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ABSTRACT

A comparson of chromosome worphology of seventeen
speches af Eoopbe (Mantellidae, Boophinae) was camied oul ap-
plying Giemsa, C-, DAPL-, CMA,- and AgNOR- banding methods.
All of the species sudied showed 3 karyolype of 2Zn = 26 biarmed
chromosomes. The nuceolir orpanizer regions (NOHRs) were in-
terstigially located in a secondary constricton on the long arm of
the & chromosome pair in all species, except B of rufioculis
and B of murdagascariensss i owhich the NORs were dislocated
on the short arms of the 6% pair Heterochromatin distirtbution
and composstion wis very varkable among the species, displaying
Cohamils positive or negative bath 1o DAP] and CMA, O positive
anly ab oo of the two Duorochimomes, Taxanomic and phyboge:
netic implications of these resalis are discussed
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INTRODUCTION

Malagasy frogs are meluded in four families, Hyper-
aliichae, Microhylidae, Mamellidae, and Ranidae (Vences
& Glaw, 2001), According 1o recent estimates it is likely
that the total number of species Is at least 250, all of
which are endemic, except the introduced Hoplobatra-
chus tigerinus and, possibly, the populations attributed
w0 Plychadena mascareniensis (Glaw & Vences, 1994;
Andreone, 1999). However, still the taxonomy and phy-
logeny of several 1axa raise many guestions. Most of
the species formerly included in the Ranidae (Blom-
mers-Schltisser, 1993), except for the two non-endemic
ones, are today considered as 4 single endemic clade of
not fully resolved relationships o Alrican or Asian
groups, for which the family name Mantellidae (and
three subfamilies: Boophinae, Laliostominae, Manuelli-
nae) is used (Richards & Moore, 1998; Vences ef al,
2000; Vences & Glaw, 2001),

Among the most species-rich groups is the genus
Boopbis with currently about 50 nominal species. This
genus contains mainly treefrogs which underwent a
species-rich. adaptive radiation, adapting o forest envi-
ronments. Boaphis mainly inhabit the eastern rainforest
belt, although 2 few species of the B. repbracomystax
group and B. occidentalis also colonized western decid-
uous forests and open habitats. Despite a cenain mor-
phological variety, and a considerable range of body
size, Boopbis constitute a well defined monophyletic
unit (Vences ef al., 2002). Based on morphological and
ecological traits, seven infrageneric phenetic species
groups were recognized by Glaw & Vences (1994 the
Boophis albilabris, B. luteus, B. rappiodes, B. difficilis,
B. goudori, B. microtympanum, and B, tephravomystax
groups. Taxonomic revisions of most of the species
groups are badly needed, and few characters have so
far been identified that could be used for phylogenctic
assessment. kRaryology could provide a means for this
purpose. In Malagasy frogs, karvological data were not
very informative in Mantella (Pimak ef al., 1998, Odier-
na of al., 2001), but provided 2 powerful tool in some
groups of Mantidactylus: representatives of this genus
showed 2 remarkable variability in presence or absence
of acrocentric clements and in the location of NOR,
which have been used to assess their relationships
{Aprea G. ef al., 2002, Abstract in IV Congr. Maz. SHI:
67: Andreane of al, 200%), Some previous studies on
the chromosomes of twelve species of the genus
Hoophis were performed using conventional staining
(Blommers-Schidsser, 1978), but until now no banding
analysis was made for these anurans, To test recent
phylogenctic hypotheses in Boopbis, we conducied a
karvological study by means of various banding meth-
ods on seventeen species of Boophis, thineen of them
analysed for the first time.
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MATERIALS AND METHODS

Localitios of capiere

The specimens for which karyological data are here presented
wiere caplured in Madagascar on the occasion of several field-sur-
veys. The localities and references, together with the main re-
searcher(s) and date of capure [between square brackets], are as
Followes: €10 Ambolokopatrika (Andreone of af, 20000 [Andreone
& Apres, XIEXTL1997); Besariaka (Andreone of al, 20000 [An-
dreone, V1L1996]; Masoala (Andreone & Greer, 20020 [Andreone,
XI-XIL 1996, XI-XIL1999); Ankaratra (Vences of al,, 2002) (M,
Vences, 11120001 Berara (Andreone of al., 20010 [Andreone &
Vences, [.2001F Kirindy (Bloxam of al, 19950 [Andrecne, 111999,

