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Abstract The genus Ceiba Mill. belongs to the subfamily
Bombacoideae (Malvaceae), a paleopolyploid lineage
characterized by numerous small chromosomes, which has
frequently been reported to have variable intra- and inter-
specific chromosome numbers. The genus is of Miocene
origin, representing a suitable model for studying the
relationships between chromosome variability and pale-
opolyploidy. A comparative cytogenetic analysis of five
Ceiba species was undertaken to determine their karyotype
variability. New chromosome number counts, chromosome
morphological observations, CMA/DAPI double staining,
and in situ hybridization (FISH) with 5S and 45S rDNA
were performed for five Ceiba species, which represent
three out of five main lineages of the genus. Karyotypic
data were discussed in the light of molecular phylogenies
available for the group. All species showed 2n = 86 and
similar karyotypes, composed predominantly of metacen-
tric chromosomes. Two pairs of CMA"/DAPI~ bands were
located on the short arms of the metacentric chromosomes.
The CMA™ bands colocated with 45S rDNA sites, while
the 5S rDNA sites were situated in the interstitial regions of
other chromosome pairs. Contrary to the intra- and inter-
specific chromosome number diversity reported for Ceiba
species in the literature, our findings suggest chromosome
number stability in four of the five lineages within the
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genus for which data are available. Moreover, our data
suggest that karyotypes are evolutionary conserved in the
three lineages for which we generated new karyotypic data.
Our data, as well as recent cytogenetic reviews of other
Bombacoideae genera, indicate numerical stability for
these taxa suggesting that counting errors, especially in
earlier research, may have overestimated karyotype vari-
ability. Chromosome count errors can be attributed to
technical difficulties associated with high chromosome
numbers, and/or the reduced size of Bombacoideae
chromosomes.
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Introduction

Chromosome numbers (2r) are the most reported elements
of plant karyotypes, and represent an important tool for
understanding the phylogenetic relationships and the
genetic mechanisms of evolution at and above the species
level (Guerra 2000, 2012). Chromosome counts are espe-
cially important for species which are difficult to analyze
karyotypes composed of small, numerous, and morpho-
logically similar chromosomes (Ragone 2001; Felix and
Guerra 2010; Sousa et al. 2011). In such cases, it is difficult
to identify additional structural characteristics of kary-
otypes, and hence chromosome number counts become the
main source of data for cytogenetic analyses. There are
frequent reports in the literature of hypervariable and
complex chromosome numbers (Lewis 1951; Lewis et al.
1971; Brighton et al. 1973; Assis et al. 2013; Escudero
et al. 2015), although it is not always clear if this kary-
otypic variability is real (e.g., polyploidy, aneuploidy, or
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disploidy) or simply due to chromosome count errors.
Erroneous chromosome counts may represent a significant
fraction of the intra- and interspecific variability of repor-
ted chromosome numbers (Merxmiiller 1970; Guerra 1986;
Baum and Oginuma 1994; Marinho et al. 2014). In this
context, chromosome recounts, followed by more detailed
analyzes of heterochromatin distributions, represent an
important tool for determining the real status of karyotypic
diversity.

The subfamily Bombacoideae is characterized by small
and numerous chromosomes, ranging from 27 = 18 in
Bombax insigne Wall. (Sinha and Mazumdar 1993) to
2n = 276 in Eriotheca pubescens (Mart.) Schott & Endl.
(Oliveira et al. 1992), with great intra- and interspecific
variability (Baker and Baker 1968; Baum and Oginuma
1994; Oginuma et al. 1999; Marinho et al. 2014). Two
probable basic chromosome numbers (x) have been sug-
gested for Bombacoideae (x = 44 in Adansonia L.,
Pachira Aubl., and Pseudobombax Dugand, or x = 46 in
Eriotheca Schott & Endl.) (Marinho et al. 2014), but
detailed analyzes and cytogenetic revisions are lacking for
most genera. A strong phylogenetic signal for higher
chromosome numbers (2n = 64-90) has been observed in
Bombacoideae compared with other subfamilies of Mal-
vaceae, suggesting a whole genome duplication event in
the origin of that subfamily, as well as neopolyploidy
events in some lineages (Marinho et al. 2014).

