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A comparative analysis of NORs in diploid
and triploid salmonids: implications with

respect to the diploidization process
occurring in this fish group
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In order to study the way in which the process of genome diploidization involving salmonid fishes
affects the ribosomal genes, chromosome location of active nucleolus organizer regions (NORs)
was determined in diploid and triploid individuals of two species of salmonids —rainbow trout and
coho salmon. These species belong to an aquaculturally important fish group of tétraploid
ancestral origin. Diploids of both species show only one NOR-bearing chromosome pair, while new
NOR sites, not detected in diploids, are observed in triploid karyotypes. However, the number of
active NORs has not increased significantly with respect to the expected for the triploid level
because some of the standard diploid NORs are repressed in triploids. Active NORs appear as
CMA3-positive and DAPI-negative clusters in diploid and triploid karyotypes of both species.
except the M3 type of rainbow trout which was observed only in triploid individuals. The data
obtained suggest: (i) that diploidization of NORs still remains incomplete in the species of this
group, and (ii) that the response of NOR-bearing chromosomes to fluorochromes can depend on
changes between the inactivated and activated NOR-states associated with the triploidization. The
variations in the rDNA of the NOR-type M3, which occur during the diploidization process, can
account for the absence of response to fluorochrome staining. Other structural and evolutionary
aspects regarding NORs are also discussed.
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Introduction

Polyploidy has played an important role in the evolu-
tion of plant (Lewis, 1980) and animal species, includ-
ing fish (Ohno, 1970; Fisher et a!., 1980; Bogart,
1980). Among the latter, salmonids form a group with
a common ancestral tetraploid origin (see review by
Allendorf & Thorgaard, 1984; Johnson et al., 1987).
Nevertheless, data based on isozyme loci inheritance,
chromosome number and DNA quantities indicate the
involvement of this group in a diploidization process,
although it is quite difficult to know which parts of the
genome have finished this process and which have not
(Allendorf & Thorgaard, 1984). Regarding ribosomal
cistrons, it seems that some species of salmonids, such
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as salmonid trout, have retained the doubled number
of rRNA genes (Schmidtke et a!., 1976), but it is not
known to what extent all of these genes are functional.
In fact, from a cytogenetical point of view most
salmonid species studied have two active NOR
chromosomes, although some species have more than
two (see reviews by Phillips & Ihssen, 1985; Phillips et
a!., 1986a; Mayr et a!., 1988). Some authors have
found two NORs for rainbow trout whereas Mayr et a!.
(1 986a, 1988) reported additional NOR regions. We
considered the possibility that the new genetic back-
ground provided by induced triploidy could be of
interest for the analysis of the diploidization process in
rRNA genes and NORs. On this assumption, we com-
pare the NORs of diploid and triploid specimens of
rainbow trout and coho salmon. It is well known that
artificial triploids can be obtained in some salmonid
species by heat or cold shocks as well as by the action
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of chemical agents (see review of Thorgaard, 1986).
On the other hand, to date, only non-thorough analysis
of nucleoli numbers of triploid salmonids have been
carried out (Phillips et at., 1986b). The appearance of
some NOR sites in triploid specimens, but not in
diploid specimens of both species, could be indicative
of the fact that the diploidization process of NORs still
remains incomplete in salmonids.

Materials and methods

Animals

The specimens of rainbow trout (Oncorhynchus
mykiss) were grown at two Spanish fish farms located
in Benamahoma (Cádiz) and Orol (Lugo). The coho
salmon individuals (Oncorhynchus kisutch) originated
in the latter. Diploid offspring were obtained for both
species by standard fertilization and triploid offspring
were obtained by preventing the extrusion of the
second polar body in the normal egg by applying heat
shocks shortly after fertilization (Lozano et at., 1 988a).
Progenitors of rainbow trout came from selected stocks
of the above fish farms and parents of coho salmon
were imported at the egg-stage from Oregon Aquafood
(U.SA.) in 1985. Both the diploid and triploid individ-
uals analysed belonged to the same fertilization lot and
therefore arose from the same progenitors.

Cellsuspensions and chromosome preparations

Mitotic cells were obtained from two different kinds of
tissue depending on the season and the laboratory
equipment available in each fish farm. In some cases
kidney tissue was used from live specimens previously
treated with yeast solution and colchicine (Lozano et
a!., 1988b). On other occasions, 2—3 ml of blood were
extracted from the dorsal vein and put into heparinized
sterile tubes in order to perform lymphocyte cultures
according to the technique described by Sanchez et at.
(1990). To make chromosome preparations, one or
two drops of the fixed cell suspensions (both from kid-
ney and blood) were placed on cold-wet slides and
allowed to dry in the air at room temperature.

