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Spontaneous mosaicism occurred in normally fertilized
and gynogenetically induced progeny of the kokanee
salmon Oncorhynchus nerka

Minoru TANAKA,! Suizuo KIMURA,? Takarumi FUJIMOTO,! Suzu SAKAO,! ETsuro YAMAHA?

AND KatsutosHr ARAIY*

! Laboratory of Breeding Science, Graduate School of Fisheries Sciences, Hokkaido University,
Huakodate, Hokkaido 041-8611 and *Nanae Fresh Water Laboratory, Field Science Center for
Northern Biosphere, Hokkaido University, Nanae, Hokkaido 041-1105, Japan

ABSTRACT: In normally fertilized progeny of the kokanee salmon Oncorhynchus nerka, DNA
content flow cytometry revealed that all the externally normal embryos were diploid, whereas abnor-
mal embryos exhibited haplo-diploid, diplo-tetraploid and haplo-diplo-tetraploid mosaicisms, together
with a few haploid and diploid individuals. When gynogenetic development was artificially induced by
fertilization of eggs obtained from a female of the same kokanee brood stock with UV-irradiated
sperm, haplo-diploid mosaics appeared most frequently. These mosaics were likely to happen by
certain cytological events, such as meiotic or mitotic errors during the process of maturation, fertili-

zation or early cleavage.
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INTRODUCTION

A mosaic is an individual with two or more distinct
genotypes despite its development from a single
fertilized egg or zygote.! Polyploid mosaics, such as
haplo-diploid, diplo-triploid and other unusual
cytotypes, have two or more kinds of cell popula-
tions possessing different ploidy status within an
individual. In fish and other aquatic animals, such
a mosaicism has been recognized as a relatively
rare phenomenon, because it was difficult practi-
cally to detect two or more cytotypes by means of
conventional chromosome observations and cell
measurements, both of which required much labor
and time for ploidy determination.? However,
recent prevalence of flow cytometry techniques
makes it easier to determine a mosaic individual
with different polyploid cells.?

Flow cytometry has been applied to evaluate the
success of chromosome manipulation in aquacul-
ture species and has often detected the occurrence
of mosaicism, probably due to inappropriate treat-
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ments in chromosome manipulation.? Although
survivors from the inhibition of the first cleavage
with hydrostatic pressure shock after normal fertil-
ization have been predicted to be tetraploid,
Yamaki et al>* found a few diplo-tetraploid mosa-
ics together with a large number of misinduced
diploids in such treated groups of amago salmon
Oncorhynchus masou ishikawae. Production of
triploid progeny was also reported in the cross
between a diplo-tetraploid mosaic female and a
normal male.* In gynogenetically reproducing
triploid crucian carp Carassius langsdorfii, triplo-
tetraploid mosaics appeared after cold and heat-
shock treatments of fertilized eggs, probably due to
the delayed pronucleation of sperm nucleus and
subsequent syngamy with blastomere nucleus at
the cleavage stage after the initiation of gynoge-
netic embryogenesis.®

In normally cultured population of the charr,
Salvelinus leucomaenis, a live haplo-diploid
mosaic individual in which approximately 90% of
blood, liver and spleen were haploid, but most
brain cells were diploid, was found and then flow-
cytometrically confirmed.® In wild populations of
the loach Misgurnus anguillicaudatus, diplo-
triploid mosaic individuals were detected together
with spontaneous triploid and clonally repro-
ducing diploid individuals.”® Spontaneous diplo-
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triploid individuals were also reported in a hybrid
origin minnow species Phoxinus eos-neogaeus,
which includes triploid and clonal diploid individ-
uals.” These examples suggest that many more
mosaicisms awaiting discovery may be present
both in normally cultured and chromosomally
manipulated populations of fish species. At
present, however, little is known about the mosa-
icisms in fish species due to the shortage of studies.

To disclose the presence or absence of polyploid
mosaicism and other similar cytogenetic event
especially in aquaculture fish species, we exam-
ined ploidy status of both externally normal and
abnormal embryos developing from fertilized eggs
of the kokanee salmon Oncorhynchus nerka by
measuring DNA content of embryonic cells with
flow cytometry. We also examined the expression
of mosaicism in the progeny of the gynogenetically
activated eggs.

MATERIALS AND METHODS
Fish specimens

Kokanee salmon Oncorhynchus nerka have been
propagated and cultured in the Nanae Fresh Water
Laboratory, Field Science Center for Northern
Biosphere, Hokkaido University, since 1993 when
this strain was transferred from the Chitose branch
of the Hokkaido Salmon Hatchery, Ministry of
Agriculture, Forestry and Fisheries, to the Nanae
Fresh Water Laboratory.

Normal fertilization

On 7 October 1999, artificial fertilization was per-
formed between spontaneously ovulated eggs
from six females and pooled sperm from three
mature males. On 17 October 2001, eggs pooled
from two females were fertilized with sperm
pooled from three males. Fertilization was com-
pleted by adding Ringer solution,' followed by the
activation of the eggs with fresh water. Fertilized
eggs were kept in an incubation chamber for about
40 days at 10°C water temperature.

