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Abstract Fluorescent chromosome banding and mea-
surements of nuclear DNA content by image cytometry of
Feulgen-stained cells were performed in one sample each of
eight diploid (2n = 24) species of Solanum: S. endoadeni-
um, S. argentinum, S. pseudocapsicum, S. atropurpureum,
S. elaeagnifolium, S. sisymbriifolium, S. chenopodioides,
and S. palustre. The species studied could be distinguished
by heterochromatin amount, banding patterns, and genome
size. They exhibited only GC-rich heterochromatin and
showed a comparatively low heterochromatin amount
(expressed as percentage of haplotype karyotype length),
ranging from 2.10 in S. argentinum to 8.37 in S. chenopo-
dioides. Genome size displayed significant variation
between species, with 1C-values ranging from 0.75 pg
(735 Mbp) in S. palustre to 1.79 pg (1,754 Mbp) in
S. sisymbriifolium. No significant correlation between gen-
ome size and heterochromatin amount was observed, but
intrachromosomal asymmetry index (A;) was negative and
significantly correlated with heterochromatin amount. DNA
content was positively and significantly correlated with
karyotype length. DNA C-value distribution in the genus
as well as karyotype affinities and relationships between
species are discussed in relation to different infrageneric
classifications of Solanum.
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Introduction

Solanum L., with more than 1,000 known species, mostly
native to South America, is the largest genus of Solana-
ceae and one of the largest and most diverse genera of
angiosperms (Hunziker 2001). It is an extremely impor-
tant taxon economically, as several species are cultivated
for their edible tubers, fruits or leaves [e.g., S. tuberosum
L. (potato), the world’s fourth most important crop,
S. lycopersicum L. (tomato), S. melongena L. (eggplant),
S. muricatum Aiton (pepino), and S. quitoense Lam.
(lulo)]. Moreover, the genus has pharmaceutical and
ornamental uses (Hawkes 1999; Barboza et al. 20006).
Because of its large size and complexity, infrageneric
classification of Solanum has been difficult. The subgenus
system proposed by D’Arcy (1972) and followed by
Hunziker (2001) which divides Solanum into seven sub-
genera is now replaced by the phylogenetic system that
breaks Solanum into 12-15 major clades (Bohs 2005;
Weese and Bohs 2007).

Up to now, the karyology of less than half of the
Solanum species has been studied (Hunziker 2001). Fur-
ther, most of the cytological information is limited to
chromosome number reports, meiotic chromosome studies,
or karyotypic composition without qualitative or quantita-
tive analyses. Karyotype measurements have been per-
formed for species of Solanum sections Basarthrum
(Bitter) Bitter, Pachyphylla (Dunal) Dunal, Lasiocarpa
(Dunal) D’Arcy, Lycopersicon (Mill.) Wettst., and subge-
nus Leptostemonum (Dunal) Bitter (Bernardello and
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Anderson 1990; Pringle and Murray 1991; Bernardello
et al. 1994; Chiarini and Bernardello 2006; Brasileiro-
Vidal et al. 2009), and several other species from different
subgenera (Acosta et al. 2005; Rego et al. 2009) sensu
D’ Arcy (1972). Moreover, karyotype data with constitutive
heterochromatin banding patterns analyzed by C-banding
or fluorescence banding have been obtained in 46 species
in the genus (Pijnacker and Ferwerda 1984; Pringle and
Murray 1993; Sultana and Alam 2007; Rego et al. 2009;
Brasileiro-Vidal et al. 2009; Melo et al. 2011; Miguel et al.
2012). No extensive DNA content measurements exist for
species of Solanum, as only very few species (51) have
been analyzed, most of them by Feulgen densitometry (cf.
Bennett and Leitch 2010). It is well known that nuclear
DNA content, being a specific karyological feature, is a
very useful tool for addressing systematic and evolutionary
questions (Bennett and Leitch 2011).

In this work, fluorochrome chromosome banding and
measurements of nuclear DNA content were performed in
eight wild Solanum species from Argentina, aiming to
cytologically characterize these species and explore their
heterochromatin constitution and DNA content variation.
The ultimate aim of the ongoing research is to contribute to
species delimitation and infrageneric classification in
Solanum and to examine the evolution of karyological
features in the genus.

Materials and methods

The provenance of the plant material studied is presented in
Table 1, organized according to the system proposed by
Bohs (2005). The respective voucher specimens were
identified by A.T. Hunziker, G.E. Barboza, and M. Mate-
sevach, and deposited in the herbarium of the Botanical
Museum of Cérdoba, Argentina (CORD).

