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S. SALVADORI*, F. DEIDDA, L. CARUGATI, R. MELIS
E. COLUCCIA

,» E. COSTA, M. SIBIRIU, &

Dipartimento di Scienze della Vita e dell’Ambiente, Universita di Caghari, Caglari, Italy

(Recerved 30 January 2023; accepted 18 May 2023)

Abstract

Lobsters are ubiquitous, economically important decapod crustaceans with apparently conflicting evolutionary relationships.
Here, we describe the chromosomal location of the major (45S rDNA) and minor (5S rDNA) ribosomal gene families in four
species of Astacidea and five of Achelata, using two-color FISH. The major ribosomal family is located in 4-16 sites per diploid
chromosome set, with Nephrops norvegicus (Nephropidae) showing the highest number described so far in Decapoda. The 5S
rDNA is located in two sites in eight species; only in the crayfish Procambarus clarkii the 5S FISH signals were detected in four
sites together with additional weaker signals. Furthermore, in N. norvegicus the minor ribosomal genes are syntenic with one
major ribosomal cluster. Moreover, we located by two-color FISH the pentanucleotide (TTAGG),, telomeric repeat in the
Nephropidae studied, showing the occurrence of a colocalization with 45S ribosomal sequences in Homarus gammarus. The
comparison of chromosomal locations of repetitive sequences in Mediterranean, Atlantic, and South African lobster species as
well as in marine and freshwater ones provides information on chromosomal evolution and cytotaxonomy of Decapoda.

Keywords: Decapoda, FISH, (TTAGG),,, interstitial telomeric sequences (ITSs), 285 rDNA, 58S rDNA

Introduction

Decapoda is a highly diversified group with
a complex, often debated systematics and a vast
geographical distribution. They appeared approxi-
mately 455 million years ago (Mya, late
Ordovician) and include around 17500 living and
3000 extinct species (Schram & Dixon 2004; Wolfe
et al. 2019). Among them, lobsters (Achelata,
Astacidea, Glypheidea, and Polycheida) have a rich
fossil record dating back 360 Mya and are a very
important fishing and economic resource (Patek
et al. 2006; Bracken-Grissom et al. 2014).
Cytogenetic information on lobsters is still scarce
and mostly reflecting only chromosome number
and morphology, mainly because the karyotype con-
sists of numerous small-sized chromosomes, >100
in most species studied to date. This causes possible
counting errors, aggravated by the presence, in some
species, of B chromosomes namely supernumerary

chromosomes found in many eukaryotic species,
mostly heterochromatic, with irregular inheritance
and interindividual variation (Jones & Rees 1982;
Camacho 2005; Jones et al. 2008). As regard basic
karyotype parameters (Table I), Astacidea species
(clawded lobsters and freshwater crayfish) have
more than 100 chromosomes and among them,
crayfish show the highest diploid numbers, mostly
>170 chromosomes (Mlinarec et al. 2011, 2016);
among crayfish, Procambarus clarkii (Cambaridae)
shows 2 n = 188 (Salvadori et al. 2014). In the
family Nephropidae, Homarus and Nephrops are clo-
sely related genera (Bracken-Grissom et al. 2014),
with N. norvegicus showing the highest 2 n and the
presence of large, mainly heterochromatic, supernu-
merary chromosomes, which are punctual chromo-
somal markers of the species (Table I; Deiana et al.
1996). The two North Atlantic Homarus species are
very similar, distinguishable from each other by
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slight morphological and genetic differences (Jorstad
et al. 2007; Wahle et al. 2013; Ellis et al. 2017);
cytogenetically the karyotype of H. americanus has
higher chromosome number than H. gammarus and
presents small and heterochromatic supernumerary
(B) chromosomes (Coluccia et al. 2001; Salvadori
et al. 2002).

