, is
also known to have many land-locked populations and is referred to
as Kokanee salmon. These land-locked populations are also com-
pletely single-spawning, and both sexes are known to die after the
first spawning season (7).

As described above, the single-spawning mode of reproduction
seen in many Pacific salmon is called semelparity, while the multiple-
spawning mode of reproduction seen in rainbow trout and cut-
throat is called iteroparity. However, little is known about how these
dimorphisms occur among closely related species within the genus
Oncorhynchus. Although there have been several histological analy-
ses of the gonads of these fish species (3, 8-11), the main concern in

"Department of Marine Biosciences, Tokyo University of Marine Science and Tech-
nology, 4-5-7 Konan Minato-ku, Tokyo 108-8477, Japan. 2Institute for Reproductive
Biotechnology for Aquatic Species (IRBAS), Tokyo University of Marine Science and
Technology, 4-5-7 Konan Minato-ku, Tokyo 108-8477, Japan. 3Life Science Center
for Survival Dynamics, Tsukuba Advanced Research Alliance (TARA), University of
Tsukuba, Tsukuba, Ibaraki 305-8577, Japan.

*Corresponding author. Email: goro@kaiyodai.ac.jp

Yoshizaki et al., Sci. Adv. 10, eadm8713 (2024) 24 May 2024

previous studies has been the cellular behavior of germ cells at their
most differentiated and advanced stages in terms of egg and sperm
production used for in vitro fertilization, and little has been de-
scribed regarding the behavior of the most immature germ cells, so-
called germline stem cells. Germline stem cells are expected to be
important for iteroparity because they continuously provide a large
number of gametes during the second and subsequent spawning
seasons.

In this study, Chinook salmon Oncorhynchus tshawytscha and
Kokanee salmon were used as models of semelparous species, and
rainbow trout were used as a model of iteroparous species. First, by
clarifying the behavior of undifferentiated germ cells (a population
expected to contain stem cells) in the gonads of these species reared
under the same conditions, we determined whether germline stem
cells remain in the gonads of semelparous species immediately after
the species spawn, i.e., whether the germline stem cells remain in
the gonads to supply gametes during the following spawning sea-
sons. This study revealed that germline stem cell behavior differed
significantly between iteroparous and semelparous species. This dif-
ference in germline stem cell behavior raises the question of how
germline stem cell behavior is regulated. Therefore, to elucidate
whether the behavior of germline stem cells in these Pacific salmon
is under cell-autonomous control or governed by the cellular envi-
ronment, we tested whether (when germline stem cells of semelpa-
rous species were transplanted into rainbow trout, an iteroparous
species) the recipient rainbow trout could continue producing gam-
etes derived from the semelparous species for multiple years.

RESULTS

Behavior of undifferentiated germ cells

Because a reliable molecular marker for germline stem cells in sal-
monids has not yet been identified, we identified an undifferentiated
germ cell population, including germline stem cells, by immunos-
taining with an antibody against Vasa, which is known to be strong-
ly expressed in type A spermatogonia (ASGs) (12), oogonia, and
relatively small oocytes (13). ASGs are expected to be undifferenti-
ated and known to be singly located and surrounded by Sertoli cells.
As a result, only Vasa-positive ASGs were observed in the prepuber-
tal testes of the three salmonid species (Fig. 1, top). Similarly, in
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Fig. 1. Undifferentiated germ cells of rainbow trout, which are iteroparous,
remain in the mature testes and ovulated ovaries, while undifferentiated
germ cells of semelparous salmon (Chinook and Kokanee salmon) disappear
with their maturation. Left column, rainbow trout; middle column, Chinook salm-
on; right column, Kokanee salmon. Arrowheads indicate oogonia and spermatogo-
nia in the ovary and the testis, respectively. The top and bottom pictures show
hematoxylin and eosin (H&E)-stained and immunostained images using Vasa anti-
body, respectively. Scale bars, 20 pm.
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prepubertal ovaries, Vasa-positive oogonia were found in the ovar-
ian epithelium located on the surface of the ovarian lamella in all
examined fish species (Fig. 1, bottom). However, in the mature and
spermiated testes, Vasa-positive ASGs were present within the wall
of the testicular lobule only in rainbow trout, which is iteroparous,
while no Vasa-positive cells could be detected in the two semelpa-
rous species (Fig. 1, top). Similarly, Vasa-positive oogonia could be
detected in the postovulatory ovaries only in rainbow trout, but no
Vasa-positive cells could be detected in the two semelparous salmon
(Fig. 1, bottom). Thus, the two semelparous species have gonads
that do not have the potencies to resume gametogenesis after their
first reproductive cycle.