For chromosome analysis, root tips of germinated seeds
were pretreated with 2 mM 8-hydroxyquinoline for 16 h at
4 °C, and fixed in 3:1 ethanol:acetic acid mixture for a
minimum of 12 h. The maceration procedure was per-
formed using an enzymatic solution of 2 % cellulase (w/v)
plus 1 % pectinase (v/v) at 37 °C for 1 h. The meristems
were macerated in a drop of 45 % acetic acid, and the
coverslip removed in liquid nitrogen. The cells were double
stained with chromomycin A3 and 4’,6-diamidino-2-phe-
nylindole (CMA/DAPI) following Barros e Silva and
Guerra (2010). Enhanced or reduced fluorescence of a
chromosome segment is indicated in the text by a “+4” or
“—” signal, respectively.

A total of 29 individuals from eight species were ana-
lyzed by fluorochrome banding, and 4-30 cells per species
were examined (Table 1). Photomicrographs of 2—6 fluo-
rochrome banded metaphase plates from 2—4 individuals of
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each species were used for chromosome measurements.
For each metaphase plate, the absolute and relative lengths
of short (p) and long (g) chromosome arms, chromosomes
and bands (data not shown), and the absolute length of the
karyotype were calculated (for relative values, haploid
karyotype length = 100 %). The terminology for centro-
mere position and satellites is the same as in Acosta et al.
(2005). For each chromosome, the centromere position was
calculated by the index r (arm ratio) = g/p (Levan et al.
1964). The satellite lengths were added to the length of the
corresponding arms. Lengths of the secondary constrictions
[nucleolar organizing regions (NORs)] were excluded.
Different lengths of the same arm or band from homolo-
gous chromosomes were combined to compute mean val-
ues. The position of intercalary bands was calculated by the
index: di = d x 100/a (d = distance of band center from
the centromere, a = length of corresponding chromosome
arm), according to Greilhuber and Speta (1976). Data on
band length were added to idiograms previously calculated
from measurements after conventional techniques (Acosta
et al. 2005). In the idiograms, chromosomes were arranged
first into groups according to their increasing arm ratio
(from m to st), and then according to decreasing length
within each group. Chromosome markers allowed positive
identification of several chromosome pairs. As certain
chromosomes showed great similarity, some homologies
were tentatively established, whereas the remaining chro-
mosomes were grouped in the idiograms.

Nuclear DNA measurements with Feulgen staining were
performed according to the procedure described by
Greilhuber and Ebert (1994) with slight modifications.
Root-tip meristems from primary roots 0.5-1 cm long were
fixed with neutral 4 % formaldehyde in Sorensen’s phos-
phate buffer (pH 7.0) for 1.5 h, then rinsed in metha-
nol:glacial acetic acid (3:1) and stored in 96 % ethanol at
—20 °C until use. Meristems were hydrolyzed in 5 N HCl
for 60 min at room temperature, stained with Schiff’s
reagent for 2 h, rinsed in SO, water for 30 min, and
squashed in 45 % acetic acid. The preparations were frozen
in liquid nitrogen and air-dried. Vigna radiata (L.)
R. Wilczek cv. Berken, with 1C-values = 0.53 pg, was
used as internal standard for calculations of absolute gen-
ome size, as suggested by Bennett and Leitch (1995).
Specimens and standards were processed strictly in paral-
lel. DNA measurements were carried out in 26-30 Feul-
gen-stained early telophase nuclei (2C) per slide, and three
plants of each sample were analyzed.

A Leica DMLB microscope equipped with a Cohu video
camera was used to take photomicrographs of single
metaphase plates and interphase and early telophase nuclei.
Leica Q-FISH and QPloidy software packages were used to
process the images and to estimate the relative amount of
nuclear DNA, respectively. Calculations of mean and
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Table 1 List of Solanum species studied, code, provenance, and voucher specimen

Taxon

Code Provenance and voucher specimen

Dulcamaroid clade

S. endoadenium Bitter (4, 8) end
Geminata clade

S. argentinum Bitter and Lillo (2, 5) arg
S. pseudocapsicum L. (5, 22) pse
Leptostemonum clade

S. atropurpureum Schrank (3, 5) atr

S. elaeagnifolium Cav. (2, 8) ela
S. sisymbriifolium Lam. (2, 4) sis
Morelloid clade

S. chenopodioides Lam. (8, 30) che
Potato clade

S. palustre Schitdl. (3, 5) pal

Argentina: Prov. Tucuman, Dept. Tafi, El Molle; ATH, GEB, EAM 24875

Argentina: Prov. Cérdoba, Dept. Capital, Cérdoba; MCA 20
Argentina: Prov. Cérdoba, Dept. Rio Cuarto, Alpa Corral; EAM 242