Among Achelata (true lobsters), in the Scyllaridae
family, Scyllarides latus (subfamily Arctidinae) shows
about three times genome size (GS) values and
double chromosome number compared to Scyllarus
arctus and S. pigmaeus (subfamily Scyllarinae),
(Table I; Deiana et al. 1999, 2007). These data
show a sharp cytogenetic separation among these
species accompanied by a marked difference in
body size (Holthuis 1991) and based on the fossil
record (Webber & Booth 2007), suggesting a trend
toward a reduction of genome size and chromosome
numbers. The species of the Palinuridae family
show chromosome numbers >100 and medium to
high haploid GS values (Deiana et al. 1999) with
Fasus lalandii having both the highest GS and chro-
mosome number (Deiana et al. 1999, 2007;
Salvadori et al. 2012).

Moreover, all studied species of the Palinurus
genus (P. gilchristi, P. mauritanicus, and P. elephas)
present a variable number of small, heterochromatic
B chromosomes which were not found in the other
studied species of Palinuridae: Panulirus regius and
Fasus lalandii (Coluccia et al. 2003, 2005, 2006;
Cannas et al. 2004; Salvadori et al. 2012).

As regards the heterochromatin distribution in
lobsters, large blocks of AT-rich DNA located
mainly in the centromeric/pericentromeric regions,
have been reported for many Decapoda species
(Mlinarec et al. 2011, 2016; Salvadori et al. 2012;
Gonzalez-Tizoén et al. 2013).

In lobsters, fluorescence i sizu hybridization (FISH)
has been applied to only 10 species for chromosome
mapping of highly conserved sequences: the major ribo-
somal gene family (45S rDNA, located in the Nucleolar
Organizer Region and containing genes encoding for
188, 5.8S, and 28S rRNAs) and/or the arthropod pen-
tameric telomeric (TTAGG),, repeat (Table I). In two
species, the presence of interstitial telomeric sequences
(ITSs) has been reported: in the long arm of the largest
chromosome of the complement in P. clarki (Salvadori
et al. 2014) and colocalized with 45S rDNA in
¥ lalandi (Salvadori et al. 2012).

With the aim to deepen our knowledge on the
karyology of Decapoda, mapping of ribosomal and
telomeric sequences using two-color FISH was con-
ducted on four species of Astacidea and five species
of Achelata.

In Astacidea, we located for the first time 45S and
5S ribosomal genes and telomeric (TTAGGQG),,
repeat on the chromosomes of three species of
Nephropidae: the eastern Atlantic and
Mediterranean Homarus gammarus and Nephrops
norvegicus and the western Atlantic H. americanus.
Furthermore, the 5S rDNA was also localized in the
worldwide invasive crayfish from North American
Procambarus clarkii (Cambaridae), in which we had
previously located 45S rDNA and telomeric
(TTAGG),, repeat (Salvadori et al. 2014). In
Achelata, we located both 45S rDNA and 5S
rDNA in the eastern Atlantic and Mediterranean
Scyllarus arctus (Scyllaridae) and 5S rDNA in four
species of the Palinuridae family: the eastern
Atlantic and Mediterranean Palinurus elephas and
P. mauritanicus, and the South African Palinurus
gilchristi and Fasus lalandii, in which we had already
located 45S rDNA and telomeric (TTAGG),, repeat
(Salvadori et al. 2012).

We performed two-color FISH experiments to
study the possible synteny between the two riboso-
mal families and to ascertain the presence of inter-
stitial telomeric sequences and the eventual
colocalization of telomeric/ribosomal sequences
already highlighted in one Achelata species
(Salvadori et al. 2012).

The comparison of chromosomal mapping of
repetitive sequences in Mediterranean, Atlantic,
and South African species as well as in marine and
freshwater lobster species could provide information
on chromosomal evolution and cytotaxonomy of
Decapoda

Materials and methods

This research followed all applicable international,
national, and/or institutional guidelines for the care
and use of animals.