In Bombacoideae, Ceiba Mill. stands out by having
chromosome numbers ranging from 2n = 72 to 2n = 88
and by varying at intraspecific level. Ceiba pentandra (L.)
Gaertn. has been reported as 2n = 72, 74, 75, 76, 80, 84,
86, and 88 (Heyn 1938; Baker and Baker 1968; Gill et al.
1979; Gibbs et al. 1988). This monophyletic genus (Duarte
et al. 2011; Marinho et al. 2014; Carvalho-Sobrinho et al.
2016) comprises 18 tree species distributed mainly in the
Neotropics with one disjunct species in West Africa (Gibbs
and Semir 2003; Carvalho-Sobrinho and Queiroz 2008).
Chorisia Kunth was subsumed into Ceiba based on mor-
phological data (Gibbs et al. 1988; Gibbs and Semir 2003)
and subsequently confirmed by molecular (Duarte et al.
2011; Carvalho-Sobrinho et al. 2016) and karyotypic data.
The probable basic chromosome number of Ceiba sensu
lato is x = 43 (Gibbs and Semir 2003) and the genus
probably originated in the Miocene (Marinho et al. 2014),
representing a suitable model for studying the relationships
between chromosome variability and paleopolyploidy.

Diploidization, a phenomenon common to ancient
polyploids (paleopolyploids) that consists of different
genetic modifications resulting in a stable polyploid gen-
ome (Wolfe 2001), could explain the chromosome vari-
ability observed in Ceiba. These diploidizations can occur
at both molecular (e.g., silencing, sub- and/or neofunc-
tionalization of genes, elimination of repetitive DNA) and
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cytogenetic (e.g., aneuploidy, dysploidy, rDNA changes,
alterations in genome size) levels (Wolfe 2001; Clarkson
et al. 2005; Parisod et al. 2012). Drastic cytogenetic
changes can occur causing alterations of chromosome
numbers, primarily by dysploidy (decrease or increase of
chromosome number due to chromosome rearrangements;
not by addition or loss of single chromosomes as in ane-
uploidy. Therefore, dysploidy is also called pseudoaneu-
ploidy) (Schubert and Lysak 2011).

The present work analyzed the karyotypic diversity of
the paleopolyploid genus Ceiba based on chromosome
counts, morphology, double staining with the fluo-
rochromes chromomycin Az (CMA) and 4',6-diamidino-2-
phenylindole (DAPI), and fluorescent in situ hybridization
(FISH) with 5S and 45S rDNA. The new chromosome
counts were compared to those from the literature to test
the existence of intra- and interspecific variability reported
for the genus (Baker and Baker 1968; Baum and Oginuma
1994; Oginuma et al. 1999; Gibbs and Semir 2003). These
data were interpreted in an evolutionary context based on a
molecular phylogeny of Bombacoideae (Marinho et al.
2014) and Ceiba (Carvalho-Sobrinho et al. 2016), which
was used to subsidize discussion of chromosome evolution
in the group.

Materials and methods
Plant material

The present study was based on examinations of live
specimens of five species of Ceiba [C. erianthos (Cav.) K.
Schum., C. glaziovii (Kuntze) K. Schum., C. jasminodora
(A. St.-Hil.) K. Schum., C. pentandra (L.) Gaertn., and C.
speciosa (A. St.-Hil.) Ravenna]. The collection sites and
numbers of individuals examined are listed in Table 1.
Voucher specimens were deposited in the Universidade
Estadual de Feira de Santana Herbarium (HUEFS).

Root tips obtained from seeds or seedlings were pre-
treated with 8-hydroxyquinoline (0.002 M) for 24 h at
12 °C, fixed in ethanol:acetic acid (3:1; v/v) from two to
24 h at room temperature, and then stored at —20 °C. For
conventional staining, the fixed tissues were hydrolyzed in
5 N HCI for 20 min and then washed with distilled water.
The meristems were macerated in a drop of 45 % acetic
acid and the coverslips subsequently removed in liquid
nitrogen. The slides were stained with 2 % Giemsa for
3 min.