Specinmens examined and nommenclatire

Vouchers of the analvsed specimens are curmently depasited in
the Museo Regionale di Sciense Naturali (MESN, Torino, 1y,
Their muscum number, sex. and locality of capture are reported
in Table I Concerning the taxonomy used, it is wonh stressing
thit thix rust be comsidered purely indicative. In fact it was not
passible to atrbute reliably most of the colledied specimens to
any well-known species. This is most evident for some species
captured by us in the Nonh of Madagascar, a region that is clear-
Iv a source of numerous new, nod vel identified species (An-
dreone, 2004; Vences, 20043, Their specific atiribution, as treated
in this paper, must be necesnly undersood os g working tax-
onomy’, amd we can anticipate that some of them will be de-
seribed as new tixa in forthcoming papers.

Propavation techafgues

The chromosomes were obtained from mtesting, spleen, gonads
and lungs using the air drving method as described elsewhene
(Odierna er af, 19990, Hesides conventbonal stiining (5% Glemsa
ar pH 71 the following techniques were applied: (10 Ag-NOE
banding of the nuclealar omganizer fegions following Howell &
Black (1980% (2) the C+G specific fuorochrome chmmonycin A,
(CMA ) /methyl green staining according 1o Sahar & Lam (1980},
with a reduced exposure (few seconds) 1o the non-fluorescent
dyve, methyl green; (3 C-handing according o Sumner (1972, in-
cubating the slides for 5 min at 45 °C in BalOH),. Good results
were achieved by staining, either separstely or sequentially, with
CMA, and DAPI after bydrolysis in BatOI, (Odierna of al, 2001k

The metaphase plates were obsened cither with & Zeiss PHOM
M phase contrast microscope or @ feiss axioscope epifluonscent
microscope, OF each taxon, o least four Glemiss-stakned
metaphases and two metaphases stined with each of the band-
ing methods used, respectively, were siudied,

RESULTS

The studied xa showed the typical karyotype of ra-
nodd frogs, constituted by thineen pairs of metacentric
or submetacentric chromosomes, with the first five pairs
clearly larger than the remaining eight (Fig. 1.

The first and the fifth pairs were metacentric, the sec-
ond and the third were submetacentric, while the fourth
presented a centromeric index close to the submeta-
metacentric transition value. The morphology of pairs G-
13, on the other hand, was highly varable. In £
poudoti, B. of, madagascariensis, B. of. marofezensis, B.
microtymparnam, B, occfdenialis and B, xerophilus
these pairs were all metacentric, while in the remaining
studied mxa one of them was submetacentric, ocoupy-
ing a variable position in the karyorypes: in B, albi-
labris and B brachychir, the thirteenth pair was sub-
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Fig. 1 - Giemsa stainexd karyotypes of 8. alfbilabeiz (&), B o an-
Jenabariboensis (B), B ambaratra (C), B, brachychiv (D)), 8.
doulion (Y, B, gondori (F), B, of madagascariensis (G), 8. of,
mrcrnredrealies (HD, B cf. marjezensis (1), B, microfympenin (), 8,
occtdentalis (K), B. of. ropgiiodes (LY, B, reticrdatus (M), 8, cf. -
Sioculis (N), 8. of. septemtrionalts (00, 8 xevopbilas (). Note the
0 NOR besaning peirs reponed on the top.
¥

metacentric; in B, of. anjanabaribeensis, B. ankaratra,
B. of. mandraka, B, of. rappiodes, B. reticelatus, B. of,
rfiocndis and B of. septenirionalis the seventh pair was
submetacentric, in B. tepbraeomysiay the sevenh, tenth
and thirteenth pairs were submetacentric (Table 11,
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TABLE | - List of Boophis spectes analysed for keeryology, including the species group, musenm number for precerved specimens (RSN =
Miesen Regionadie df Scienze Netrirali ofi Torinn, Salye, sex (M = male; F = fomialed, and procesance.