In this study, five Mediterranean, two South
African, and one Atlantic marine species, as well
as a freshwater species, were analyzed. The speci-
mens of Mediterranean species were captured in
the southern Sardinia (Mediterranean Sea) and/or
collected from the local fish market, in particular 10
males of Homarus gammarus (Linnaeus, 1758), 10
males of Nephrops norvegicus (Linnaeus, 1758)
(Nephropidae), 10 males of Scyllarus arctus
(Linnaeus, 1758) (Scyllaridae), 20 males of
Palinurus elephas (Fabricius, 1787) and 15 males
of P. mauritanicus Gruvel, 1911 (Palinuridae). The
specimens of the Atlantic species were purchased at
the fish market, in particular ten males from three
different commercial stocks of the Nephropidae
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H. americanus H. Milne Edwards, 1837, six males
of Palinurus gilchristi Stebbing, 1900, and ten males
of Fasus lalandii (H. Milne-Edwards, 1837)
(Palinuridae) from commercial stocks by South
Africa. Thirty males of the freshwater Cambaridae
species Procambarus clarkii (Girard, 1852), invasive
in Europe, were captured with lobster pots along
the South Sardinian rivers and ponds. The speci-
mens were determined following Holthuis (1991).

Chromosome preparations were obtained by
direct methods from testis, according to Salvadori
et al. (2012). Direct methods are the only techni-
ques available for obtaining chromosome prepara-
tions from crustaceans. In particular, the air-drying
technique is based on tissue dissociation, followed
by hypotonization and fixation of cells in suspension
(Doussou De Bazignan & Ozouf-Costaz 1985). The
most used tissue is testis since a good number of
metaphases may be obtained, both mitotic and
meiotic metaphase I and II plates were analyzed,
useful to study chromosome number and the pre-
sence of B chromosomes.

The major ribosomal gene unit (45S rDNA that
contains the genes encoding 18S, 5.8S, and 28S
rRNAs), has been localized using 28S rDNA
probes obtained by PCR amplification of the
DNA of Anguilla anguilla, Nephrops norvegicus,
and Homarus gammarus using the universal pri-
mers D1F and DIR (Zardoya & Meyer 1996).
The 5S rDNA probes have been obtained by
PCR amplification of the DNA of Homarus gam-
marus using the primers listed by Pelliccia et al.
(1998). For P. clarkii, 5S rDNA probes were
obtained by PCR amplification of the P. clarki
DNA using two different primer sets: the primers
of H. gammarus listed by Pelliccia et al. (1998),
and the degenerated primers based on the 5S
rDNA sequence of several crustaceans, listed by
Huan et al. (2010); furthermore, both high and
low stringency conditions have been applied in
post-hybridization washings according to
Schwarzacher and Heslop-Harrison (2000).

The pentameric telomeric probe (TTAGG), was
amplified by non-template PCR following Ijdo et al.
(1991) using the primers F: (TTAGG)s and R:
(CCTAA)s,

All probes were labeled with biotin-16-dUTP or
digoxigenin-11-dUTDP, using a nick translation kit
(Roche Diagnostics), following manufacturer’s
instructions. Two-color FISH with 28S and 5S
rDNA or 28S rDNA and telomeric (TTAGG),
probes was performed according to Schwarzacher
and Heslop-Harrison (2000). Biotin-labeled probes
were detected with avidin conjugated to FITC or
extra-avidin conjugated to TRITC (Sigma-Aldrich);

digoxigenin labeled probes were detected with anti-
digoxigenin conjugated to FITC (Sigma-Aldrich).

Chromosomes were counterstained using DAPI
(Sigma-Aldrich) or propidium iodide (Sigma-
Aldrich). The slides were subsequently Wright's
stained for the study of size, shape, and number of
mitotic and meiotic chromosomes. Over 20 meta-
phase plates were analyzed per treatment.
Metaphase plates were observed under a Zeiss
Imager M1 fluorescence microscope, and images
were captured with a Hamamatsu digital camera
C8484 and processed using a karyotyping- and
FISH-dedicated image analysis system (Cromowin
Plus, TESI Imaging). When allowed by chromo-
some feature, we defined chromosome location of
probes as interstitial, pericentromeric, and terminal.
Since the chromosomes were often too small to
define the exact signal location on the chromo-
somes, we indicated as “short arm” the cases in
which the signal completely covered the short arm
of small chromosomes. For the same reason, the
shape of chromosomes has not been reported in
many cases.