Chromosome banding

The technique of Howell & Black (1980) was
employed to locate active NORs in metaphase cells.
Fluorochrome banding with the two fluorochrome
combinations chromomycin A3/distamycin A (CMA/
DA) and DAPI/actinomycin D (DAPI/AMD) was
followed according to the methods reported by
Schweizer(1976, 1979).

Results

Rainbow trout

The diploid individuals studied show a single NOR-
bearing chromosome pair, metacentric of medium size
with the NOR subterminally located. We labelled this
as Ml (Fig. 1 a—c, e).

In the 28 triploid individuals analysed, three differ-
ent types of NOR-bearing chromosomes can be identi-
fied (Fig. la and b): Ml, which is identical to the type
Mi described above for diploid metaphases; M2,
which is also metacentric with subterminal NOR but
shorter than Ml; and M3, a metacentric chromosome
larger than Ml and M2 and unlike these it shows the
NOR at an interstitial position. Neither M2 nor M3
were observed in diploid individuals. The number of
NORs per triploid genome can vary from two to four,
the latter being the most frequent. Just a small number
of combinations for all three Ml, M2 and M3 were
observed in our study (see Table 1). Combinations of
two Ml and one Ml +one M2 have been observed
among triploid metaphase cells with two NORs (Fig.
2a), three Ml, two Ml + one M2, or two Ml + one M3
are the cytotypes seen in the cells with three NORs
(Figs le and 2b), and plates containing four NORs
show the combinations three Ml + one M3, or two
Ml + one M2 + one M3 (Fig. 2c). The frequencies
of each NOR cytotype for the two populations
sampled are also shown in Table 1. The average
number of nucleoli per cell increases significantly with
the number of NORs, as expected. Note that of all the
individuals with three NORs, the combination three Mi
has the highest average number of nucleoli per cell.

On the other hand, NORs of rainbow trout diploids
and triploids appear as CMA positive clusters in the
active types Ml (Fig. ib) and M2 but do not in the M3
type (Fig. 1 a and d). DAPI staining shows clear gaps in
the NORs located in Ml and M2 (DAPI- regions) and
no differential staining in the NOR located in M3 (Fig.
lb and f). In addition, metaphase plates stained with
DAPI/AMD display bright centromeric bands on
several chromosome pairs (Fig. if).

Coho salmon

In chromosomes of diploid individuals, NORs were
detected on the fifteenth metacentric pair (Figs 3 and
4a). This is involved in a chromosome polymorphism
for duplications of the ribosomal cistrons because
heteromorphism in the size and location of NORs was
detected in homologues of metaphases from different
individuals (Lozano eta!., 1991).

All triploid coho salmon analysed have three NOR-
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Fig. 1 NOR-bearing chromosome types observed in triploid individuals of Oncorhynchus mykiss after the two sequential
staining Ag-CMA/DA (a) and Ag-DAPI/AMD (b). NORs (left) correspond to CMA (a, right) and DAPL (b, right) clusters
except for the M3 type. Ag-stained (c) and CMA/DA stained (d) diploid metaphases showing the NORs (arrows), and sequential
Ag-DAPI/AMD stained metaphase from a triploid individual of 0. mykiss (e,f) showing the NOR-types Ml (arrows indicate
two associated NORs) and M3 (arrowheads).
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Table I NOR variability in triploid individuals of rainbow trout from two Spanish
fish farms

NOR-cytotype

Frequency of cells
Nucleoli/cell
x+s.d. (n) t SBenamahoma Orol

2 Ml and 1 Ml + 1 M2 13,33 10.00 1.46 (54)
8.82

2M1+1M2 20.00 20.00 2.59±0.10(44)
0.39 ns

2 Ml + 1 M3 6.67 10.00 2.54 0.08 (30)
2.67 **

3M1 26.67 10.00 2.97±0.14(35)
2.66 **

2 Ml + I M2 + 1 M3 33.33 50,00 3.42±0.12(36)
and3Ml+1 M3

1, = Student's (-test.
S = level of significance.
n.s. no significant.
**0.01 >P>0.001.

P<0.001.

bearing chromosomes. Ribosomal cistrons are located
on three metacentric chromosomes, two of which are
similar to those observed in diploid individuals; the
third one is also metacentric but carries a NOR active
region at a pericentromeric position (Figs 3 and 4b).
This last NOR chromosome has never been seen in
metaphase cells of diploid individuals from the same
fertilization lot. The average number of nucleoli per
cell is significantly higher for triploids (2.75 0.10)
than for diploids (1.63 t9.175, P<0.0.05).
Active NORs appear as CMA positive clusters in both
diploid and. triploid individuals, while DAPI staining
generates a negative response from these regions (Figs
3and4candd).

