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Silver nitrate staining of rainbow trouts (Oncorhynchus mykiss) chromosomes, for the identification of the nucleolar
organizing regions (NORs), revealed that in individuals from Nucleo Experimental de Salmonicultura de Campos do
Jorddo (Brazil) NORs were located in the long arms of a submetacentric pair while in specimens from Mount Shasta
(USA) NORs were located in the short arms of a submetacentric pair. Cytogenetic analysis of the offspring, obtained
through artificial crosses including individuals from both stocks, allowed the identification of NORs in two submetacen-
tric chromosomes, one in the short arms and the other in the long arms, confirming the effectiveness of the hybridization
process. Complementary results obtained using the FISH technique with 18S and 5S rDNA probes showed that
NOR-bearing chromosomes exhibited a cluster of 5S genes located in tandem with the 18S gene cluster in both stocks.
The results allow us to suggest that the difference in NOR-bearing chromosomes found between the two stocks is likely
to be due to a pericentric inversion involving the chromosome segment where 18S and 5S rDNA genes are located. The
presence of ribosomal genes in the long arms of a submetacentric chromosome is apparently a particular characteristic of
the rainbow trout stock of Campos do Jorddo and might be used as a chromosome marker in studies of controlled crosses
in this species.
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Cytogenetic studies in fish have shown that they
frequently present nucleolar organizing regions
(NORs) with large size polymorphisms (FORESTI et
al. 1981), but the number and position of NORs are
generally specific of a given population or species
(VENERE and GALETTI Jr 1989; MOREIRA-FILHO
and BERTOLLO 1991; MAISTRO et al. 1998).

Silver staining of the NORs and fluorescent in situ
hybridization (FISH) with 18S rDNA gene probes
have provided similar results in fish chromosomes
(REED and PHILLIPS 1995; CASTRO et al. 1997; Ross1
et al. 1997). FUNIWARA et al. (1998) showed that, in
rainbow trout (Oncorhynchus mykiss), a single chro-
mosome pair contains the major rDNA genes (18S +
5.8S + 28S) and two chromosome pairs contains the
minor TDNA genes (5S). In one chromosome pair,
both major and minor rDNA genes, are contiguously
arranged.

Cytogenetic analysis of rainbow trout specimens
from Mount Shasta (California, USA), using the
Ag-NOR banding technique demonstrated that
NORs are located at an interstitial position in the
short arm of a submetacentric chromosome pair
(PORTO-FORESTI et al. in press), as described in other
populations of this species (SCHMID et al. 1982;

PHILLIPS and IHSSEN 1985; MAYR et al. 1986; UEDA
and KoBAYASHI 1988; LLoYD and THORGAARD
1988). In rainbow trout specimens sampled at Nucleo
Experimental de Salmonicultura de Campos do Jor-
dao (Sao Paulo, Brazil), OLIVEIRA et al. (1996) ob-
served that NORs were interstitially located in the
long arm of a submetacentric chromosome pair. Ac-
cording to OLIVEIRA et al. (1996) the differences in
NOR location found in rainbow trout stocks are
likely to be due to the occurrence of chromosome
inversions or translocations.

In the present study, hybridization experiments
were conducted with fish from the stocks of Nucleo
Experimental de Salmonicultura de Campos do Jor-
ddo and Mount Shasta and the major and minor
ribosomal genes were analyzed in their offspring by
the silver staining technique and FISH with 18S and
5S probes.

MATERIAL AND METHODS

Two rainbow trout stocks were used: one from Nu-
cleo Experimental de Salmonicultura de Campos do
Jordao (Sao Paulo, Brazil) which has been kept iso-
lated for more than 20 years, and a second stock
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recently imported by Salmonicultura N.R. (Sapucai
Mirim, Minas Gerais, Brazil) from the region of
Mount Shasta (California, USA). Artificial crossings
were conducted with individuals from these two
stocks and the embryos and fries were cultivated in
isolated tanks at Nucleo Experimental de Salmonicul-
tura de Campos do Jorddo until cytogenetic analyses.