At the hatching stage in 1999 and eyed embryos
in 2001, chorion was artificially removed. Exter-
nally abnormal embryos were sorted by observa-
tion with the naked eye. Yolk sacs of abnormal
embryos were broken at the artificial removal of
chorion, because of structural weakness. Both
abnormal and normal control samples were pho-
tographed and their ploidy status was estimated
by measuring nuclear DNA content with flow
cytometry as described below.
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Induced gynogenesis

On 18 October 1999, haploid gynogenesis was
induced by activating eggs from one female of the
same brood stock with UV irradiated, genetically
inert sperm. UV irradiation of sperm was per-
formed according to Onozato and Yamaha'' with
slight modifications. Briefly, sperm collected from
four males were diluted about 50-fold by seminal
plasma collected from masu salmon O. masou milt
by centrifugation. Diluted milt was spread on the
bottom of a plastic Petri dish with hydrophilic
pretreatment by ion-sputtering equipment and
irradiated with UV rays at 4800 erg/mm?* dose. UV-
irradiated sperm were collected into glass tubes
and then used to inseminate mature eggs. Control
cross was also performed by fertilizing eggs with
non-irradiated sperm. All the progeny were incu-
bated at 10°C water temperature.

Ploidy determination

Whole body of each embryo was immersed in a
1.5-mL microfuge tube containing 1 mL prechilled
(4°C) Eagle minimum essential medium (MEM)
and then minced. A small part of the homogenate
was suspended into the medium by gentle shaking
and pipetting. Suspended cells were stained
with 4-6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI) according to the protocol provided by
the manufacturer of the flow cytometer (Partec
GmbH, Miinster, Germany).

Prepared samples were examined for DNA con-
tent of cell nucleus by the flow cytometer (Ploidy
Analyzer, Partec GmbH, Germany). The ploidy sta-
tus was determined by comparing relative DNA
content measured. When the DNA content of the
erythrocytic cells of the normal diploid specimens
was expressed as 2C, the triploid was determined
by about 3C DNA content.

RESULTS
Mosaics occurred in normally fertilized progeny

As shown in Table 1, all the externally normal
embryos examined in normally fertilized eggs of
the 1999 group (Fig. 1a, n=30) were diploid, judg-
ing from the DNA content measured by flow
cytometry (Fig. 2a). In contrast, abnormal embryos
sorted from the normally fertilized group (n=37)
exhibited frequent mosaicism (Fig. 1b; Table 1).
Haplo-diploid  (Fig.2d, 5.4%, 2/37), diplo-
tetraploid (Fig. 2c, 81.1%, 30/37) and haplo-diplo-
tetraploid mosaics (Fig.2e, 8.1%, 3/37) were
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Table 1 Ploidy status and external appearance of embryos developing from normally fertilized eggs of the kokanee

salmon

Breeding External Embryo By

year appearance no. 1n 2n 1n/2n 2n/4n In/2n/4n

1999 Normal 30 0 30 0 0 0
Abnormal 37 1 1 2 30 3

2001 Normal 5 0 5 0 0 0
Abnormal 3 0 0 0 3 0

Fig. 1

(a) Normal and (b) abnormal kokanee salmon
alevin developing from normally fertilized eggs. Scale
indicates 1 mm.

detected in these abnormal embryos. Besides
mosaics, one haploid (Fig.2b) and one diploid
were also found. Almost all the mosaic embryos
detected were mainly characterized with micro-
cephaly and/or microphthalmia (Fig. 1b). These
abnormalities observed in mosaic embryos were
similar to those collectively referred to as haploid
syndrome. The ratio between diploid and tetrap-
loid cells was estimated from the area of histo-
grams in the flow cytometry of diplo-tetraploid
mosaics and an approximately 2:1 ratio (diploid:

tetraploid = 45-56:23-28) was seen in all these
mosaics (Fig. 2).

Spontaneous mosaicism was checked again in
normal fertilized eggs for the same brood stock in
2001. Three abnormal embryos were sorted from
approximately 3000 eyed eggs developing from
normal fertilization in the 2001 experiment. These
embryos were characterized with microcephaly as
well as microphthalmia and were determined as
diplo-tetraploid mosaic comprising diploid and
tetraploid cells in an approximately 2:1 ratio
(diploid : tetraploid = 51-56:23-28).

Mosaics occurred in gynogenetic progeny

Developing capacity and ploidy status of the gyno-
genetic kokanee are shown in Table 2. Fertility was
63.6% in the gynogenesis, but 82.7% in the control.
Developing rates of 22-day-old embryos were 65%
and 81% in control and induced gynogenesis,
respectively. Most control embryos (92.3%) were
normal diploid, but one diplo-tetraploid (7.7%)
with morphological abnormalities was detected
(Table 2). Gynogenetic embryos induced by fertil-
izing eggs with UV-irradiated sperm showed not
only haploid (35.3%), but also haplo-diploid
mosaic (64.7%). All the embryos developing
from the induced gynogenesis were externally
abnormal.