Behavior of Chinook salmon germ cells in trout recipients

To clarify whether the cell fate of Vasa-positive undifferentiated
germ cells is regulated cell autonomously or by the cellular micro-
environment, ASGs of Chinook and Kokanee salmon were retrieved
from prepubertal individuals and transplanted into the abdominal
cavity of the larvae of iteroparous rainbow trout recipients immedi-
ately after hatching. The sterility of the recipients is important for
the efficient production of eggs and sperm derived from donor
germ cells in recipient individuals (14, 15). Therefore, rainbow trout
recipients used for transplantation of Chinook salmon germ cells
were deficient in endogenous germ cells by knocking out the dnd
gene (16). The transplanted donor cells migrated to the gonadal an-
lagen of the recipient larvae, where they were incorporated and ini-
tiated gametogenesis. As a result, 10 of the 27 male rainbow trout
transplanted with Chinook salmon germ cells produced sperm at
1 year of age (table S1A). Recipient males that matured at the age of
1 year were reared continuously, and all 10 individuals repeatedly
produced spermatozoa every year until they reached the age of
4 years. In addition, seven male recipients matured at 2 years of age,
and four of these individuals produced spermatozoa annually for
3 years until they reached 4 years of age (table S1A). To determine
whether the sperm were derived from donor Chinook salmon,
DNA was extracted from semen produced by these 1- to 4-year-old
male recipients and subjected to fingerprint analysis. All the sperm-
derived DNA showed fingerprints identical to those of donor Chi-
nook salmon (Fig. 2A). The number of Chinook salmon sperm
produced by these rainbow trout recipients ranged from 3.4 + 2.3
(atage 1) to 13.0 + 6.1 (at age 3) x 10" fish until they reached age 3
(Fig. 2B), which was comparable to rainbow trout of the same age.
Furthermore, at 4 years of age, the number of Chinook salmon
sperm produced by the recipients was similar to that of control Chi-
nook salmon that also matured at 4 years of age (Fig. 2B). Milt vol-
ume ranged from 1.8 + 0.8 (at age 1) to 10.2 + 2.9 (at age 3) ml,
which was comparable to rainbow trout of the same age but less
than that of Chinook salmon matured at age 4 (35.4 ml) (Fig. 2C).
In females, 7 of the 24 recipients formed eggs at age 2 (table S1B).
One of the seven mature female recipients died at age 2, but the re-
maining six produced eggs and ovulated at age 3. In addition, five of
these recipients produced eggs for three consecutive years until they
were 4 years old (table S1B). Egg numbers produced by female rain-
bow trout recipients ranged from 1419 + 296 (at age 2) to 1800 + 543
(at age 3) (Fig. 2D). The sum of the number of eggs produced by
these rainbow trout recipients during age 2 to age 4 was greater than
that produced by 4-year-old Chinook salmon (1017 + 206). Fur-
thermore, egg diameters of 5.5 + 0.3 (at age 2) to 6.4 + 0.7 (at age 4)
mm were clearly larger than normal rainbow trout eggs (17) and
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Fig. 2. Repeated production of donor-derived Chinook salmon gametes by dnd-
knockout rainbow trout recipients. (A) Restriction fragment length polymorphism
(RFLP) analysis of the vasa gene using sperm DNA obtained from 1- to 4-year-old
(y/0) trout recipients. Numbers 1 to 10 are sperm samples from trout recipients, CS is
Chinook salmon sperm, RT is rainbow trout sperm, U is the uncleaved product of the
vasa gene, and C is the restriction enzyme-cleaved product. N indicates negative
control without adding templated DNA; M indicates DNA-size marker. (B) Number of
sperm produced by 1- to 4-year-old trout recipients. (C) Volume of milt produced by
1- to 4-year-old trout recipients. (D) Number of eggs produced by 2- to 4-year-old
trout recipients. (E) Diameter of eggs produced by 2- to 4-year-old trout recipients.
Chinook in (B) to (E) indicates number of sperm, milt volume, number of eggs, and
egg diameter produced by 4-year-old Chinook salmon, respectively. (F and G) Behav-
ior of donor-derived Chinook salmon germ cells in the gonads of 4-year-old trout re-
cipients was analyzed through H&E staining [(F) and (G)] and immunostaining using
the Vasa antibody [(F') and (G')]. (F) testis; (G) ovary. Arrowheads indicate spermato-
gonia [(F) and (F')] and oogonia [(G) and (G')]. Scale bars, 20 mm.
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intermediate between those of Chinook salmon and rainbow trout
(Fig. 2E).

