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Abstract — Seven species of Mammillaria were studied, all diploid: 2n=2x=22, x=11. Genome size was determined
by flow cytometry, varied from 2C DNA =3.20 pg, 1570 Mbp (1 Cx) in M. crucigera, to 2C DNA = 3.04 pg, 1490
Mbp in M. flavicentra. The variation of these species in the nuclear content of DNA was 5% and was not significant
(P = 0.3469). This indicates that they are small, very stable genomes, in which changes in DNA content are not very
evident. The variation among species, however, was clearly evident in the relative length (L%) and arm ratio (r), the
proportion of metacentrics and submetacentrics, and the position of satellites. The karyotype for M. albilanata, M.
dixanthocentron and M. flavicentra was 11m, and in M. huitzilopochtli, 10m + 1 sm. Only one pair of chromosomes
was observed with satellite in the four species. M. dixanthocentron and M. flavicentra, species considered synonymous, exhibited the satellite on different chromosomes. The interspecific variation observed among the species of
Mammillaria is possibly due to spontaneous structural changes in their chromosomes. These mechanisms of restructuring in the genome of these species have not involved significant changes in nuclear DNA content. The Mammillaria species exhibited an endopolyploidy pattern with 2-16 C DNA content in the stem parenchyma, which may give
them alternative strategies for adaptation in arid environments.
Key words: endopolyploidy, flow cytometry, genome size, karyotype, Mammillaria, nuclear DNA content, ploidy
level.

INTRODUCTION
The genus Mammillaria Haworth (Cactaceae)
comprises 166 species, of which 150 are endemic
of Mexico (Hernández and Godinez 1994). This
genus of the family Cactaceae is considered that of
most recent evolution (Bravo-Hollis 1978). For
the Supertextae series of the genus Mammillaria,
Hunt (1987) recognizes seven species; BravoHollis and Sánchez-Mejorada (1991) consider
20, while Lüthy (1995) recognizes eight. This indicates that there is synonymy for some species;
for example, for Bravo-Hollis and SánchezMejorada, M. dixanthocentron and M. flavicentra
are independent species, while for the other two
authors M. flavicentra is a synonym of M. dixanthocentron. Some species of the Supertextae series
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are endemic of Mexico and are included in official
lists of threatened plants (Semarnat 2001; Cites
2005).
There are 159 reports of chromosomal
number in species of Mammillaria, 146 refer to
diploid species (2n=2x=22; x=11) and the rest report polyploids. Karyotypes of Mammillaria species, as in most cacti, are characterized by the
presence of metacentric and submetacentric chromosomes (Remski 1954; Gill and Goyal 1984;
Cota and Wallace 1996; Das et al. 1998a,
1999b, 1999c; Palomino et al. 1999; Briones et
al. 2004). In some species of the Supertextae series, karyotype studies have been conducted in
diploids (2n=2x=22), such as in M. vaupelii (Remski 1954), M. lanata (Gill and Goyal 1984), M.
san-angelensis (Palomino et al. 1999), M. supertexta, M. haageana and M. crucigera (Briones et al.
2004), and in M. ruestii, tetraploid species
(2n=4x=44) (Remski 1954). These authors observed interspecific variation in karyotypes of the
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species, in terms of proportion of metacentric and
submetacentric chromosomes, as well as number
and position of satellites, variations caused by
chromosomal rearrangement.
Analysis of nuclear DNA content has revealed
interspecific variation of the genome size in different groups of plants (Bennett et al. 2000); in
other species intraspecific variation has also been
observed (Ohri 1998; Palomino and Sousa
2000). Recent reviews have show that genome size
has been determined in 4427 species of angiosperms (Bennett and Leitch 2005). In these
plants genome size varies almost 1000 times, from
2C DNA = 0.2 pg in Fragaria viridis to 250 pg in
Fritillaria assyriaca (Bennett et al. 2000). Nuclear
DNA content has been determined for two diploid species of the Supertextae series, M. albilanata
with 2C DNA = 10.16 pg, obtained by Feulgen
densitometry (Mohanty et al. 1996) and M. sanangelensis 2C DNA = 3.20 pg, obtained by flow
cytometry (Palomino et al. 1999).
Flow cytometry allows precise and rapid estimation of nuclear DNA content and ploidy levels;
it is a method that has numerous applications in
taxonomy and plant breeding (Dolezel and Bartos 2005). This study reports somatic chromosomal number (2n), karyotype, and nuclear DNA
content by flow cytometry in four species of Mammillaria of the Supertextae series: M. albilanata, M.
dixanthocentron, M. flavicentra and M. huitzilopochtli. In M. crucigera, M. haageana and M. supertexta, only nuclear DNA content is reported; the
karyotype of these species was obtained by Briones et al. (2004).
MATERIALS AND METHODS
Plant material - Plants of Mammillaria albilanata,
M. crucigera, M. dixanthocentron, M. flavicentra,