Results

Astacidea-Nephropidae, 28S and 58 rDNA two-color
FISH

Homarus gammarus. The 28S rDNA signals were
localized in the short arm of six medium-sized chro-
mosome pairs, visible in six tetrads in meiotic meta-
phase I (Figure la) and in six chromosomes of
a meiotic metaphase II (inset in Figure 1la). The
5S rDNA signals were localized in the short arm of
one medium-sized chromosome pair, other than the
45S-bearing pairs, visible in one tetrad in meiotic
metaphase I (Figure 1a) and in one chromosome in
meiotic metaphase II (inset in Figure la). After
inverted DAPI staining, the meiotic bivalents are
clearly identifiable (Figure 1b).

H. americanus. The 28S rDNA signals were loca-
lized in six chromosome pairs: in the short arm of
five medium-small pairs and terminally in the long
arm of one medium-sized pair, visible in mitotic
metaphase (Figure 1¢) and in six chromosomes of
a meiotic metaphase II (inset in Figure 1¢). In meio-
tic metaphase I, the 28S rDNA signals were loca-
lized in six tetrads, and no signals were detected on
B chromosomes. The 5S rDNA signals were loca-
lized in two sites in the short arm of one medium-
sized chromosome pair, other than the 45S-bearing
chromosome pairs (Figure 1c). After
Wright’s staining, the mitotic chromosomes are
clearly identifiable (Figure 1d).
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Figure 1. (a-f) Chromosomes of Nephropidae lobsters after 28S rDNA and 5S rDNA two-color FISH. (a) H. gammarus meiotic metaphase I: 28S
rDNA is red labeled in 6 tetrads and 5S rDNA is green labeled in 1 tetrad, not syntenic; (b) in the same metaphase plate after inverted DAPI staining
the arrows indicate the labeled meiotic bivalents; the inset shows the labeled chromosomes from a meiotic metaphase II after FISH and inverted
DAPI staining; (¢) H. americanus mitotic metaphase: 28S rDNA is red labeled in 12 chromosomes and 5S rDNA is green labeled in 2 chromosomes,
not syntenic; (d) in the same metaphase after Wright’s staining the arrows indicate the labeled chromosomes; the inset shows the marked
chromosomes from a meiotic metaphase II after FISH and inverted DAPI staining; (e) N. norvegicus mitotic metaphase: 28S rDNA is green
labeled in 16 chromosomes and 5S rDNA is red labeled in 2 chromosomes; the 5S rDNA signals are located in a NOR-bearing pair close to —but not
colocalized with- one 28S rDNA cluster; the inset shows the labeled chromosomes from a meiotic metaphase II; (f) in the same metaphase after
inverted DAPI staining the arrows indicate the labeled chromosomes; (g) 5S rDNA FISH in P. clarksi mitotic metaphase: 5S rDNA probe sharply
labeled 4 chromosomes: the signals were located in the distal region of a medium sized metacentric pair and in the short arm of an acrocentric pair,
showed in the inset. Moreover, numerous additional chromosomes presented weaker signals; in (h) the same metaphase plate after inverted DAPI

staining is shown, arrows indicate the four sharply labeled chromosomes. Scale bar, 5 um.

N. norvegicus. The 28S rDNA signals were loca-
lized in eight chromosome pairs: in the short arm of
four pairs and in the centromeric-pericentromeric
region of four pairs, observable in mitotic metaphase
(Figure le) and in eight chromosomes of a meiotic
metaphase II (inset in Figure le). The 5S rDNA
signals were localized in one chromosome pair coin-
cident with a medium-sized NOR-bearing pair,
close to — but not colocalized with — one 28S
rDNA cluster; the 5S rDNA was at an interstitial
position in the long arm, while the 28S rDNA sig-
nals were spread on the short arm (Figure le and
inset). After inverted DAPI staining, the mitotic
chromosomes are clearly identifiable (Figure 1f).

Astacidea-Cambaridae, 5S yrDNA FISH

Procambarus clarkii. 5S rDNA signals were localized
in two chromosome pairs: distally in the long arm
of a medium-sized pair and in the short arm of
a small pair, visible in mitotic metaphase

(Figure 1g) and showed in the inset and by arrows
in Figure 1h. Furthermore, numerous additional
weaker signals were detected using both different
primer sets and different stringency conditions in
FISH experiments (Figure 1g). After inverted
DAPI staining, the mitotic chromosomes are clearly
identifiable (Figure 1h).