Species Apecies-group iy, Sex Provemance

. albilabrs B. altrlabris MRESN AZ02T M Ambolokopamika
B altvlabris B altilabris Veoucher not colleced M Ambolokapatrika
B. altilabris B altifabris Voucher not collecied M Ambolokopaitrika
B occidentalis B altilbris MRESN A1908 M Berar

B. occidentalis B. allulabris MESN ALFK undetermined Berar

. of, anjanabaribeensts K. luters MRSN A4112 M Ambolokopatrika
B of. anjanabaribeensis B lureres MESN A4 F Ambaolokopatnka
B. anbxiratra B lurens MESN Ad4a02 M Ankurair

B cf. seplentrionalic B, fureris MRESN A4113 M Ambolokopatrka
B. brachychir B. gt MESM Ag342 M Ambolokopatrika
B. brachychir B. gosedon MESN Ad3il F Ambolokopitrika
B. goseol . gontelori MRSN A4109 M Ankaraira

B. of. madagascarionsis i gondon MRESN A4202 F Miasoaka

B relicilaties . poriclon MRSN A41306 F Ambolokopatka
B. reticudaties B posrclon MESH A3118 F Mascaln

B. reficialis B porclon MESN A32ZST F Masoala

B of. rufivculis . gostelon MESK Ad3R2 F Ambolokogatika
B. of. marojezensis 1. mijort MRSN Ad416 undelermined Masoaks

1. el nitrnadraka B, mppioades MESKN AZST2 F Masoala

B. of. rapgeiodes B rappiodes MESK A4 280 undeterminesd Misoala

B pividis B. rappiodes MESN Adl0d M Misoala

B mdcrodymfxaning B, micradyomfainiin Vouscher mot collected F Ankaranm

B. aboulicni B tepliraermrnystax MRESN A4259 M Kirincly

B. xeropinifis B feplhiraeom pstax MESN Adi84 M Kirindy

The karvological uniformity typical of the genus was
also ohserved in the localizaton of the nucleolus orga-
nizer regions (NORs). In fact, Ag-NOR banding and
CMA, staining provided evidence for the NORs being
located on the long arm, very close to the centromere,
of the 6% chromosome pair in almost all of the studied
Bogphis. Only 8 cf. madagascariensis and 8. of. rufio-
culis were exceptions, displaying NORs on the short
arms of the sixth chromosome pair (Fig. 1),

In none of the studied Boophis species did we ob-
serve chromocentres positive to guinacrine, which
watld therefore be rich in AT (data not shown in this
paper), Funthermore, the C-banding colourations and
those sequential in C-banding+CMA,+ DAPI showed a
conspicuous heterogeneity for the heterochromatin, pro-
ducing a banding pattern which is species-specific (Figs
2-3). These observations are summarized in Table 11

DISCUSSION

Chromosonte morfbology

It is striking that the adaptive radiation of the ecolog-
cally diverse genus Boopbis occurred without relevant
chromosome rearrangements. Tn Fact, all the 13 new
species here studied, as well as the other 11 species pre-
viously studied by Blommers-Schlosser (1978), showed a
karyotype of 2n = 26 biarmed elements with the first five

paiirs distinctively larger than pairs 6-13. Moreover, the
morphology of the pairs 1-5 was highly conserved and
rearmangements appeared © have occurred exclusively
among the smallest karyotvpe elements. The greater dis-
position to rearrangements of the smallest elements had
already been evidenced in other taxa (Manda ef al.,
2002; Olmo of al., 2002), and is in line with the evidence
af the inverse comelation between chromosome length
and rate of recombination (Kaback ef al,, 1992}, In
Hoophis pericentromeric inversions very probably are
the rearmngements responsible for metacentric/submeta-
centric transitions that occurred along the chromosome
patirs 6-13, and this kind of rearangement preferentizlly
appears o occur on the chromosomes of the seventh
pair and at a lesser rate also on chromosomes of the
eleventh and thireenth pairs (see Table 11