Argentina: Prov. Misiones, Dept. Iguazu, Puerto Bossetti; EAM, JRD 221
Argentina: Prov. San Juan, Dept. Ullum, between Ullum and Loma de las Tapias; AAC, ANS 1014
Argentina: Prov. Cérdoba, Dept. Rio Cuarto, Alpa Corral; EAM 238

Argentina: Prov. Cérdoba, Dept. Calamuchita, Villa Quillinzo; MCA 11

Argentina: Prov. Neuquén, Dept. Lacar, Quila Quina; GB, EAM 573

In parentheses are the numbers of seedlings and somatic metaphases analyzed per species using fluorescent chromosome banding
Prov. province, Dept. department, MCA M.C. Acosta, GEB G.E. Barboza, GB G. Bernardello, AAC A.A. Cocucci, JRD J.R. Davifia, ATH A.T.

Hunziker, EAM E.A. Moscone, ANS A.N. Sérsic

standard deviation of absolute 1C-values were done
according to Greilhuber and Ebert (1994).

Single classification analysis of variance (ANOVA) and
correlation analysis were performed using INFOSTAT
version 1.1 (Infostat Group 2002). Correlations between
heterochromatin amount, DNA content values, and karyo-
type length were evaluated using the nonparametric
Spearman test (Sokal and Rohlf 1995).

Results

The somatic chromosome number 2n = 24 was found in
all taxa examined. The haploid karyotype length (HKL) for
individual species ranged from 16.30 pm in S. palustre to
38.75 pm in S. sisymbriifolium (Table 2). All species dis-
played one chromosome pair carrying a NOR plus an
attached satellite of variable size in the short arms. The
NOR-bearing pair can be submetacentric (sm) (six species)
or subtelocentric (st) (two species). In general, karyotypes
were symmetrical considering both centromere position
and chromosome size variation (Fig. 4). All species had a
majority of metacentric (m) chromosome pairs in their
diploid complements. The karyotypes of S. endoadenium,
S. argentinum, and S. palustre with 4-5 sm or st pairs were
the most asymmetrical, whereas the remaining species,
displaying only 2-3 sm or st pairs, were more symmetrical.

The Solanum species here studied showed a compara-
tively low heterochromatin amount (expressed as percent-
age of HKL), ranging from 2.10 in S. argentinum to 8.37
in S. chenopodioides (Table 2). They exhibited CMA™/
DAPI™ (chromomycin positive and DAPI negative)

constitutive heterochromatin (Fig. 2a, b) at the satellites, at
chromosomal termini in S. chenopodioides (Fig. 1a),
S. pseudocapsicum (Fig. 1c), S. sisymbriifolium (Fig. 2a),
and S. elaeagnifolium (Fig. 2c), and at the intercalary region
(nearly subterminal, di = 62.28) in the short arm of chro-
mosome pair no. 3 in S. endoadenium (Fig. 1d). Solanum
argentinum (Fig. 1b), S. palustre (Fig. 1e), and S. atropur-
pureum (Fig. 2d) showed the simplest fluorescence banding
pattern, with only one chromosome pair with satellites on the
short arms. Centromeric heterochromatin was not found in
any species examined. The only heteromorphisms observed
in some metaphase of different individuals were the presence
or absence of minute bands. The number and size of fluo-
rochrome-stained chromocenters in interphase nuclei
(Fig. 3) corresponded with the number and size of bands on
metaphase chromosomes. The most conspicuous band was
always associated with the NOR. Some m chromosomes
(pairs 2 in S. chenopodioides and 1 and 3 in S. pseudocap-
sicum) have more prominent terminal bands on short arms.
The NOR-associated heterochromatin comprised the distal
satellite and, usually, a minute band proximal to the NOR.
NORs were always placed on short arms and appeared as
constrictions or gaps in the DAPI-stained chromosomes,
sometimes with enhanced CMA fluorescence. Curiously, in
all species studied here, the chromosomes bearing satellites
lacked terminal bands in the long arms (Fig. 4).