Astacidea-Nephropidae, 28S and (TTAGG),, telomeric
repeat rwo-color FISH

The pentameric telomeric (TTAGG), probe pro-
duced, in some chromosomes, extended fluorescent
signals in the three clawed lobsters. In H. gammarus,
the two-color FISH revealed that the 28S rDNA
(Figure 2a), and the telomeric (Figure 2b)
sequences were colocalized in four out of six NOR-
bearing pairs (Figure 2c). The colocalization of telo-
meric repeat and 28S rDNA did not occur in
H. americanus and N. norvegicus (data not shown).
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 + (TTAGG).

Figure 2. 28S and (TTAGG),, telomeric repeat two-color FISH. Meiotic metaphase I of H. gammarus: (a) 28S rDNA (green fluorescence)
and (b) (TTAGG),, telomeric repeat (red fluorescence). In (c) the combination of the two images is shown; arrows indicate the four

tetrads where the two probes are colocalized. Scale bar, 5 pm.

Achelara-Palinuridae, 28S and 58 rDNA two-color FISH

Palinurus elephas. The minor ribosomal gene family was
localized in the short arm of one small-sized chromo-
some pair other than the NOR-bearing pairs, observa-
ble in a tetrad in meiotic metaphase I (Figure 3a) and in
one chromosome of a meiotic metaphase II (inset in
Figure 3a). After Wright’s staining, the mitotic chromo-
somes are clearly identifiable (Figure 3b). The NOR-
bearing chromosomes were variable in number because
28S rDNA clusters were also localized on some
B chromosomes (Coluccia et al. 2006).

P. mauritanicus. The minor ribosomal gene family
was localized in the centromeric-pericentromeric
region of one pair, other than the NOR-bearing
pairs, observable in mitotic metaphase (Figure 3c¢)
and in one chromosome of a meiotic metaphase II
(inset in Figure 3d). After Wright’s staining, the
mitotic chromosomes are clearly identifiable
(Figure 3d). The NOR-bearing chromosomes were
variable in number as some 28S sites were localized
on B chromosomes (Coluccia et al. 2003).

P. gilchristii. The minor ribosomal gene family was
localized distally in the long arm of one chromosome
pair other than the NOR-bearing pairs, visible in
mitotic metaphase (Figure 3e) and in one chromo-
some of a meiotic metaphase II (inset in Figure 3e).
After Wright’s staining, the mitotic chromosomes
are clearly identifiable (Figure 3f). The NOR-
bearing chromosomes were variable in number as
some sites were also localized on B chromosomes
(Coluccia et al. 2005).

Achelata-Palinuridae, 5S rDNA and (TTAGG),
telomeric repeat rwo-color FISH

Fasus lalandii. The minor ribosomal gene family was
localized distally in the long arm of a medium-sized
chromosome pair, observable in a mitotic metaphase

(Figure 3g) and in one chromosome of a meiotic
metaphase II (inset in Figure 3h). Telomeric signals
labeled 10 expanded terminal regions; six of these
were found colocalized with 28S rDNA sequences
(Salvadori et al. 2012); as a consequence, the 5S
rDNA was not syntenic to the 45S rDNA. In the
same metaphase plate after Wright’s staining the
chromosomes are identifiable (Figure 3h).

Achelata-Scyllaridae, 28S and 58S rDNA FISH

Scyllarus arctus. After 288 rDNA FISH fluorescence
signals were detected interstitially in two meta-
submetacentric large chromosome pairs, visible in two
tetrads in meiotic metaphase I (Figure 3i) and in two
chromosome pairs in mitotic metaphases. After 5S
rDNA FISH, the signals were interstitially located in
the long arm of one medium-sized submetacentric
chromosome pair, observable in one tetrad in meiotic
metaphase I (Figure 3m) and in one chromosome of
a meiotic metaphase II (inset in Figure 3m). In the
same metaphase plate after Wright’s staining the chro-
mosomes are identifiable (Figure 3n).