Discussion

Like other salmonid species, the diploid specimens of
rainbow trout and coho salmon are carriers of two
active NOR chromosomes. This number of NORs
agrees with previous reports (Schmid et a!., 1982;
Phillips & Ihssen, 1985). However, Mayr et a!.

(1986a, 1988), using a different technique of silver
staining, found several NOR-bearing chromosome in
addition to the expected pair (we call it Ml) in rainbow
trout. Other species of the same group have also been
found to contain more than two active NORs (Phillips
& Ihssen, 1985; Phillips et a!., 1986a, 1988, 1989;
Mayr eta!., 1988).

NORs of salmonid fishes are particularly variable
regions frequently involved in chromosome poly-

morphisms and heteromorphisms (see for example
Mayr et a!., 1988; Phillips et a!., 1988; Sanchez et a!.,
1990). Thus, different polymorphic variants for dupli-
cations affecting the NOR-bearing chromosome pair
have been described by us in diploid coho salmon
(Lozano et a!., 1991). On the other hand, we have not
detected NOR variability in diploid rainbow trout,
results which are consistent with those reported by
others (Schmid eta!., 1982; Phillips & Ihssen, 1985).

Both types of observation (variability in number and
size of NORs) could be related to the ancestral tetra-
ploid origin of this group of fish. It seems reasonable
that the ribosomal activity required in these diploid fish
of polyploid origin could be achieved by two different
mechanisms: duplicating the active NOR sites pre-
viously existing or increasing the number of NOR-
carrier chromosomes, i.e. activating some of the
repressed NOR present in the ancestral tetraploid
karyotype. Whether the amount of rDNA is increased
by duplication of ribosomal cistrons in the same active
chromosome or by activation of some repressed NORs
in different chromosomes is unknown. Nevertheless,
some reports suggest that there is a possibility of the
diploid genomes of salmonids retaining the doubled
number of rRNA genes (Schmidtke eta!., 1976).

The suggestion that some repressed NOR-bearing
chromosome still remain in diploid karyotypes of
salmonid species, i.e. the occurrence of nucleolar
dominance, could be related to the fact that this ploidy
level has an allotetraploid ancestral origin, as demon-
strated by Johnson eta!. (1987). We therefore consider
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our observation of active NORs apparently originating
de novo' in triploid individuals of the two species
analysed in this work to be significant. The results of
the cytogenetical analysis (Ag- and fluorochrome stain-
ing) indicate (i) that two new NORs, not present at
diploid level, have been visualized in triploid individ-
uals of 0. mykiss (see Figs 1 and 2) and (ii) that in trip-
bid specimens of 0. kisutch there is one NOR located
on a metacentric chromosome which is different to the
standard NOR-bearing chromosomes of their corre-
sponding dipboids (see Figs 3 and 4). It is reasonable to
think that in the new genetic background, generated in
salmonids by the induced triploidy, some new NOR-
bearing chromosomes appear as a result of the depres-
sion of inactivated NORs of the ancestral tetraploid
karyotype.

Fig. 2 Metaphase cells of three tripboid
individuals of Oncorhynchus mykiss
carriers of different NOR-chromosome
combinations: one Ml +oneM2 (a),
three Ml (b) and two Ml +one
M2+ one M3 (c). NORs are marked by
arrows (Ml), small arrowhead (M2)
and large arrowhead (M3), respectively.

Fig. 3 Partial karyotype of two triploid individuals of
Oncorhynchus kisutch sequential Ag-CMA/DA stained the
first (a, b) and sequential Ag-DAPI/AMD stained the second
(c,d). In addition to the standard NOR-chromosome pair
(underlined), which is also present in diploid karyotypes, a
'new' NOR type is observed in triploid ones (arrows).
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Similar results have been found by Thompson &
Flavell (1988) in hybrids of cereals in which the activa-
tion of certain ribosomal genes depends on their
genetic background. It is interesting that, in the case of
triploids of coho salmon and rainbow trout, the new
NOR site located near the centromere of a large meta-
centric chromosome is similarly placed to those on
both their homologues of other salmonid species
within the same genus, Oncorhynchus gorbuscha
(Phillips et a!., 1986a). This could be a NOR-bearing
chromosome which was present in the common sal-
monid ancestor and lies inactive in several species of
the group. In fact, some of the additional NOR
chromosomes observed in some populations of rainbow
trout by Mayr eta!. (1988), are also very similar to this
type of chromosome.