Nuclear DNA measurements by image cytometry in one
accession each of eight diploid Solanum species resulted in
a maximum difference of 2.39-fold between species
(Table 2). The absolute 1C-value ranged from 0.75 pg
(735 Mbp) in S. palustre to 1.79 pg (1,754 Mbp) in
S. sisymbriifolium, with an average 1C-value of 1.02 pg

@ Springer



1550

M. C. Acosta et al.

size (Mbp)

Genome

CV (%)

1C DNA
in pg

(sd)

no. of pairs
with bands

Maximum

bands per haploid

Maximum no. of
complement

NOR-assoc.

Heterochromatin amount®
Total

A3

HKL? (um)

x (sd)

NOR-bearing

pair

Haploid karyotype

formula

Table 2 Karyotype features of Solanum species studied, all with 2n = 24, ordered as in Table 1

Species

@ Springer

813
921
1,039

6.32
5.52
7.12

8.73

0.83 (0.06)
0.94 (0.06)

2.64
2.10
1.70
2.56
3.55
1.86
2.29
3.86

2.90
2.10
7.41

0.29

26.92 (3.08)
23.40 (2.94)
20.64 (3.06)
19.12 (3.44)
20.83 (1.28)
38.75 (5.61)
16.56 (0.36)
16.30 (0.64)

9 (sm)
12 (st)
12 (st)

8 m+ 4 sm

S. endoadenium

0.27

8m+ 3sm+ 1 st
9m+ 2sm+ 1 st
10 m + 2 sm
10 m + 2 sm
9m + 3 sm

S. argentinum

1.06 (0.07)
0.80 (0.07)

12

18

0.22

S. pseudocapsicum

784
1,078
1,754

2.56
8.26
6.94

0.19

12 (sm)
11 (sm)
12 (sm)

S. atropurpureum

8.80
6.05
7.88
5.61

1.10 (0.06)
1.79 (0.09)
0.87 (0.09)
0.75 (0.09)

12
12
12

20
21

1

0.2

S. elaeagnifolium

0.24

S. sisymbriifolium

853
735

15

8.37
3.86

0.22
0.31

10 (sm)
8 (sm)

9m + 3 sm

S. chenopodioides

7m+ 4 sm+ 1 st

S. palustre

m metacentric, sm submetacentric, st subtelocentric, NOR nucleolus organizing region, HKL haploid karyotype length, x mean value, sd standard deviation, A; intrachromosomal asymmetry

index. Genome size was calculated from the equivalence 1 pg = 980 Mbp; CV% coefficient of variation as a percentage of mean, with reference to the number of nuclei of the test sample

? Acosta et al. (2005)

® Heterochromatin amount expressed as percentage of HKL, NOR-assoc. NOR-associated heterochromatin

(1,000 Mbp). Analysis of variance for all the data showed a
highly significant difference between species (P < 0.0001).

DNA content was positively correlated with karyotype
length (r = 0.64; P = 0.09) (Table 2; Fig. 5), except in
S. endoadenium, which has a comparatively small genome
and large haploid karyotype length. This single lack of
correlation may be due to the lower condensation level of
the metaphases utilized for chromosome measurements. On
the other hand, heterochromatin amount was significantly
correlated with neither karyotype length (r = —0.24;
P = 0.53) nor DNA content (r = 0.40; P = 0.28), but it
was negatively correlated with the intrachromosomal
asymmetry index (A;) (r = —0.78; P = 0.06), except for
S. atropurpureum (Table 2; Fig. 6).

Discussion

The species of the Solanaceae family are notable by their
karyotype stability, including low percentage of polyploidy
and low rate of chromosomal changes (Wu and Tanksley
2010). The Solanum species examined are diploids with
2n = 24, the chromosome number present in more than
half of the species studied in the family up to now
(Hunziker 2001), and have small chromosomes, as is the
rule in Solanum (see, for example, Acosta et al. 2005;
Chiarini and Bernardello 2006; Rego et al. 2009; Melo
et al. 2011), except in the Cyphomandra clade (Pringle and
Murray 1991; Moscone 1992; Miguel et al. 2012). Five of
eight species studied here (S. argentinum, S. chenopodio-
ides, S. elaeagnifolium, S. endoadenium, and S. palustre)
were examined for the first time using fluorochromes. They
have GC-rich heterochromatin, exhibiting CMA-positive
and DAPI-negative bands, mainly associated with the NOR
heterochromatin, as observed in most Solanum species (cf.
Sultana and Alam 2007; Rego et al. 2009; Brasileiro-Vidal
et al. 2009; Melo et al. 2011; Miguel et al. 2012).
Nuclear DNA content values for S. argentinum,
S. chenopodioides, S. elaeagnifolium, S. endoadenium, and
S. sisymbriifolium are given here for the first time. Our
DNA 1C-values obtained for S. atropurpureum (0.80 pg)
and S. pseudocapsicum (1.06 pg) were about 29 and 22 %
lower than reported by Bennett and Smith (1991) for these
species (1.13 pg and 1.35 pg, respectively). Such differ-
ences were not expected because, as in the present work,
these authors also used Feulgen cytophotometry and Vigna
radiata cv. Berken as internal control. The possibility of
taxon misidentification could not be discarded since these
authors did not indicate the vouchers of the plants inves-
tigated. In addition, one sample registered in Bennett and
Leitch (2010) as S. tucumanense Griseb. (mean 1C-
value = 0.88 pg) is now recognized as S. pseudocapsicum
by the Planetary Biodiversity Inventories (PBI) Solanum
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Fig. 1 Somatic metaphases of Solanum species (2n = 24) double-
stained with CMA/DAPI (only CMA fluorescence is shown).
a S. chenopodioides. b S. argentinum. ¢ S. pseudocapsicum.