M. haageana, M. huitzilopochtli and M. supertexta
were collected by G. Reyes from wild populations
in the Mexican states of Puebla and Oaxaca (Table 1). Live plants were transplanted and maintained in a greenhouse at the Jardı́n Botánico, Instituto de Biologı́a, Universidad Nacional Autónoma de México (JB-IBUNAM). Voucher
specimens were deposited in the National Herbarium (MEXU) of the UNAM.
Mitotic chromosome analysis - For the observation
of chromosome number (2n) and the karyotypes
of the four species of Mammillaria, 2 to 6 mitotic
cells at metaphase stage from 2 plants of each species were observed. Elongating secondary root
tips were placed in a solution of 8-hydroxyquinoline 0.002 M for 6 hours at 18-20°C in darkness.
Later the root tips were fixed in Farmer solution
(3 parts absolute alcohol: 1 part acetic acid) for 24
hours. The root tips were hydrolyzed in hydrochloric acid (1N) for 11 minutes at 60° C and
transferred to Feulgen reagent for 2 hours, following Garcı́a (1990) and Cid and Palomino (1996)
procedures. Slides were frozen with dry ice (Conger and Fairchild 1953) and mounted in Canada
balsam. Three of the best cells were photographed with Technical Pan Film using Zeiss photomicroscope II.
Karyotype analysis - The negative film was used to
draw and measure chromosome arms and total genome length. Centromere position was determined using a system of Levan et al. (1964); arm
ratio (r = long arm/short arm) was calculated for
each chromosome. Index of asymmetry (TF%)
was obtained following Gupta and Gupta (1978)
procedures.

Table 1 — Provenance and karyotype analysis of Mammillaria species, collected by G. Reyes.
Species
and locality

2n

Range of
chromosome
length (µm)

Total haploid
genome length
(µm)

Karyotype
formula

Number
of Satellites

Index of
asymmetry
(TF%)

M. albilanata
México. Oaxaca
State. 3843

22

1.56 - 3.37

25.78

11 m

1

46.50

M. dixanthocentron
México. Oaxaca
State. 4823

22

1.54 - 2.53

22.98

11 m

1

44.38

M. flavicentra
México. Oaxaca
State. 4821

22

1.90 - 3.73

30.37

11 m

1

45.97

M. huitzilopochtli
México. Oaxaca
State. 4822

22

1.75 - 2.59

25.10

10m + 1sm

1

43.49
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Meiotic chromosome analysis - Meiotic chromosome behavior was observed in pollen mother
cells (PMC) from fresh anthers fixed in Farmer
solution. Fresh anthers were squashed in 1.8%
propionic-orcein solution. Slides were frozen with
dry ice (Conger and Fairchild 1953). A total of
12 MI of PMC from a plant were analyzed. The
following information was recorded: type of bivalents (IIs), chiasma frequency and recombination
index (RI) (Sáez and Cardoso 1978).
Pollen fertility - Estimates were made in samples
of pollen stained with cotton blue in lactophenol
of M. albilanata, M. dixanthocentron, M. flavicentra y M. huitzilopochtli. Percentages of well-filled
stained grains were obtained from 3000 pollen
grains collected from three plants from each species.
Estimation of nuclear DNA content - Five adult
and young plants (1 to 5 years old) were used in
the estimation of nuclear DNA content by flow
cytometry. In all cases three replicates for each individual plant were analyzed. Lycopersicon esculentum cv. “Stupické polnı́ rané”, 2C DNA = 1.96
pg (Dolezel et al. 1992) was used as internal
standard for estimation of genome size in Mammillaria albilanata, M. crucigera, M. dixanthocentron, M. flavicentra, M. haageana, M. huitzilopochtli and M. supertexta. Suspensions of intact
nuclei were prepared according to Otto (1990)
and Palomino et al. (1999) with some modifications described by Dolezel and Göhde (1995).
Briefly 550 mg of Mammillaria stem parenchyma
and 3 mg of young L. esculentum leaf were simultaneously chopped with a razor blade in a petri
dish containing 3 mL of 0.1 M citric acid and
0.5% Tween 20. The chopped material was filtered through 50 µm nylon mesh and incubated
for 10 minutes at room temperature. The nuclei in
the filtrate were then pelleted by centrifugation
(1000 rpm per 3 min), suspended in 500 µl citric
acid / Tween 20 solution, and incubated for 10
minutes at room temperature. Subsequent to this,
2 mL of 0.4 M Na2HPO4 was added and suspension was supplemented with 125 µL of propidium
iodide and RNase to final concentration of 50 µg
mL-1 and analyzed by flow cytometry.
Flow cytometric analysis - The flow cytometric estimation of nuclear DNA content was performed
using Partec CA II flow cytometer (Partec GmbH
Münster, Germany). Nuclei isolated from chicken
red blood cells (Galbraith et al. 1998) were used
to align the flow cytometer checking its linearity