DISCUSSION

In kokanee alevins hatching from normally fertil-
ized eggs in the 1999 experiment, normal ones
were diploid, whereas almost all the abnormal
alevins were haplo-diploid, diplo-tetraploid or
haplo-diplo-tetraploid mosaics. Among them,
diplo-tetraploid was the most frequent. Only diplo-
tetraploid mosaics were found in abnormal alevins
in the 2001 experiment. These results suggest a
tight correlation between morphological abnor-
mality and mosaicism. However, mosaicism is
unlikely to be a direct cause of the abnormal devel-
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Fig.2 DNA content of embryonic cells of (a) normal and (b-e) abnormal kokanee embryos measured by flow cytom-
etry. (a) Diploid, (b) haploid, (c) diplo-tetraploid, (d) haplo-diploid, (e) haplo-diplo-tetraploid.

Table 2 Ploidy status and dvelopment capacity of control and gynogenetic progeny of the kokanee salmon

Egg Fertility 22-day-old Developing Harmal “iboexmel
Experiment no. (%) embryo no. rate (%)* 2n 1n In/2n 2n/4n
Control 20 82.7 13 65 12 0 0 1
Gynogenesis 42 63.6 34 81 0 12 22 0

*Developing rate indicates percentage of developed embryos in the total number of eggs used.

opment, because the diplo-tetraploid amago
salmon were reported to be normal and viable.**
Live mosaics have been detected in wild popula-
tions of the loach”® and the minnow."” Thus, the
mosaicism itself is not a cause of abnormality, but
a result of a certain cytological event.

Mosaics were also detected when the kokanee
eggs were activated with UV-irradiated sperm to
induce artificial gynogenesis in the present study.
Although only haploid embryos were predicted in
the artificial gynogenetic progeny, about 65% of
embryos were haplo-diploid mosaics when the
breeding was performed using the kokanee female
of the same broodstock in 1999. The occurrence of
haplo-diploids in gynogenesis as well as diplo-
tetraploids in normal fertilization suggests that the
mosaicism should not be due to the sperm, but
to the eggs used. These mosaicisms are likely to
happen by a mitotic error such as spontaneous
endomitosis (chromosome duplication without
cytokinesis) occurring in one blastomere in the
two-cell or the later multi-cell-stage embryos. In

this case, both diploid and tetraploid cells would
occur in normally fertilized zygotes and both hap-
loid and diploid cells in gynogenetic embryos.
Meiotic error, such as karyogamy between female
and male pronucleus, followed by independent
development of haploid polar body leading to gen-
eration of both haploid and diploid cell popula-
tions, cannot explain the haplo-diploidy that
occurred in the gynogenetic progeny, but those
appeared in the normally fertilized group. This
type of meiotic error has been considered a major
cause of haplo-diploid mosaicism in the salmo-
nids."” The occurrence of haplo-diplo-tetraploid
mosaics can be explained by the spontaneous
endomitosis in a blastomere after the develop-
ment of haplo-diploid embryos probably
produced by the meiotic error. However, the
polyspermy, which is the most likely origin of hap-
loid cells in the mosaic chicken Gallus domesticus'
cannot be ruled out as the cause of the haplo-
diploid mosaics that appeared in the normally
fertilized group of the kokanee salmon. In this
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case, additional sperm nucleus might initiate inde-
pendent development as a haploid cell.

In the gynogenetic kokanee progeny produced
by fertilization with UV-irradiated sperm, all the
haplo-diploid mosaics were morphologically
abnormal like haploid embryos characterized with
so-called haploid syndrome. The present result is
inconsistent with previous results reported in
charr,® chicken®® and toad,'* that showed drastic
improvement of poor survival rates of haploid
embryos by adding diploid or triploid organs, tis-
sues and cells. In frog, such a rescuing effect of
additional diploid cells has been confirmed by lon-
gitudinal haploid-diploid chimeras produced by
an experimental embryological procedure.' As the
percentage and distribution of haploid cells in
each organ were not examined in the haplo-diploid
mosaic kokanee embryos, the possibility cannot be
excluded that the diploid cells did not have enough
prophylatic effect in the haplo-diploid kokanee,
due to inappropriate ratio and spatial distribution
of diploid cells in each mosaic. In the present study,
high frequencies of unpredictable mosaic individ-
uals were detected in the kokanee progeny. Corre-
lation between frequent occurrence of mosaicism
and genetic factors has been suggested in the
chicken, -because certain chicken strains have
shown significantly high frequencies of abnormal
cytological events, including mosaicism.'”” Thus,
the genetic background of frequent mosaicisms
should be examined in the brood stock of farmed
kokanee salmon and other salmonid populations
in the near future, from the viewpoint of the
involvement of inbreeding and subsequent expres-
sion of deleterious recessive genes. The other
actual cause of mosaicism may be egg quality.
Yamazaki'® reported the occurrence of chromo-
some aberration including haploidy, aneuploidy,
triploidy and haplo-diploid mosaicism, due to
aging and/or the over-ripening of ovulated rain-
bow trout Oncorhynchus mykiss eggs. More
detailed studies are required to disclose the corre-
lation between egg quality and the mosaicisms.
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