The rearing experiment of the recipient individuals was termi-
nated when they reached the age of 4, and the gonads of these indi-
viduals were sampled for histological observation. Our previous
study confirmed that recipient rainbow trout are completely devoid
of endogenous germ cells due to the knockout of dnd (16). Our
analysis confirmed that Vasa-positive ASGs remained in the testes
of recipients even after the reproductive season at age 4 (Fig. 2, F
and F’). Furthermore, many Vasa-positive oogonia remained in the
ovaries of female recipients after ovulation (Fig. 2, G and G’). These
results strongly suggest that these recipients continuously have the
ability to form gametes in subsequent spawning seasons.

Because it was difficult to extract DNA for fingerprint analysis
from the eggs produced by rainbow trout recipients due to the large
size and high yolk contents of the eggs, a mating experiment was
conducted to obtain offspring using male and female rainbow trout
recipients (Fig. 3, A to C, E, and F). As a result, the offspring hatched
normally at a similar timing as that of the control Chinook salmon,
which was much later than the hatching timing of normal rainbow
trout (Fig. 3, A and B). DNA fingerprint analysis of these offspring
revealed that fingerprint patterns were identical to those of Chinook
salmon (Fig. 3C). The eggs produced by rainbow trout recipients at
age 2 to 4 years were artificially inseminated with normal Chinook
salmon sperm, and all eggs produced by these recipients were con-
firmed to be of Chinook salmon origin through DNA fingerprinting
(Fig. 3D). The external morphology and growth of the offspring
were normal (Fig. 3E), and the number of vertebrae and the number
of anal fin rays were within the normal range for Chinook salmon
and were clearly different from the recipient rainbow trout (Fig. 3F).

Behavior of Kokanee salmon germ cells in trout recipients
Chinook salmon rarely survive after maturity, and a few precocious
males continue spermatogenesis in the following year. Therefore, we
conducted a similar experiment using Kokanee salmon, in which all
precocious males die (7). In this experiment, infertile rainbow trout
recipients produced by triploidization (17, 18) were used as trans-
plantation recipients of Kokanee salmon germ cells. When these
recipients reached the age of 2, 6 of the 13 males produced sperm
(table S2A). DNA fingerprint analysis revealed that all of these
sperm were derived from donor Kokanee salmon (Fig. 4A). Contin-
ued rearing of these six individuals and those that did not mature at
2 years of age resulted in three of these recipients producing sperm
at 3 years of age (Fig. 4A, nos. 5, 6, and 7). Similarly, when these re-
cipients were reared continuously, all three produced sperm of Ko-
kanee salmon origin at the age of 4 years. Notably, one of them
produced sperm of Kokanee salmon origin at the age of 5 years. This
individual (no. 6) produced sperm from the Kokanee salmon con-
tinuously for 4 years (Fig. 4A). In addition, two of the remaining six
individuals (Fig. 4A, nos. 5 and 7) repeatedly produced sperm for at
least 2 years. The number of sperm produced by these recipients was
0.15 (atage 5) to 11.1 + 0.7 (at age 3) X 10 (Fig. 4B), and the semen
volume was 1.7 (at age 5) to 6.4 + 3.7 (at age 3) ml (Fig. 4C). These
values were within the normal range for rainbow trout sperm.