Parental and F, specimens were submitted to cyto-
genetic analysis by direct cell suspension with kidney
cells (FORESTTI et al. 1993). Before sacrifice, the ani-
mals were inoculated with a yeast cell suspension to
increase the number of metaphase cells (LozZANO et
al. 1988). The procedure used to identify the nucle-
olar organizer regions (NORs) was that originally
described by HOwELL and BrLack (1980). For FISH
analysis, two rDNA sequences, 18S (about 1800 base
pairs) and 5S (about 550 base pairs), isolated from
Oreochromis niloticus and prepared by Dr. Claudio
Oliveira, were used. Probes were labeled with biotin-
14-dATP using a commercially available nick transla-
tion kit (Bionick™ Labeling System, Gibco). For in
situ hybridization, the slides were incubated in
RNAse (100 ng, 2 x SSC) at 37°C for 1 h and
dehydrated in an ethanol series (75 %, 80 %, 95 %) at
—20°C. Chromosomal DNA was denatured by im-
mersing the slides for 5 min at 70°C in 70% for-
mamide, 2 x SSC. The slides were than dehydrated in
an ethanol series (75 %, 80 %, 95 %) at — 20°C. The
hybridization mixture was composed of 50% for-
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mamide in 2 x SSC, 10% dextran sulphate, 500 pg/ml
biotinylated DNA probe. After 10 min denaturation
at 75°C, 15 pl of hybridization mixture was applied
to each slide under a sealed cover glass. Hybridiza-
tion was performed overnight in a moist chamber at
37°C. The slides were washed, under different condi-
tions, for 20 min in formamide 50%, 2 x SSC at 37°C
or 42°C, twice for 10 min in 2 x SSC (37°C or 42°C)
and twice for 10 min in 4 x SSC (37°C or 42°C).
Hybridization was detected with fluorescein-labeled
avidin (FITC) (Oncor) incubated at 37°C in a moist
chamber for 30 min. Subsequently the slides were
washed twice in 1 x PBD and once in 1 x PBS for 3
min each. The chromosomes were counterstained
with propidium iodide/antifade solution (Oncor). In
some slides the 5S rDNA signal was enhanced by
incubation with anti-avidin antibody (Oncor) fol-
lowed by the application of fluoresceinated avidin.
Metaphases were examined under fluorescent mi-
croscopy. For chromosome prints a Kodak Gold
Plus ISO 400 film was used.

RESULTS AND DISCUSSION

The Ag-NOR staining of the chromosomes of the
specimens cultivated in Nucleo Experimental de
Salmonicultura de Campos do Jordao showed that
NORs were located in the long arms of a submeta-
centric chromosome pair (Fig. la) as described by

b

Fig. la—c. Rainbow trout (Oncorhynchus mykiss) NOR-bearing chromosomes. a
Silver-stained chromosomes of a specimen from Nucleo Experimental de Salmoni-
cultura de Campos do Jordao, Sdo Paulo, Brazil. b Silver-stained chromosomes of
a specimen from the Mount Shasta region, California, USA. ¢ Somatic
metaphases of a F, hybrid stained with silver-nitrate and with the FISH technique
with the 18S rDNA probe respectively. In the insets, the NOR-bearing chromo-

somes.
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Fig. 2a—b. Sequential staining of a somatic metaphase of F, rainbow trout (Oncorhynchus mykiss) specimens. a
Silver-stained metaphase, the arrows point to the two chromosomes with NORs, in the inset, a detail of the
NOR-bearing chromosomes. b Metaphase stained by the FISH technique with a 5S probe; the arrows indicate
the presence of four chromosomes with 5S genes, in the inset, a detail of the 5S-bearing chromosomes. The

asterisks show the chromosomes with both NORs and 5S genes.

OLIVEIRA et al. (1996). In the Mount Shasta sample,
NORs were observed in the short arms of a submeta-
centric chromosome pair (Fig. 1b). The FISH tech-
nique using 18S rDNA probes applied in the
chromosomes of specimens from both stocks evi-
denced signals at a single chromosome pair, at the
same position of the NORs previously detected using
the Ag-NOR banding technique (Fig. 1).

Among the individuals from the F, generation,
NORs were identified in two submetacentric chromo-
somes. In one of these chromosomes, NORs were
located interstitially in the short arm, while in the
other it was found interstitially in the long arm (Fig.
Ic). This result confirms the effectiveness of the hy-
bridization process.

FISH experiments with a 5S rDNA probe, allowed
the identification of two chromosome pairs with clus-
ters of these genes, as described by FUIIWARA et al.
(1998). Two signals were observed in the short arms
of a subtelocentric chromosome pair and other two
signals were observed in two submetacentric chromo-
somes, one in the short arms and the other in the
long arms (Fig. 2). The presence of a 5S cluster at an
interstitial position in the long arms of a submetacen-
tric chromosome has not been observed in previous
studies of this species (FUITWARA et al. 1998).

To analyze the relative position of genes 18S and
5S in the chromosomes of F, individuals, slides with
fish metaphases were treated by the FISH technique
and 5S probes, photographed (Fig. 2b) and subse-
quently stained with silver nitrate to identify NORs
(Fig. 2a). These experiments allowed us to verify that
two submetacentric chromosomes were stained by the
two methods indicating that both 18S and the 5S

rDNA genes were tandem arranged in these chromo-
somes, as described by FUJIWARA et al. (1998). Inter-
estingly, one submetacentric chromosome exhibited
18S and 5S genes at an interstitial position in the
short arms and the other showed these genes at an
interstitial position in the long arms.

The experiment described above allows us to con-
clude that the difference in position between 18S and
5S was due to a chromosome rearrangement that
involved the whole chromosomal segment that con-
tains both gene clusters. Apparently, the rearrange-
ment responsible for this change was a pericentric
inversion, but the present data, do not permit to
reject the hypothesis that a transposition occurred.

The presence of NORs and 5S genes in the short
arms of a submetacentric pair has been described in
all rainbow trout stocks examined so far (SCHMID et
al. 1982; PHILLIPS and IHSSEN 1985; MAYR et al.
1986; UEDA and KoOBAYASHI 1988; LroyD and
THORGAARD 1988). Therefore, the presence of NORs
and 5S genes in the long arms of a submetacentric
chromosome observed in fish from Campos do Jor-
dao is probably a derived condition, characteristic of
the fish used to originate this stock.