Discussion

Within decapod crustaceans, only 50 species (10
families) over a total of 17.500 (233 families) have
been studied with a karyological approach. Herein,
we focused on the FISH localization of highly con-
served sequences, namely the major (45S rDNA)
and minor (5S rDNA) ribosomal gene families as
well as the pentameric telomeric (TTAGG),, arthro-
pod repeat, on lobsters of Astacidea and Achelata
taxa and compared the results with classic cytoge-
netic data.

FISH data on the Astacidea and Achelata species,
together with their basic karyotype parameters are
summarized in Table I. As regards the
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Figure 3. (a-f) 28S rDNA and 5S rDNA two-color FISH. (a, b) P. elephas meiotic metaphase I, (c, d) P. mauritanicus mitosis, and (e, f)
P. gilchristi mitosis. In all species, the 5S rDNA (green fluorescence) is located in one chromosome pair, not syntenic with 28S rDNA (red
fluorescence); the insets show the 5S rDNA labeled chromosomes from a meiotic metaphase II plate after FISH and inverted DAPI
staining. (g) 5S rDNA (green fluorescence) and (TTAGG),, telomeric repeat (red fluorescence) two-color FISH in ¥. lalandii mitotic
metaphase: the 58 signals are located in two sites, distally in the long arm of a medium sized chromosome pair, the telomeric probe marked
ten expanded telomeric regions; the inset shows the 5S rDNA marked chromosomes from a meiotic metaphase II plate after FISH and
inverted DAPI staining. (i, I, m, n) S. arctus chromosomes. (i) after 28S rDNA FISH the signals (green fluorescence) are located in two
tetrads in meiotic metaphase I. The inset shows the labeled chromosomes from a mitotic plate (one for each pair). (m) after 5S rDNA
FISH the signals (red fluorescence) are located in one tetrad in meiotic metaphase I; the inset shows the signals located interstitially in the
long arm of one medium sized chromosome in a meiotic metaphase II. In b, d, f, h, 1, n the Wright’s staining of the same metaphase plates
after FISH allowed the identification of chromosomes/meiotic bivalents. Scale bar, 5 pm.

heterochromatin distribution in lobsters, large between Achelata and Astacidea with the three

blocks of AT-rich DNA located mainly in the cen-
tromeric/pericentromeric regions, clearly shown by
DAPI staining, have been reported for many
Decapoda species (Mlinarec et al. 2011, 2016;
Salvadori et al. 2012; Gonzalez-Tizon et al. 2013).

Ribosomal genes

In lobsters, the major ribosomal family (45S rDNA,
NOR) is located in 4-16 chromosome sites (2-8
loci). The present data show a sharp differentiation

Nephropidae species presenting the highest number
of NORs among the Decapoda species studied
(Table I). In particular, the highest number (16
sites) of 45S rDNA clusters was found in
N. norvegicus; furthermore, in this species the 45S
and 58 ribosomal families have a syntenic position
in one of the eight NOR-bearing pairs, in a close but
not overlapping location. These data support the
peculiar cytogenetic features of N. norvegicus.

A high number of 45S rDNA sites does not neces-
sarily go together with a high number of
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chromosomes, as shown by Scyllarus arctus, which
has one of the lowest diploid number in lobsters
(70-72) (Deiana et al. 2007) and harbors four 45S
rDNA sites, the same number as some species of the
Austropotamobius and Astacus genera which have
a high diploid number (2 n = 176-180) (Mlinarec
et al. 2011, 2016).

Furthermore, in the three investigated species of
Palinurus, some B chromosomes were entirely
labeled by the 28S rDNA probe (Salvadori et al.
2012; present data). The overall presence in
Palinurus species of B chromosomes with similar
features and often carrying 45S rDNA, together
with the very small size of NOR-bearing chromo-
somes and the lower chromosome number com-
pared to other Palinuridae, could indicate an
important karyotype reshaping and be related to
the very rapid speciation process hypothesized for
this genus (Palero et al. 2009; Tsang et al. 2009).

To date, this is the second report of 58S rDNA
location in Decapoda. It is noteworthy that in lob-
sters, in contrast to the high number of 45S rDNA
clusters, 5S rDNA was found in only one chromo-
some pair in eight out of nine studied species.
Similarly, the only additional decapod species inves-
tigated (Fenneropenaeus chinensis) presents only one
5S-bearing pair (Huan et al. 2010).