In female recipients transplanted with Kokanee salmon germ
cells, recipient no. 3, repeatedly produced eggs from 2 to 4 years of
age. In addition, recipient no. 4 repeatedly produced eggs three
times from 3 to 5 years of age (table S2B). The number of eggs pro-
duced by these recipients was comparable to the number of eggs
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Fig. 3. Production of Chinook salmon offspring by mating dnd-knockout rainbow trout recipients. (A) Fertilized eggs and hatchlings produced by crosses between
male and female trout recipients. The blue, green, and red boxes indicate the offspring of trout recipients, Chinook salmon, and rainbow trout, respectively. The top and
bottom panels show offspring at 34 days postfertilization (dpf) and 58 dpf, respectively. (B) Hatching time of the offspring produced by trout recipients. The three ran-
domly selected broods were used for analysis. (C) RFLP analysis of the vasa gene using DNA from the offspring produced by trout recipient parents. Numbers 1 to 10, F1
larvae samples produced by trout recipients; CS, Chinook salmon; RT, rainbow trout. NC indicates the negative control, and M indicates DNA-size marker. (D) RFLP analysis
of the vasa gene using DNA from the F1 using eggs from female recipient no. 4, aged 2 to 4 years, and sperm from Chinook salmon. Numbers 1 to 10 represent F1 larvae
samples of recipient no. 4. (E) External morphology of the offspring derived from trout recipients. (F) Number of vertebrae and anal fin rays of the offspring produced by
trout recipients. RT, values for control rainbow trout; F1, values for the offspring produced by the recipients. Red and blue double-headed arrows indicate the range of
respective values for Chinook salmon and rainbow trout from the literature, respectively.
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Fig. 4. Repeated production of donor-derived Kokanee salmon gametes by dnd-knockout rainbow trout recipients. (A) RFLP analysis of the vasa gene using sperm
DNA obtained from 2- to 5-year-old trout recipients. Numbers 1 to 7 are sperm samples from trout recipients, KS is Kokanee salmon sperm, RT is rainbow trout sperm, U
is the uncleaved product of the vasa gene, and C is the restriction enzyme-cleaved product. N indicates negative control in which PCR was performed without adding
template DNA; M indicates DNA-size marker. NM indicates not mature; NA indicates not analyzed; D indicates dead. (B) Number of sperm produced by 2- to 5-year-old
trout recipients. Kokanee indicates the number of sperm produced by 3-year-old Kokanee salmon. (C) Volume of milt produced by 2- to 5-year-old trout recipients; Ko-
kanee indicates the milt volume produced by 3-year-old Kokanee salmon. (D) Number of eggs produced by 2- to 4-year-old trout recipients. Kokanee indicates the num-

ber of eggs produced by a 3-year-old Kokanee salmon. (E) Average diameter of eggs produced by 2- to 4-year-old trout recipients. Kokanee shows the diameter of eggs
produced by 3-year-old Kokanee salmon.
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produced by 3-year-old Kokanee salmon each year (Fig. 4D). Egg
size tended to increase with the recipient’s age (Fig. 4E). To deter-
mine whether the eggs produced by these rainbow trout recipients
derived from the donor Kokanee salmon, a mating experiment was
conducted using the male and female recipients (Fig. 5, A to C, E,
and F). As a result, the hatching timing of the resulting offspring
was markedly later than that of rainbow trout and similar to that of
Kokanee salmon (Fig. 5, A and B). The offspring from the rainbow
trout recipient parents were subjected to DNA fingerprint analysis,
and all of them showed the same pattern as that of the Kokanee
salmon (Fig. 5C). The eggs produced by rainbow trout recipients at
the age of 2 to 4 years were artificially inseminated with normal
Kokanee salmon sperm to produce the next generation. All the off-
spring were identified as pure Kokanee salmon through DNA fin-
gerprinting (Fig. 5D). The offspring showed normal growth and
external morphology (Fig. 5E), and the vertebral numbers and gill
raker numbers of these individuals were consistent with those of
Kokanee salmon and clearly distinguishable from those of rainbow
trout (Fig. 5F).

DISCUSSION
In this study, we found that semelparous salmon completely lost
undifferentiated germ cells that were expected to contain germline
stem cells after first sexual maturation in both sexes. On the other
hand, stem cells were maintained in iteroparous rainbow trout af-
ter the reproductive seasons and prepared for gametogenesis in the
following reproductive season. To investigate the cause of this dif-
ference in the behavior of germline stem cells, we transplanted
semelparous salmon germ cells into iteroparous rainbow trout re-
cipients and found that the male recipients continued to produce
donor-derived salmon gametes for at least 4 years and the females
continued to produce the gametes for at least 3 years. dnd-knockout
rainbow trout recipients that received Chinook salmon germ cells
survived beyond the 4-year-old spawning season, and many undif-
ferentiated germ cells derived from the donor Chinook salmon
were detected in the gonads of the postmaturation recipients. This
suggests that these recipients are most likely to reproduce during
the fifth reproductive season. Overall, these facts indicate that the
somatic environment surrounding germline stem cells has a major
influence on cell fate if undifferentiated germ cells (presumably
germline stem cells) survive in the gonads after each reproductive
season. Triploids were used as the rainbow trout recipients to
which Kokanee salmon germ cells were transplanted. Thus, the
rainbow trout’s own undifferentiated germ cells were present in
their gonads (19), causing difficulties in distinguishing between
recipient-derived and donor-derived germ cells. However, the fact
that triploid rainbow trout repeatedly produced Kokanee salmon
gametes suggests that the fate determination of undifferentiated
germ cells in Kokanee salmon is also likely to be controlled by their
cellular environments. Although the mechanism by which undif-
ferentiated germ cells are lost in semelparous salmon is still not
clear, the germ cell transplantation system established in this study
between semelparous and iteroparous species can provide a pow-
erful tool to study the regulatory mechanisms of germ cell differ-
entiation, survival, and proliferation.