NOR localisation

Loci of NORs also appeared highly conserved along
the analysed Bgophis species. In fact, all of them dis-
playved the nucleolus organizer regions close to cen-
tromeric regions of the long arms of the 6 chromo-
some pair, The shift of NORs, observed in 8. of. mada-
gascarfensis and B, of. rfioculis, onto the peritelomeric
regions of the short arms of the same pairs also could
be taken back to a pericentric inversion, thereby pro-
viding further evidence that this kind of chromosome
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Fig. 2 - C-banded (column 13, C-handed+CMAS (eolumn [D+DAPL (column [0 of & alfilabeis (A8, B o, aegnabaribeensis (B), 8
anbvarira (C), B bvarchyebir (DY, B, doafioti (B), B, gowdori (F), B o sadagescariensis (G, B, of. mandrala (H) and 8. cf, mraro-
Jesnsfs (Ih
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TaBLE 11 - Kanyological characterisiics of the studiod Boophis spectes. Abbrerdations: 2n, diplotd number. FN, Fundamental Nuanber,
S, swbmplacentric: b sbhort arms; o, lowg arms: P presenit: Seany (), faiet (0 A, absens; +, postlive; -, negalive.

Heterochromuitin
Centromeric Paracentromeric  Telomeric

Spedies 20 F™ Smopitis NORs 68 PrA CMA, DIAP]
B. albifabris group

B, albilabris 2% 22 130 q P . A Pl

#, occtdentalis 20 52 - i P - A A
B. lufeus group

B anjancharibeensis 3 52 sl q P * ’

B, anktrarna 26 52 i q Bl +2 pairs)  +2 pairs) 1%, 2™ gh P

B, of. sepientriosalis 13 52 il q Pif - -
B. rapriodes group

B of mandrala % 52 7 q P - - A P

B, of. rapprodes 2 b i q 13 . + P, aed A

B, viridis 26 52 - q Pih} + + it
B, metfori group

8. of. marafezensis X 52 - q P = = R A
B. gotidot! group

B brachychir X 52 i q Pl - - A P

B, poudofd 26 52 - q Pih + - AA

B o, madagascariensis X 52 - P Pihy o+ + A P

B reticulains 26 52 i q 5 - - A P

B. of. rufiocielis 2 52 i [ " * & A P
B microdymipariim group

B. microtyrpantn 2iy 52 - q P - - A oI e il
B reprliraeonysiax group

B aloricn 26 SETh 11 gk g P = = 1", and P

B xerapdiios 26 52 - o L i - -

rearrangements in Boopbis appears exclusively 1o occur
among the smaller pairs of the chromosome comple-
ment. Phylogenetically, the deviant state in these two
species, both of which are northern representatives of
the B. pondoti group, can be seen as rather strong angu-
ment that they form a monophyletic clade o the exclu-
sion of at least some other members of this species
group (see Table [).

Heterochromaiin distribution and congposition

In contrast 1o the chromosome morphology and NOR
localisation, among the studied species heterochromatin
greatly differed both in the distribution and compasition,
Our results showed the presence of at least three types
af heterochromatin: one type endowed with AT and CG
rich sequences that was positive to CMA, anc DAPL an-
other type endowed with GC rich sequences that was
positive anly to c‘.l!'-ma,; and a last iype endowed with se-
quences not particularly rich in AT or GC sequences.

However, even il preferentially localised on pericen-
tromeric, paracentromeric and/or telomeric chromoso-
mial regions, the chromosomal distribution of these three
classes of heterochromatin grealy differed among the
species (see Table I1). The observed differences could
be the result of selective events of amplification/deletion

of satellite DNA families, of which heterochromatin is
notoriously endowed (Redi e al, 2001). However, the
addition of paracentromeric heterochromatin occurs
preferentially along specific chromosomes pairs, namely
% ,E"'d, grd el 5th [arirs of the I'r.rl]:m'ing species: B
ankararra, B, of. marofezensis, B, microtympanm, B,
cf. rappiodes and B, doufion.

However, the preferential accumulation of specific
heterochromatin at certain chromosome sites has been
also evidenced in other frogs, such as Mantella (Odier-
na et al.,, 20010 or Australian myvobatrachid species of
the genus Mivophyes (Schimid ¢f al., 2002).