The presence of new NOR-bearing chromosomes in
induced triploid individuals, the existence of NOR
variability in diploid and triploid genomes, and the high
number of rRNA genes are indicative that the diploidi-
zation process of the NORs still remains incomplete in
salmonid fish. Similar features also occur in some
cyprinid fish species of tetraploid origin (Mayr et a!.,
1 986b). Furthermore, the suggestion that in the karyo-
type of salmonids some mechanism of nucleolar
dominance persists (due to its ancestral allotetraploid
origin) is supported by recent findings by Gold et a!.
(1991) regarding this existence of such kind of pheno-
mena in interspecific hybrids of cyprinid fish.

It is worth mentioning, however, that the appearance
'de novo' of some NOR-bearing chromosomes in the
triploid karyotypes of both species analysed does not
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Fig. 4 Metaphase cells of diploid (a, c) and triploid (b, d) individuals of Oncorhynchus kisutch after Ag- (a, b) and CMA3/DA
(c,d) staining. Arrows indicate the standard NOR chromosomes and arrowheads indicate the'new' NOR appearing in triploid

individuals.
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determine an increase in the number of active NORs
and nucleoli with respect to the number expected from
its ploidy level (except for rainbow trout M3 site). This
is due to the fact that in the triploid specimens of both
species some of the standard NOR-chromosomes of
the corresponding diploids have been repressed. Thus,
triploids of coho salmon have only two active standard
NORs and not three, as might be expected, and tn-
ploids of rainbow trout have normally one or two stand-
ard NORs present (see Table 1). It seems reasonable,
therefore, to search for a compensatory mechanism
which operates on tniploid NORs to adjust the number
of active NORs expected from its ploidy level.

The active NOR regions present in diploid and
triploid karyotypes generally show similar fluorescent
banding patterns, corresponding to CMA3-positive and
DAPI-negative areas, with the exception of the type
M3 found in triploid rainbow trout which does not
show affinity with either of the fluorochromes used.
Similarly, it seems that the response to fluorochromes
of the NOR-bearing chromosomes can change
between the inactivated and activated status. This also
happens with the additional NORs observed here in
triploid karyotypes and with some of the standard
diploid NORs, which are inactivated at triploid level. It
is known that the response to fluorochromes of
chromosomal regions depends not only on DNA com-
position but also on specific acid proteins (Stockert et
a!., 1976; Hernández-Verdun, 1986) and because
active NORs are associated with some particular pro-
teins (Flavell et al., 1986; Moreno et a!., 1990), we
think that the non-appearance of bright fluorescence
clusters in some standard NOR-chromosomes of both
species at triploid level may be caused by the absence
of those proteins. Their presence could explain the
bright fluorescent regions observed on both the M2-
type of rainbow trout and the new' NOR-bearing
chromosome identified in triploid coho salmons.

With regard to the M3 of rainbow trout, we think
that the loss of the CMA3-positive character could be
due to the true disappearance of the GC-rich clusters,
normally NOR-associated. Thus, it is worthwhile men-
tioning that Mayr et a!. (1988) observed positively
DAPI-stained clusters (AT-rich regions) in the non-
standard NORs of the rainbow trout, and that we did
not find, after treatments of triploid rainbow trout
chromosomes with CMAJ or DAPI, any fluorescence
differential staining along the NOR-type M3. It is
thought that CMAJ stains the NORs because of its
affinity for GC-rich sequences located in the non-
transcribed spacers of rDNA (Brown et al., 1972;
Schmid et a!., 1982). It is possible, therefore, that
during the diploidization process of salmonid genomes
the inactivation of some NORs produces changes in

the rDNA base sequence, the non-transcribed spacers
(variable regions which evolve faster than coding
regions) gain AT-base pairs while loosing some GC-
base pairs in their sequence. Thus, the appearance of
both brilliant DAPI and undifferentiated fluorescent
areas in some NORs of salmonids could be determined
by the number and distribution of these AT-base pairs
along the spacer sequences. In relation to this, Popodi
et a!. (1985) found restriction-site differences between
the spacer region when comparing rDNA from rain-
bow trout, lake trout and brook trout. In addition,
Phillips et al. (1989) detected in several species of
salmonids several restriction site polymorphisms in the
non-transcribed spacers as well as length variability. As
a consequence, these regions could have played an
essential role in the evolution of rDNA cistrons in fish,
similar to those in other vertebrate groups (Ohno,
1970; Bogart, 1980).
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