Another fact revealed by this germ cell transplantation study was
that the timing of the onset of maturation, or puberty, is not germ
cell-autonomous but is determined by the somatic environments

Yoshizaki et al., Sci. Adv. 10, eadm8713 (2024) 24 May 2024

surrounding the germ cells. Although Chinook salmon generally
require 3 to 7 years to reach maturity and at least 2 years for some
precocious males (20), many rainbow trout recipients produce Chi-
nook salmon sperm annually from the age of 1 year and their eggs
annually from the age of 2 years. Although it is difficult to conclude
because few precociously mature Kokanee salmon mature at the
same age as rainbow trout (7), the results of this study indicate that,
similar to Chinook salmon, the maturation of recipient rainbow
trout may occur earlier than in normal Kokanee salmon. These facts
indicate that the cellular environment is more important for puberty
initiation in salmonids than germ cell-autonomous factors.

The numbers of Chinook salmon sperm produced by rainbow
trout recipients were lower than those of 4-year-old Chinook salm-
on until the recipients reached age 3, but this was likely dependent
on the recipient’s body size. Sperm numbers produced by 4-year-old
recipients were comparable to those of Chinook salmon. The num-
bers of Kokanee salmon sperm produced by 2-year-old rainbow
trout recipients were also lower than those produced by control Ko-
kanee salmon because control Kokanee salmon mature at age 3. The
3-year-old recipients produced sperm comparable to those in the
control. A trend toward lower semen volume was observed in rain-
bow trout recipients in the current study, although the reason for
this could not be explained. However, these semen volumes were
within the normal range of rainbow trout semen volume (17), sug-
gesting that the amount of semen is probably dependent on the re-
cipient species rather than the donor species.

Both Chinook and Kokanee salmon produced larger eggs than
normal rainbow trout (~4.8 mm) (17); however, eggs from donor
species produced by rainbow trout recipients were found to be larg-
er than those of rainbow trout. This indicates that egg size is at least
partially influenced by the donor germ cells. Similarly, donor species
have been reported to affect the size of eggs produced by recipients
in the family Cyprinidae (21), and this phenomenon may be general
and not limited to salmonids. The number of eggs produced by
these recipients tended to be fewer than that produced by normal
rainbow trout, but this may be due to compensation for the larger
egg sizes.

Eggs produced by rainbow trout recipients receiving Kokanee
salmon germ cells varied greatly in quality. This was most likely a
donor issue, as the survival rate of Kokanee salmon in the control
was also not high. The population used in this experiment has been
reproduced repeatedly as a genetically small population for a long
time, which may have resulted in inbreeding. In general, fish eggs
decrease in developmental ability with time after ovulation, a phe-
nomenon called overripening. Kokanee salmon eggs overripen
much faster than those of rainbow trout, so we cannot rule out the
possibility that the problem of overriping has become apparent.