project (2012); probably this taxon has great variability in
DNA 1C-values. On the other hand, using flow cytometry
and chicken erythrocytes, Valkonen (1994) found only a
1 % higher mean 1C-value (0.76 pg) than the one observed
here for S. palustre (sub nom. S. brevidens Phil.).
Surveys among angiosperm species have shown that the
variation in DNA content is mainly due to the amount and
proportion of repeated DNA sequences in the nuclear
genome, especially tandem repeats or satellite DNAs that
make up heterochromatic C-bands on the chromosomes
(Heslop-Harrison and Schwarzacher 2011). In the Solanum
species studied here, no correlation between genome size
and heterochromatin amount has been observed, in agree-
ment with previous findings in Cyphomandra clade (Prin-
gle and Murray 1993) but in contrast to Capsicum L.
(Moscone et al. 2003) where a clear correlation between

d S. endoadenium. e S. palustre. Arrows mark CMA*/DAPI-
NOR-associated heterochromatin; arrowheads point out CMA™/
DAPI™ intercalary bands. Scale bar corresponds to 10 um

both parameters was found. In Solanum only small
amounts of highly repeated DNA sequences could be
located in well-defined heterochromatic bands of the
chromosomes, and the mass of the repeated sequences
fraction must be spread throughout the complement,
mainly in the region proximal to the centromere (Zhu et al.
2008; Brasileiro-Vidal et al. 2009).

Distribution of DNA C-values in Solanum

Eight out of the 13 major clades of Solanum (Bohs 2005)
have been investigated with respect to DNA content, i.e.,
the Brevantherum, Cyphomandra, Dulcamaroid, Geminata,
Leptostemonum, Morelloid, and Potato clades, with
x = 12 and the Archaesolanum clade with x = 23 (cf.
Bennett and Leitch 2010; PBI Solanum project 2012). The
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Fig. 2 Somatic metaphases of Solanum species (2n = 24) double-
stained with CMA/DAPI. a-b S. sisymbriifolium. c S. elaeagnifolium.
d S. atropurpureum. a, ¢, d CMA fluorescence. b DAPI fluorescence.

diploid species showed an average 1C-value content esti-
mation of 10.604 + 5.087 in the Cyphomandra clade
[ranging between 6.75 pg in S. corymbiflorum (Sendtn.)
Bohs and 24.80 pg in S. circinatum Bohs], 1.611 £
0.830 pg in the Leptostemonum clade (from 0.80 pg in
S. atropurpureum to 3.65 pg in S. grandiflorum Ruiz &
Pav.), 1.019 + 0.349 pg in the Potato clade (from 0.63 pg
in S. chacoense Bitter to 2.55 pg in S. lycopersicum),
0.975 £ 0.295 in the Morelloid clade (from 0.65 pg in
S. tripartitum Dunal to 1.35 pg in S. villosum Mill.), and
0.935 £ 0.152 in the Dulcamaroid clade (from 0.80 to

@ Springer

Arrows mark CMA1/DAPI™ NOR-associated heterochromatin. Scale
bar corresponds to 10 pm

1.13 pg in S. dulcamara L.). The remaining major clades
have been poorly studied, with DNA content known for
only one entity of the Brevantherum clade [1.53 pg for
S. abutiloides (Griseb.) Bitter and Lillo], and two species
of the Geminata (0.88-1.35 in S. pseudocapsicum and
0.94 pg in S. argentinum) and Archaesolanum clades
(0.90 pg for S. aviculare G. Forst. and 1.78 pg for the
tetraploid S. laciniatum Aiton). In general, tetraploid and
hexaploid species of Solanum show 1C-values lower than
expected based on the mean diploid value in the subgenera
(Bennett and Leitch 2010).