Taxonomic implications

Cur results support the karvological uniformity of
Boophis, already outlined by Blommers-Schltsser
(1978}, and extend this uniformity 1o nuclealus organiz-
er regions, oo, The potential of NORs as axonomic
and phylogenetic markers is well known for several
anuran taxa (see King 1990), including Maniella
(Olierna e al., 2001), On the basis of NORs, Boofbis
appears as a monophyletic group, confirming the mor-
phological and molecular data (Glaw & Vences, 1994,
1997: Vences &f all, 2002),
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Fig. 3 - C-banded {column 1), C-handed+CMAS (column I+DAPE (eoluma [T of B micredymianim (A B occidentilis (H), B of

reapypeivieles (), B reticaates (DY, 8 of, rufioculis (B, 8. ol sofienin anelis (F), B

piriiis (G amd B, xevogiliaiees (HD
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The C-handing produced species specific patterns and
appears to be very useful to support the specific separa-
tion between taxa which are morphologically very simi-
lar. Concerning this, it could be of interest 1o compare
the results for three pairs of sibling species pairs, 1o 1est
the efficacy of fine karyology and banding in species
discrimination: i} B. afbilabris vs, B. occidentalis, i) B.
dowliond vs B. xeropbilus, iii) B. of, anfanabaribeensis vs
B. of. septentrionalis. For two of these pairs the specific
distinetion was made possible quite recently, using tra-
ditional and molecular data sets: Boophis albilabris and
B. accidentalis, formerly believed o be subspecies of 8.
albilabris (Glaw & Vences, 1994), were recently discrim-
inated by Andreone of al. (2002): B. xeropbilus was
recognised as different from the syntopic B. doufion by
Glaw & Vences (1997), Karvologically the above three
couples of sibling species gready differ in this distribu-
tion and composition of centromeric, paracentromeric
and telomeric heterochromatin (see Table 11, In detail,
B. albtiabris and B. of. anfanabaribeensis present 2a
CMA, and DAPI positive, centromeric heterochromatin,
differing from their relative siblings which display a cen-
tromeric heterochromatin negative o both the Auo-
rochromes. Purthermore, B, albilabris also differs from
B. occidenialis in showing heavy telomernc C-bands and
the 13" chromosome pair shaped as submetcentric. £
dowdion differs from B, veropbilis by paracentromeric
C-bands and has three submetacentric pairs among the
smallest elements. Furthermore, centromeric heterochno-
matin of B. xeropbilus is CMA, positive, while is nega-
tive to both the fluorochromes in B dowlfon.

Regarding a possible assessment of relationships be-
tween species, the heterochromatin data are much more
contradictory. The metacentric/submetacentric transition
within pairs 6-13 ocourred in species belonging both o
the same and different species groups, sugzesting that
this rearrangement may have occurred repeatedly and
independently in the different groups. This also applies
o heterochromatin, which shows fast diversification also
in sibling species. Also the value of the preferential acou-
mulation of heterochromatin in specific paracentromeric
regions along the bigger chromosome pairs is question-
able, because species belonging to different groups dis-
play pamcentromeric C-bands, To test the phylogenetic
value of these characters and reconstruct their evolution
among Boophis, more complete analyses of mitochondri-
al und nuclear DNA sequences will be needed.

CONCLUSIONS

Malagasy treefrogs of the genus Booflbis show a re-
markable karyological uniformity. This refers both e
general chromosome morphology and o NOR loca-
tions. For instance, no Boophis with acrocentric chro-
mosomes has been identified so far, and only two
species in our study deviated from the general pattern
of NOR loci. In contrast, in Mawtidactylus, several sub-

=45

genera and species groups r{:gu];lr!}' I'J.i.'{}'}l:l.'!,' acrocentric
chromosomes and a reduction (2n = 24) or an increase
(2n = 28 - 300 of the karyotype (Blommers-Schltsser,
1978; Aprea G, ef al, 2002, Abstract in LXIII Congr.
Maz. UZE: 1210 It is compelling that this variability cor-
relates also with a relevant diversification of NOR posi-
tions in some of these groups (Aprea G, ef al., 2002,
Abstract in LXII Congr. Maz. UZI: 121; Andreone e al.,
20033, It is still uncertain whether this correlation is ca-
sual or whether the ecological shifts were somehow re-
latec 1ex the origin of chromosonal varability (e.g., Bog-
art, 1991). It seems clear, however, that the combined
stucly of the phyvlogeny and karyological variation with-
in the Mantellidae may significantly contribute o under-
stand the factors that lead w karvological stasis in some
clades and 1o high karvological vanability in others, and
thus to identify the factors that promote karyological re-
arrangentents in nature,
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