We revealed distinct functional differences in the gonads of se-
melparous and iteroparous salmon. The differences between se-
melparous and iteroparous salmon were not only dying after their
first reproduction but also the behavior of their germline stem cells
after their first gametogenesis. Although the molecular mechanisms
regulating this germ cell behavior are not known, somatic environ-
ments surrounding the germ cells play a major role in regulating this
germ cell behavior. Various omics studies using the fish species used
in this study are expected to elucidate these molecular mechanisms
as well. This is not only a biologically important discovery but is also
expected to contribute to the enhancement of Pacific salmon seed-
ling production technology.
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Fig. 5. Production of Kokanee salmon offspring by mating triploid rainbow trout recipients. (A) Fertilized eggs and hatchlings produced by crosses between male
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panels show offspring at 34 dpf and 75 dpf, respectively. (B) Hatching time of the offspring produced by trout recipients. The three broods produced by 3-year-old recipi-
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RT, values for control rainbow trout; F1, values for the offspring produced by the recipients. Red and blue double-headed arrows indicate the range of respective values
for Kokanee salmon and rainbow trout from the literature, respectively.
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MATERIALS AND METHODS

Fish

Twenty-five male Chinook salmon were used as donors for germ
cell transplant experiments (body weight, 132.6 + 2.1 g), which
were provided by the National Oceanic and Atmospheric Admin-
istration Northwest Fisheries Science Center. In the Kokanee
salmon experiment, 10 males (body weight, 71.3 + 9.3 g) that had
been passaged in spring water at 10.5°C at the Oizumi Station
(Yamanashi, Japan) of the Tokyo University of Marine Science
and Technology were used as donors. The donor testes of both
species used in this study retained only ASGs but not more differ-
entiated germ cells.

For the Chinook salmon germ cell transplantation, rainbow
trout hatchlings produced by mating dnd heterozygous mutant fe-
males and males were used as recipients. Of the resulting hatch-
lings, genotyping with T7 endonuclease using DNA prepared
from their mucous was performed using the protocol of Fujihara
et al. (16), leaving only homozygous mutants for subsequent
transplantation experiments. When transplanting Kokanee salm-
on germ cells, triploid rainbow trout were used as recipients. To
produce triploid recipients, fertilized rainbow trout eggs were
raised in 10°C water for 10 min after fertilization and immersed in
27°C water for the next 15 min and then allowed to develop and
grow in environmental water at 10.5°C. All procedures described
herein were approved by Tokyo University of Marine Science and
Technology, Institutional Animal Care and Use Committee (no.
125-S5).

Germ cell transplantation

After anesthetizing the donor individuals, the abdomen was in-
cised, and the testes were removed. The testicular mesentery and
accompanying blood vessels were removed from the testes using
tweezers under a stereomicroscope. The testes were also cut into
small pieces using Weckel scissors (MB-41, NAPOX, Natsume Sei-
sakusho Co., Ltd., Tokyo, Japan) to obtain testis fragments. The
resulting testis fragments were transferred into 1 ml of trypsin
(150 U/mgP, 88% protein, Worthigton Biochemical Corp., New
Jersey, USA)/phosphate-buffered saline (+) solution and subjected
to enzymatic digestion for 2 hours at 20°C. During the enzymatic
treatment, gentle pipetting was applied every 30 min to promote
the dissociation of remaining testicular fragments. The resulting
testicular cell suspension was filtered through a nylon screen with
42-pm mesh to remove cell clumps resulting from incomplete dis-
sociation. The resulting donor testicular cells were stored at 4°C
until transplantation.

Glass micropipettes for germ cell transplantation were prepared
by using a glass capillary (G-1, Narishige Scientific Instruments
Laboratory, Tokyo, Japan) with a puller (PW-6, Narishige Scientific
Instruments Laboratory). The inner diameter of the tip of the glass
micropipette was adjusted to 70 to 90 pm using a microgrinder
(EG-3, Narishige Scientific Instruments Laboratory). A microma-
nipulator (BP-1, Narishige Scientific Instruments Laboratory) and
microinjector (IM-9A, Narishige Scientific Instruments Laborato-
ry) set up under a stereomicroscope were used to transplant 20
to 30 nl of the donor cell suspension containing 20,000 to 30,000
testicular cells into the abdominal cavity of the newly hatched re-
cipient larvae (22, 23). The resulting recipients were then reared in
running water at 10.5°C.