Karyology of Solanum species

1553

Fig. 3 CMA-stained interphase nuclei of Solanum species showing CMA™ chromocenters. a S. chenopodioides. b S. argentinum. ¢ S. pseudo-
capsicum. d S. endoadenium. e S. palustre. £ S. sisymbriifolium. g S. elaeagnifolium. h S. atropurpureum. Scale bar corresponds to 10 pm

Karyotype comparison and systematic considerations

In spite of the general karyotype conservation, Solanum
species can be distinguished by a combination of karyotype
formula, the position of NORs in particular chromosome
pairs, the intrachromosomal asymmetry index (A;), het-
erochromatin amount, banding patterns, and DNA content.

The two species belonging to the Geminata clade
(S. argentinum and S. pseudocapsicum) exhibited the same
NOR position, with slight differences in karyotype formula
and length and 1C-values of DNA content (Acosta et al.
2005 and present work). However, they differ in A,
karyotype asymmetry index estimates, heterochromatin
amount, and heterochromatic banding pattern since
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Fig. 4 Idiograms of Solanum species showing heterochromatic fluorochrome banding patterns. Solid blocks indicate CMA*/DAPI™ bands. Scale
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Fig. 5 Relationship between genome size (1C-value in pg) and
haploid karyotype length (HKL) in Solanum. Solid line (r = 0.86;
P =0.04) and dashed line (r =0.64; P = 0.09) represent the
correlation without and with the S. endoadenium datum, respectively.
Species codes as in Table 1

S. pseudocapsicum has small terminal bands in whole
chromosomes. The D’Arcy system (1972) proposed
putting them in different subgenera (S. argentinum: sub-
genus Brevantherum and S. pseudocapsicum: subgenus
Solanum).

Solanum endoadenium and S. chenopodioides belong to
different clades (Dulcamaroid and Morelloid clades,
respectively) but have a strong relationship (PBI Solanum
project 2012). They have similar karyotype formulas and
1C-values but differ in karyotype length, A; asymmetry
index, heterochromatic amount, and fluorescent banding
patterns (more complex in S. chenopodiodes). D’ Arcy’s
system put them in different subgenera (S. endoadenium:
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Fig. 6 Relationship between heterochromatin amount, expressed as
percentage of haploid karyotype length (HKL), and intrachromosomal
asymmetry index (A;) in Solanum species. Solid line (r = —0.78;
P =0.06) and dashed line (r = —0.30; P = 0.42) represent the
correlation without and with the S. atropurpureum datum, respec-
tively. Species codes as in Table 1

subgenus Potato and S. chenopodioides: subgenus Sola-
num). Notably, S. chenopodioides is karyologically more
similar to S. pseudocapsicum, both with the same A,
karyotype asymmetry index, similar heterochromatin
amount, and heterochromatic banding pattern, and with
slight differences in karyotype formula and length, and 1C-
value; these taxa belong to subgenus Solanum in D’ Arcy’s
system. Solanum endoadenium and S. palustre (Potato
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clade) belong to subgenus Potatoe in D’ Arcy’s classifica-
tion, and curiously they have very similar karyological
characteristics, showing a simple fluorescence banding
pattern, with only one chromosome pair with satellites and
heterochromatic band on the short arms, and the most
asymmetrical index estimates (A;). They have similar
karyotype formulas, NOR positions, and low 1C-values of
DNA content, and they differed only in the mean chro-
mosome length and in the presence of intercalary hetero-
chromatin bands in S. endoadenium.

The three species of the Leptostemonum clade (subge-
nus Leptostemonum after D’ Arcy) exhibited rather similar
karyotype formulas and A; asymmetry index; nevertheless,
S. sisymbriifolium and S. elaeagnifolium showed a banding
pattern with minute terminal bands in the majority of
chromosomes. The heterochromatin amount in both species
was higher than in S. atropurpureum which is limited to
the satellites. Finally, S. sisymbriifolium displayed a 1C-
value and average chromosome length nearly twice as long
as S. atropurpureum and S. elaeagnifolium, probably due
to addition of repetitive dispersed DNA as transposable
elements or perhaps segmental duplications of the genome
(Heslop-Harrison and Schwarzacher 2011).