Chromosome banding

Fixed root tips were washed in distilled water and digested
in a solution of 2 % (w/v) cellulase (Onozuka)/20 % (v/v)
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Table 1 New chromosome counts, distribution of rDNA sites, and chromosome counts from the literature for Ceiba species (Bombacoideae,

Malvaceae)
Ceiba species No. of 2n Previous Reference rDNA sites
individuals chromosome D ———

counts 58 458%
C. erianthos (Cav.) K. Schum 6 86 86 Gibbs et al. (1988) 2 4
C. glaziovii (Kuntze) K. Schum. 3 86 86 Gibbs et al. (1988) 2 4
C. insignis (Kunth) P.E. Gibbs & Semir - - 72 Baker and Baker (1968) - -

c.80 Morawetz (1986)

86 Gibbs et al. (1988); (Sareen and

Kumari 1973)

88 Cristobal (1967)
C. jasminodora (A. St.-Hil.) K. Schum. 1 86 86 Gibbs et al. (1988) 2 4
C. pentandra (L.) Gaertn. 11 86 72 Baker and Baker (1968); Heyn (1938) 2 4

74 Baker and Baker (1968)

75 Baker and Baker (1968)

76 Baker and Baker (1968)

80 Baker and Baker (1968); Heyn (1938)

84 (Heyn 1938)

86 Gibbs et al. (1988)

88 Tijo (1948); Gill et al. (1979)
C. pubiflora (A. St.-Hil.) K. Schum. - - 86 (Gibbs et al. 1988) - -
C. speciosa (A. St.-Hil.) Ravenna 3 86 72 Baker and Baker (1968) 2 4

86 (Gibbs et al. 1988)

* 458 rDNA sites are colocalized with CMAT/DAPI bands

pectinase (Sigma) at 37 °C for 90 min. The meristems
were macerated in a drop of 45 % acetic acid and the
coverslips subsequently removed in liquid nitrogen. For
CMA/DAPI double staining, the slides were aged for three
days, stained with 10 pl of 0.1 mg mL~! CMA for 30 min,
and then restained with 10 pl of DAPI 2 pg/ml for 60 min
(Barros e Silva and Guerra 2010). The slides were mounted
in glycerol:Mcllvaine buffer pH 7.0 (1:1) and aged for
3 days before analysis. The slides were examined using a
Leica DMLB epifluorescence microscope; images were
captured with a Cohu CCD video camera using Leica
QFISH software, and edited using Adobe Photoshop CS3
version 10.0.

Fluorescent in situ hybridization (FISH)

In order to localize the rDNA sites, a 500-bp 5S rDNA
clone (D2) of Lotus japonicus (Regel) K. Larsen labeled
with Cy3-dUTP (Amersham) and a 6.5-kb 18S-5.8S-25S
clone (R2) of Arabidopsis thaliana (L.) Heynh. labeled
with digoxigenin-11-dUTP were used as probes (Pedrosa
et al. 2002). Both labeling techniques were performed

using nick translation. The 45S rDNA probe was detected
with sheep anti-digoxigenin FITC conjugate (Roche), and
amplified with rabbit anti-sheep FITC conjugate (Dako).
FISH was performed as described by Pedrosa et al. (2002),
with small modifications. The hybridization mix contained
50 % formamide (v/v), 10 % dextran sulfate (w/v),
2 x SSC, and 5 ng pL~" of each probe. The slides were
denaturated at 75 °C for 3 min, and the final stringency of
hybridization was ca. 76 %. Images of the best cells were
captured as described above.