Conversely to the other studied species, in the
crayfish P. clarkii, we localized the 5S rDNA in
four sites and even in numerous additional chromo-
somes. This extensive dispersion of 5S rDNA
sequences could be due to the presence of small 5S
rDNA clusters in the genome (Cabral-de-Mello
et al. 2011a) or to the presence of satellite DNA
derived from 5S rDNA, as it has been reported in
several species (Martins et al. 2006; Vittorazzi et al.
2011).

Sochorova et al. (2018) set up an rDNA database
containing FISH information on 45S and 5S rDNA
location in 1343 animal species. They highlighted
a general trend of low numbers of both 58S and 45S
ribosomal clusters in animal genomes; the median
number was close to two sites (single locus/1C) per
ribosomal family. However, in each group, they
found karyotypes which largely deviate from the
average, and different studies indicate likely inde-
pendent amplification events of 458 and 5S rDNA.
In arthropods, a higher number of sites for the 5S
rDNA compared to the 45S rDNA is reported, with
most of the data referring to insects. Among them,
the family Acrididae has been deeply investigated
(Cabral-de-Mello et al. 2011a) revealing an exten-
sive variation in the number of cluster for both
rDNA types; on the contrary, in the subfamily

Scarabaeinae (Coleoptera, Scarabaeidae) it has
been reported a large variability of the 45S rDNA
clusters when compared to the consistency of the 5S
clusters (Cabral-de-Mello et al. 2011b), as we have
found in lobsters. It is noteworthy that 5S rDNA
clusters was found in only one chromosome pair in
all Decapoda studied, even distantly related, except
for the crayfish Procambarus clarkii.

Taking into account the difficulty of determining
the precise location of FISH signals on small chro-
mosomes, the 45S rDNA signals are terminally
located, often spread all over the short arm in most
of the studied lobsters and in pericentromeric posi-
tions in few species. Similarly, also regarding the 5S
rDNA chromosomal location, we found it at
a terminal location in seven out of nine species and
in an interstitial position in N. norvegicus and in
Scyllarus arctus.

Telomeric repeats

In the three Nephropidae investigated species, we
pointed out the occurrence of some extended telo-
meric regions. Furthermore, in eight sites of
H. gammarus, the telomeric sequences were found
colocalized to 45S rDNA; and following the classi-
fication made by Ocalewicz (2013), they could be
considered as interstitial telomeric sequences
(I'TSs). This same colocalization has been found in
many plants and animals. Among arthropods, the
pentameric telomeric sequence was reported colo-
cated with ribosomal genes in all species of stick
insects (order Phasmatodea), even those belonging
to distantly related genera, thus appearing to be an
ancestral character (Scali et al. 2016; Liehr et al.
2017, 2020). On the other hand, among decapods,
the telomeric sequences interspersed with rDNA
appear to be an accidental event, found in one out
of four Achelata species, the spiny lobster Fasus
lalandii (Salvadori et al. 2012) and in one out of
four Astacidea species (present data).

The origin of this colocalization, present in
plant and animal genomes is still debated; how-
ever, whatever its origin, this interspersion turns
out to be a hot spot of genomic recombination,
enhancing differentiation and karyotype plasticity
(Meyne et al. 1990; Salvadori et al. 1995;
Ocalewicz 2013; Dvorackova et al. 2015; Scali
et al. 2016, 2020; Liehr et al. 2017; Aksenova &
Mirkin 2019).

This research provided information from both
classic cytogenetic techniques and from FISH of
highly conserved sequences: major (45S rDNA)
and minor (5S) ribosomal gene families as well as
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telomeric repeats in nine species of lobsters belong-
ing to Astacidea and Achelata. Our data, even if
referring to a low number of species, seem to suggest
a clear trend of decapods toward two sites (single
locus) of 58S rDNA, and a variable number of loci of
the 45S rDNA per genome. These data could con-
tribute to a better understanding of the Decapoda
karyotype evolution and of the relationships between
the two ribosomal gene families in favor of their
likely independent amplification. The molecular
cytogenetic approach also provided useful clues for
tracing phylogenetic relationships among species
difficult to be analyzed through classical cytogenetic
approach.
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