Yoshizaki et al., Sci. Adv. 10, eadm8713 (2024) 24 May 2024

Histology

Immature testes were isolated from 8-month-old rainbow trout [body
weight, 12.5 g; gonadosomatic index (GSI), 0.04%], 15-month-old
Chinook salmon (body weight, 26.8 g; GSI, 0.13%), and 7-month-old
Kokanee salmon (body weight, 3.2 g; GSI, 0.02%). Immature ovaries
were isolated from 8-month-old rainbow trout (body weight, 13.2 g;
GSI, 0.08%), 15-month-old Chinook salmon (body weight, 26.8 g; GSI,
0.14%), and 7-month-old Kokanee salmon (body weight, 5.0 g; GSI,
0.15%). Mature testes were isolated from 2-year-old rainbow trout
(body weight, 561 g; GSI, 5.2), 4-year-old Chinook salmon (body
weight, 1151 g; GSI, 6.27), and 3-year-old Kokanee salmon (body
weight, 806 g; GSI, 2.64). Postovulatory ovaries were isolated from
3-year-old rainbow trout (body weight, 1571 g; GSI, 0.46), 4-year-old
Chinook salmon (body weight, 1343 g; GSI, 0.71%), and 3-year-old
Kokanee salmon (body weight, 868 g; GSI, 0.78%). Mature testes
and postovulatory ovaries of dnd-knockout rainbow trout re-
cipients transplanted with Chinook salmon germ cells were both
isolated from 4-year-old fish (male body weight, 1117 g; GSI, 3.4%;
female body weight, 1274 g; GSI, 3.4%). These tissues were cut into
5-mm cubes, fixed with Bouin’s solution, cut into 4-pm-thick sec-
tions, and subjected to immunohistochemical staining and hema-
toxylin and eosin staining. Immunohistochemical staining was
performed according to the method of Nakajima et al. (24), and a
primary antibody against zebrafish Vasa (ab209710, Abcam, Cam-
bridge, UK) was used.

Analyses of gametes obtained from recipients

Gamete production was determined by applying gentle pressure to
the abdomen of the recipients. This operation was performed once a
week during the spawning season. If sperm were obtained, then the
semen was squeezed, and its total volume and sperm count were
quantified. This analysis was performed on all spermiated recipi-
ents, and the values are expressed as the means (+ SE). Restriction
fragment length polymorphism analysis using sperm DNA was per-
formed to confirm whether the sperm obtained from the male re-
cipients were of donor origin. Total DNA was extracted from 1 pl of
milt with a Gentra Puregene Tissue Kit (QIAGEN, Venlo, The
Netherlands) according to the attached protocol. Primers conserved
among rainbow trout, Chinook salmon, and Kokanee salmon (for-
ward: 5'-GACCTCTCATGCAAACGCTTCA-3"/reverse:
5'-CAGACCCATACCTTCCTGCTATCA-3") were used to amplify
a partial fragment of the vasa gene. Cycles of 94°C for 30's, 55°C for
30 s, and 72°C for 60 s were repeated 35 times using the method
described by Hamasaki et al. (25). The amplified vasa fragments
were digested with Mbo I (Takara Bio Inc.) to distinguish between
recipient rainbow trout-derived sequences and those from donor
Chinook salmon or Kokanee salmon. If eggs were obtained from
female recipients, then the number of eggs and egg diameter were
quantified. All ovulated individuals were used in this analysis, and
the results are expressed as the means (+ SE).

Mating study

Host-derived gametes were subjected to fertilization by using the
isotonic method. The eggs were reared in running water at 10.5°C,
and the fertilization rate, eyed egg rate, hatching rate, and swim-up
rate were determined. Eggs obtained from some recipients were also
used for fertilization tests using sperm from control Chinook or Ko-
kanee salmon. For the next-generation larvae produced using male
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and female rainbow trout recipients, hatching dates were recorded,
and these values were compared with the hatching timings of Chi-
nook salmon, Kokanee salmon, and rainbow trout. DNA obtained
from the resulting swim-up fry was prepared using the method de-
scribed above, and species identification was performed in the same
manner as for sperm analysis.

Recipients that produced donor-derived gametes in the Chinook
or Kokanee salmon germ cell transplantation experiments were
reared continuously until they reached 4 or 5 years old, respectively.
These recipients were checked annually for gamete production, and
if eggs or sperm were obtained, then fertilization was performed us-
ing these recipients though the method described above.

The next generation obtained by fertilizing eggs and sperm col-
lected from the females and males of 3-year-old recipients was kept
in running water at 10.5°C, and morphological analyses were con-
ducted at the age of 1 year. The number of vertebrae and the number
of fin rays on the anal fin were counted to discriminate between
rainbow trout and Chinook salmon. In contrast, the number of ver-
tebrae and gill rakers were counted to discriminate between rain-
bow trout and Kokanee salmon.

Supplementary Materials
This PDF file includes:
Tables S1 and S2
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