Phylogenetic relationships of Ceiba

The phylogenetic relationships of Ceiba presented in
Fig. 13 were based on Carvalho-Sobrinho et al. (2016).
The cladogram originated from Bayesian inference based
on nuclear (ETS, ITS) and plastid (matK, trnL-trnF, trnS-
trnG) DNA characters and was used to interpret chromo-
some number variations in the genus. CorelDRAW® ver-
sion X7 software was used to draw the tree topology and
plot chromosome data.
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Results and discussion

Bombacoideae is karyotypically characterized by having
high and hypervariable chromosome numbers, often mak-
ing interpretations of karyotypic variations difficult (Baker
and Baker 1968; Baum and Oginuma 1994; Oginuma et al.
1999; Gibbs and Semir 2003). Our data confirm the pre-
dominance of 2n = 86 for Ceiba and did not confirm the
intraspecific chromosome number variability previously
reported mainly for C. pentandra (Baker and Baker 1968;
Baum and Oginuma 1994; Oginuma et al. 1999; Gibbs and
Semir 2003). The five species of Ceiba analyzed showed
2n = 86, similar symmetric karyotypes, and small chro-
mosomes (~ 1.50 um) which was shown predominantly
metacentric (Figs. 1-2). All the five species showed
semireticulated interphase nuclei with only one visible
nucleolus. Among the seven species with previous chro-
mosome counts, C. insignis (Kunth) P.E. Gibbs & Semir
(2n = 72, 80, 86, and 88; Cristobal 1967; Baker and Baker
1968; Sareen and Kumari 1973; Morawetz 1986; Gibbs
et al. 1988) and C. pubiflora (A. St.-Hil.) K. Schum.
(2n = 86; Gibbs et al. 1988) were not analyzed in the
present work (Table 1). Intraspecific sampling ranged from
three individuals in C. glaziovii to 11 individuals in C.

Figs. 1-2 Metaphase (1) and karyogram (2) showing distribution of
5S (red) and 45S (green) rDNA sites in Ceiba pentandra (L.) Gaertn.
(Bombacoideae, Malvaceae). White arrows and arrowheads point to
45S and 5S rDNA sites, respectively. Scale bar in (1) = 10 pm. (Color
figure online)
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pentandra and revealed similar karyotypes in all individ-
uals. No intraspecific variability was detected.

Cytogenetic reanalyses of other Bombacoideae genera,
Adansonia (Baum and Oginuma 1994) and Eriotheca
(Marinho et al. 2014), also revealed stable karyotypes,
refuting the numeric variability previously reported for
these genera (Baker and Baker 1968; Baum and Oginuma
1994). Divergences in intra- and interspecific chromosome
counts can be attributed to technical difficulties, high
chromosome numbers, and/or the small size of the Bom-
bacoideae chromosomes. Specifically, secondary chromo-
some constrictions, when positively stained using
conventional stains, can resemble extra chromosomes and
confuse the observer, leading to imprecise determinations
of chromosome numbers (Guerra et al. 1997). The high
frequency of four distended satellites in Ceiba that stain
positively with Giemsa can explain the 2n = 88 count for
C. pentandra (Gill et al. 1979). The CMA/DAPI banding
allowed us to identify these satellites and precisely char-
acterize the karyotypes. Other sources of chromosome
miscounts include aneusomatic mitosis (Gibbs et al. 1988),
taxonomic identification errors (Merxmiiller 1970; Guerra
1986; 1990), and taxon sampling issues (Guerra 1986).
Double staining with CMA and DAPI revealed the pres-
ence of CMA/DAPI™ bands on the short arm of two
metacentric pairs in C. erianthos (Fig. 3), C. glaziovii
(Fig. 5), C. jasminodora (Fig.7), C. pentandra (Fig.9),
and C. speciosa (Fig. 11).

In situ hybridization revealed the presence of two pairs
of 458 rDNA sites colocalizing with those terminal CMA™/
DAPI™ bands. In some metaphases, the 45S rDNA sites
were distended, making it difficult to identify their host
chromosomes (Figs. 1-2, 10). The metaphasic distentions
of 458 sites were often associated with circular structures
similar to a nucleolus (Figs. 1-2). Baker (1964) reported a
notable cytological characteristic of Bombacoideae in the
persistence of the nucleolus during cell division. Nucleoli
usually disappear during metaphase, but merely shrink in
size in Bombacoideae. As the telophase nuclei reform their
membranes, the remains of the old nucleolus are excluded
and eventually degraded in the cytoplasm. Our CMA/DAPI
staining/in situ hybridization with 45S rDNA indicated that
structures similar to nucleoli could persist during meta-
phase, although additional epigenetic and cytochemical
investigations will be needed to better understand the nat-
ure of these structures.