Knowing the position of the ribosomal genes and
whether they are located in the same chromosomes in
different stocks is of great importance for the man-
agement and cultivation of rainbow trouts. If more
than one chromosome pair is involved, some crosses
may yield partially unviable offsprings due to the
absence of the major ribosomal genes. Further stud-
ies of the meiotic cells of the hybrids may enlighten
the maintenance mechanism of the different NOR
phenotypes found in the rainbow trout stocks.



230 F. Porto-Foresti et al.

Hereditas 136 (2002)

ACKNOWLEDGEMENTS

The authors are grateful to R. Devidé and A.L. Alves for
technical assistance, to Mr. Afonso Martins from Salmoni-
cultura N.R. for the donation of part of the fish used in this
study, to Dr. P. M. Galetti Jr., Dr. O. Moreira Filho, Dr.
N. Castagnoli, Dr. J. F. Lui, for critical review of the
original manuscript. Funds supporting this study were pro-
vided by FAPESP.

REFERENCES

Castro J, De Lucchini S, Nardi I, Sanchez L and Martinez
P, (1997). Molecular analysis of a NOR site polymor-
phism in brown trout (Salmo trutta): organization of
rDNA intergenic spacers. Genome 40: 916-922.

Foresti F, Oliveira C and Almeida-Toledo LF, (1993). A
method for chromosome preparations from large speci-
mens of fishes using in vitro short treatment with col-
chicine. Experientia 49: 8§10—813.

Fujiwara A, Abe S, Yamaha E, Yamazaki F and Yoshida
MC, (1998). Chromosomal localization and heterochro-
matin association of ribosomal RNA gene loci and
silver-stained nucleolar organizer regions in salmonid
fishes. Chromosome Res. 6: 463-471.

Howell WM and Black DA, (1980). Controlled silver-stain-
ing of nucleolus organizer regions with a protective
colloidal developer: a 1-step method. Experientia 36:
1014-1015.

Lloyd MA and Thorgaard GH, (1988). Restriction endonu-
clease banding of rainbow trout chromosomes. Chromo-
soma 96: 171-177.

Lozano R, Rejon CR and Rejon MR, (1988). A method for
increasing the number of mitoses avaliable for cytoge-
netic analysis in rainbow trout. Stain Technology 66:
335-338.

Maistro EL, Oliveira C and Foresti F, (1998). Comparative
cytogeneti and morfological analysis of Astyanax
scabripinnis paranae (Pisces, Characidae, Tetra-
gonopterinae). Genet. Mol. Biol. 21 (2): 201-206.

Mayr B, Rab P and Kalat M, (1986). Localisation of
NORs and counterstain-enhanced fluorescence studies in
Salmo gairdneri and Salmo trutta (Pisces, Salmonidae).
Theor. Appl. Genet. 71: 703-707.

Moreira-Filho O and Bertollo LAC, (1991). Astyanax
scabripinnis (Pisces, Characidae): aspecies complex.
Brazil. J. Genet. 14 (2): 331-357.

Oliveira C, Foresti F, Rigolino MG and Tabata YA,
(1996). Paracentric inversion involving a NOR-bearing
chromosome of rainbow trout (Oncorhynchus mykiss):
electron microscopy studies of the synaptonemal com-
plex. Caryologia 49: 335-342.

Phillips R and Thssen PE, (1985). Chromosome banding in
salmonid fish: nucleolar organizer regions in Salmo and
Salvelinus. Can. J. Genet. Cytol. 27: 433-440.

Porto-Foresti F, Oliveira C, Gomes EA, Tabata YA,
Rigolino MG and Foresti F, (in press). Investigation of
a lethal effect associated with a polymorphism involving
the NOR-bearing chromosomes in rainbow trout
(Oncorhynchus mykiss). J. World Aquacult. Soc.

Reed KM and Phillips RB, (1995). Molecular cytogenetic
analysis of the double-CMA3 chromosome of lake trout,
Salvelinus namaycush. Cytogenet. Cell Genet. 70: 104—
107.

Rossi AR, Gornung E and Crosetti D, (1997). Cytogenetic
analysis of Liza ramada (Pisces, Perciformes) by differ-
ent staining techniques and fluorescent in situ hybridiza-
tion. Heredity 79: 83-87.

Schmid M, Loser C, Schmidtke J and Engel W, (1982).
Evolutionary conservation of a common pattern of ac-
tivity of nucleolous organizer during spermatogenesis in
vertebrates. Chromosoma 86: 149—179.

Ueda T and Kobayashi J, (1988). Disappearance of Ag-
NORs originated from brown trout in the allotriploid
female rainbow trout and male brown trout. Proc. Japan
Acad. 63B: 51-55.

Vénere PC and Galetti Jr, (1989). Chromosome evolution
and phylogenetic relationships of some neotropical
Characiformees of the family Curimatidae. Braz. J.
Genet. 12: 17-25.