Considering the complicated infrageneric classification
of Solanum, the present data suggest that detailed karyo-
type analysis and DNA content measurements may con-
tribute to better understand of the phylogeny of the group.
In several other genera with similar chromosome number
and size, for example, Spondias L. (Almeida et al. 2007)
and Citrus L. (Guerra 2009), detailed karyotype analysis
has also demonstrated to be a useful tool to understand the
relationships between species.

Acknowledgments We thank Dr. G.E. Barboza and Dr. M. Mate-
sevach for identification of voucher specimens, and several botanists
who provided material. Dr. A.C. Brasileiro-Vidal supplied valuable
assistance in the laboratory. Thanks to the anonymous reviewer for
suggestions that improved the paper. M.C. Acosta acknowledges
fellowship support from the Latin-American Net of Botany for a
study leave at the Department of Botany, Federal University of Per-
nambuco (Recife, Brazil). This work was supported by grants from
the National University of Cérdoba (SECYT-UNC, Argentina) and
the National Council of Scientific and Technical Researches (CON-
ICET, Argentina) to E.A. Moscone.

References

Acosta MC, Bernardello G, Guerra M, Moscone EA (2005) Karyo-
type analysis in several South American species of Solanum and
Lycianthes rantonnei (Solanaceae). Taxon 54:713-723

Barboza GE, Cantero JJ, Nufiez CO, Ariza Espinar L (2006) Flora
Medicinal de la Provincia de Cordoba (Argentina). Pteridofitas y
Antofitas silvestres o naturalizadas, Museo Botanico, Cérdoba,
Argentina

Barros e Silva AE, Guerra M (2010) The meaning of DAPI bands
observed after C-banding and FISH procedures. Biotech Histo-
chem 85:115-125

Bennett MD, Leitch 1J (1995) Nuclear DNA amounts in angiosperms.
Ann Bot (Lond) 76:113-176

Bennett MD, Leitch IJ (2010) Angiosperm DNA C-values database
(release 7.0, Dec. 2010), http://www.rbgkew.org.uk/cval/home
page.html (November 17, 2011)

Bennett MD, Leitch 1J (2011) Nuclear DNA amounts in angiosperms:
targets, trends and tomorrow. Ann Bot (Lond) 107:467-590

Bennett MD, Smith JB (1991) Nuclear DNA amounts in angiosperms.
Philos Trans R Soc Lond B Biol Sci 334:309-345

Bernardello LM, Anderson GJ (1990) Karyotypic studies in Solanum
section Basarthrum (Solanaceae). Am J Bot 77:420-431

Bernardello LM, Heiser CB, Piazzano M (1994) Karyotypic studies in
Solanum section Lasiocarpa (Solanaceae). Am J Bot 81:95-103

Bohs L (2005) Major clades in Solanum based on ndhF sequence
data. In: Keating RC, Hollowell VC, Croat TB (eds). A
festschrift for William G. D’Arcy: the legacy of a taxonomist.
Monogr Syst Bot Missouri Bot Gard 104. Missouri Botanical
Garden Press, St. Louis, pp 27-49

Brasileiro-Vidal AC, Melo-Oliveira MB, Carvalheira GMG, Guerra
M (2009) Different chromatin fractions of tomato (Solanum
lycopersicum L.) and related species. Micron 40:851-859

Chiarini F, Bernardello G (2006) Karyotype studies in South
American species of Solanum subgenus. Leptostemonum (Sola-
naceae). Plant Biol 8:486-493

D’Arcy WG (1972) Solanaceae studies II: typification of subdivisions
of Solanum. Ann Missouri Bot Gard 59:262-278

de Almeida CS, de Carvalho PL, Guerra M (2007) Karyotype
differentiation among Spondias species and the putative hybrid
Umbu-caja (Anacardiaceae). Bot J Linn Soc 155:541-547

Greilhuber J, Ebert I (1994) Genome size variation in Pisum sativum.
Genome 37:646-655

Greilhuber J, Speta F (1976) C-banded karyotypes in the Scilla
hohenackeri group, S. persica, and Puschkinia (Liliaceae). Plant
Syst Evol 126:149-188

Guerra M (2009) Chromosomal variability and the origin of Citrus
species. In: Mahoney CL, Springer DA (eds) Genetic diversity.
Nova Science, New York, pp 51-68

Hawkes JG (1999) The economic importance of the family Solana-
ceae. In: Nee M, Symon DE, Lester RN, Jessop JP (eds)
Solanaceae IV: advances in biology and utilization. Royal
Botanic Gardens, Kew, pp 1-8