All the species of Ceiba analyzed showed just one pair of
5S rDNA sites (Figs. 4, 6, 8, 10, 12) suggesting that 58 sites
(different from 45S rDNA sites) undergo diploidization,
supporting the idea of chromosome stability. The presence of
one pair of 5S rDNA sites has been reported for other Mal-
vaceae subfamilies, although associated with low chromo-
some numbers and diploidy in Malvoideae (Gossypium; Gan
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Figs. 3-12 Distribution of CMA™ bands and rDNA sites in the chromosome complements of five Ceiba species. CMA/DAPI-stained metaphase
showing CMA™ bands (arrows) in C. erianthos (3), C. glaziovii (5), C. jasminodora (7), C. pentandra (9), and C. speciosa (11). In situ
hibridization with 5S (arrowheads) and 45S (arrows) tDNA probes in C. erianthos (4), C. glaziovii (6), C. jasminodora (8), C. pentandra (10),
and C. speciosa (12). White arrows point to smaller CMA/DNAr 45S bands, and white arrowheads point to 5S rDNA sites. Scale bar in

3) = 10 pm

et al. 2013), Byttnerioideae (Theobroma L.; Dantas and
Guerra 2010), and Grewioideae (Corchorus L.; Begum et al.
2013). Chromosome number stability in Ceiba is further
supported by both heterochromatin and rDNA site distribu-
tion data. Given the origin of Ceiba in the Miocene
(~ 16 million years ago; Marinho et al. 2014), the absence of
variations in the number and/or distribution of heterochro-
matin blocks and rDNA sites is remarkable. Many chromo-
some polymorphisms, however, have been reported in more

recent polyploids, such as Gossypium hirsutum L. (2 million
years; Hanson et al. 1996), Nicotiana tabacum L. (4.5 million
years; Kovarik et al. 2004), and Hepatica Mill. species
(4 million years; Weiss-Schneeweiss et al. 2007), especially
in rDNA sites. It is striking that no rDNA changes have been
observed in such a genus as Ceiba compared the many
polymorphisms observed in more recent genera.

Our chromosome counts revealed a marked karyotypic
stability in Ceiba, allowing us to challenge reported numeric

@ Springer
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Fig. 13 Phylogenetic relationships according to Carvalho-Sobrinho
et al. (2016) and chromosome numbers (2n) of Ceiba Mill.
(Bombacoideae, Malvaceae). Idiogram showing sites of 5S rDNA
(black) and 45S rDNA/CMA™Y/DAPI™ bands (gray with stripes)

chromosome variability at both intra- and interspecific
levels. This newly generated cytomolecular data support a
scenario of karyotypic stability represented by the presence
of two pairs of 45S rDNA sites and one 5S rDNA site. The
phylogenetic conservation of the numbers of these markers
suggests that this karyotype is evolutionary stable based on
the phylogeny of Ceiba (Carvalho-Sobrinho et al. 2016) and
represents a putative synapomorphy for the genus (Fig. 13).
The presence of just one pair of 5S rDNA sites suggests a
process of diploidization compatible with the paleopolyploid
origin of Bombacoideae, while the presence of two pairs of
45S rDNA sites reveals a distinct tendency. The newly
generated karyotypic data for Ceiba along with cytogenetic
reviews of other genera (Baum and Oginuma 1994; Marinho
etal. 2014) reveal numerical stability for Bombacoideae, and
suggest that counting errors, especially in earlier chromo-
some counts, overestimated the karyotype variability of the
subfamily. Errors in chromosome counts can be attributed to
technical difficulties, high chromosome numbers, and/or the
small sizes of Bombacoideae chromosomes.
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