Heslop-Harrison JS, Schwarzacher T (2011) Organisation of the plant
genome in chromosomes. Plant J 66:18-33

Hunziker AT (2001) Genera Solanacearum: the genera of Solanaceae
illustrated, arranged according to a new system. ARG Gantner
Verlag K-G, Liechtenstein

Infostat Group (2002) INFOSTAT version 1.1. Facultad de Ciencias
Agropecuarias, Universidad Nacional de Cérdoba. Editorial
Brujas, Argentina

Levan A, Fredga K, Sandberg A (1964) Nomenclature for centro-
meric position on chromosomes. Hereditas 52:201-220

Melo CAF, Martins MIG, Oliveira MBM, Benko-Iseppon AM,
Carvalho R (2011) Karyotype analysis for diploid and polyploid
species of the Solanum L. Plant Syst Evol 293:227-235

Miguel V, Acosta MC, Moscone EA (2012) Karyotype analysis in
two species of Solanum (Solanaceae) Sect. Cyphomandropsis
based on chromosome banding. New Zeal J Bot 50:217-225

Moscone EA (1992) Estudios de cromosomas meidticos en Solana-
ceae de Argentina. Darwiniana 31:261-297

Moscone EA, Baranyi M, Ebert I, Greilhuber J, Ehrendorfer F,
Hunziker AT (2003) Analysis of nuclear DNA content in
Capsicum (Solanaceae) by flow cytometry and Feulgen densi-
tometry. Ann Bot (Lond) 92:21-29

PBI Solanum Project (2012) Solanaceae Source. http://www.
nhm.ac.uk/research-curation/research/projects/solanaceaesource
(January 31, 2012)

@ Springer


http://www.rbgkew.org.uk/cval/homepage.html
http://www.rbgkew.org.uk/cval/homepage.html
http://www.nhm.ac.uk/research-curation/research/projects/solanaceaesource
http://www.nhm.ac.uk/research-curation/research/projects/solanaceaesource

1556

M. C. Acosta et al.

Pijnacker LP, Ferwerda MA (1984) Giemsa C-banding of potato
chromosomes. Can J Genet Cytol 26:415-419

Pringle GJ, Murray BG (1991) Karyotype diversity and nuclear DNA
variation in Cyphomandra. In: Hawkes JG, Lester RN, Nee M,
Estrada N (eds) Solanaceae III: taxonomy, chemistry, evolution.
Royal Botanic Gardens Kew and Linnean Society of London,
London, pp 247-252

Pringle GJ, Murray BG (1993) Karyotypes and C-banding patterns in
species of Cyphomandra Mart. ex Sendtner (Solanaceae). Bot J
Linn Soc 111:331-342

Rego LNAA, da Silva CRM, Torezan JMD, Gaeta ML, Vanzela ALL
(2009) Cytotaxonomical study in Brazilian species of Solanum,
Lycianthes and Vassobia (Solanaceae). Plant Syst Evol
279:93-102

Sokal RR, Rohlf FJ (1995) Biometry, the principles and practice
of statistics in biological research, 3rd edn. W.H. Freeman,
New York

@ Springer

Sultana SS, Alam SS (2007) Differential fluorescent chromosome
banding of Solanum nigrum L. and Solanum villosum L. from
Bangladesh. Cytologia 72:213-219

Valkonen JPT (1994) Nuclear DNA content of the Solanum spp. in
the series Etuberosa as determined by laser flow cytometry. Ann
Appl Biol 125:589-600. [Not seen; data from: Bennett MD and
Leitch 1J (2010) Angiosperm DNA C-values database (release
7.0, Dec. 2010), http://www.rbgkew.org.uk/cval/homepage.html]

Weese TL, Bohs L (2007) A three-gene phylogeny of the genus
Solanum (Solanaceae). Syst Bot 32:445-463

Wu F, Tanksley SD (2010) Chromosomal evolution in the plant
family Solanaceae. BMC Genomics 11:182

Zhu W, Ouyang S, Iovene M, O’Brien K, Vuong H, Jiang J, Buell CR
(2008) Analysis of 90 Mb of the potato genome reveals
conservation of gene structures and order with tomato but
divergence in repetitive sequence composition. BMC Genomics
9:286


http://www.rbgkew.org.uk/cval/homepage.html

	Karyological relationships among some South American species of Solanum (Solanaceae) based on fluorochrome banding and nuclear DNA amount
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Distribution of DNA C-values in Solanum
	Karyotype comparison and systematic considerations

	Acknowledgments
	References