by comparing peak position of nuclei singles and
clumps (doubles, triplets, etc). The instrument
gain was adjusted so that the peak representing
G1 nuclei of L. esculentum was positioned on
channel 50. At least ten thousand nuclei were analyzed in each sample. Peak means, areas and coefficients of variation were calculated using DPAC
software (Partec). Nuclear genome size was then
calculated according to Dolezel (1995) using the
formula:
Mammillaria species 2C DNA (pg) =
Mammillaria species G1/G0 peak mean
L. esculentum plant G1/G0 peak mean
x 2C DNA content standard plant (pg)
Statistical analysis - Differences in 2C DNA content in pg and Mbp (1 pg = 980 Mbp; Bennett et
al. 2000) for Mammillaria species were evaluated
according to a complete nested unbalanced analysis of variance (Anova). The first level of analysis
corresponded to the species, the second level to
five individuals within species and the third level
corresponded to replicates within individual plant
(7 species x 5 individuals x 3-8 replicates). Additionally, restricted maximum likelihood estimation (Reml) was applied to data analysis; in both
cases variance homogeneity was tested. All statistical analysis was performed using the Jmp version
5.01 software.

RESULTS AND DISCUSSION
The species Mammillaria albilanata, M. dixanthocentron, M. flavicentra, and M. huitzilopochtli
exhibited a 2n=2x=22 diploid chromosomal
number (Table 1; Fig. 1 A-D). In M. dixanthocentron n=11 was observed. These reports are agree
with observations on other species of the Supertextae series, such as M. vaupelii (Remski 1954),
M. lanata (Gill and Goyal 1984), M. albilanata
(Mohanty et al. 1996), M. san-angelensis (Palomino et al. 1999), M crucigera, M. haageana and
M. supertexta (Briones et al. 2004), corroborating
x =11, reported for the genus Mammillaria and
the Cactaceae family.
Including the chromosome counts in M. dixanthocentron, M. flavicentra and M. huitzilopochtli, reported in this paper, there are a total of
162 for species of Mammillaria, of these 149
(92%) are diploid (Remski 1954; Gill and
Goyal 1984; Das et al. 1998a, 1999b, 1999c;
Palomino et al. 1999; Briones et al. 2004), 5%
are tetraploids and the remaining 3% comprise
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ones et al. 2004), interspecific variation was found
in chromosome size, within the interval of 1.51 −
3.21 µm, and the lowest value for the interval in
length of the chromosomes was 0.80 − 1.70 µm in
M. san-angelensis (Palomino et al. 1999).
When chromosome size and total haploid genome length (GL) of the four species were compared with that reported for other species of the
Supertextae series, it was observed that M. san-angelensis had shorter GL = 13.83 µm (Palomino et
al. 1999) than M. albilanata (25.78 µm), M. dixanthocentron (22.98 µm), M. flavicentra (30.37 µm)
and M. huitzilopochtli (25.10 µm) (Table 1). GL in
M. supertexta, M. crucigera and M. haageana were
26.84, 23. 81 and 23.06 µm, respectively (Briones
et al. 2004).
Comparison of relative length (L%) and the
arm ratios (r) of the 11 chromosome pairs of the
four species showed that for L%, pairs 1 and 10
are those that most differ among the species, while
for the r value, they were pairs 9 and 11. When
chromosome pairs of M. flavicentra, considered
synonymous species of M. dixanthocentron (Hunt
1987), are compared, the greatest difference was
observed in pairs 1 and 10 for L% and in 7 and 10
for r, although in both species all of their chromosomes were metacentric (Table 2; Fig. 2).
In M. crucigera, M. haageana, M. supertexta
(Briones et al. 2004) and M. san-angelensis (Palomino et al. 1999), differences in L% and r were reported in 11 chromosome pairs; 1, 4 and 9 were
those that differed most from their chromosome
complements. In M. haageana and its synonymous
species M. san-angelensis (Hunt 1987), greater
differences for L% were observed in the chromosome pairs 1, 4 and 9; M. san-angelensis exhibited
a karyotype formed by 11 metacentric pairs, while
M. haageana had 2 submetacentric pairs, numbers
4 and 9 (Briones et al. 2004). This confirms that

Fig. 1 — Somatic chromosomes, 2n=2x=22, in A) Mammillaria albilanata, B) M. dixanthocentron, C) M. flavicentra and D) M. huitzilopochtli. Numbers show chromosomes with satellites. Scale equals 10 µm.

hexaploids, octoploids and 24x. In another 15
genera of the Subfamily Cactoideae, tetraploids
have also been observed at low frequencies; this
seems to indicate that polypoidy has not been determinant in speciation (Gibson and Nobel
1986).
Chromosome length varied in the four species
studied; the greatest interval of chromosome
length was found in M. flavicentra (1.90 − 3.73
µm) and the smallest in M. dixanthocentron (1.54
− 2.53 µm). The chromosomes of M. albilanata
and M. huitzilopochtli were 1.56 − 3.37 and 1.75 −
2.59 µm, respectively (Tables 1 and 2; Figs. 1, 2
and 3). In the species of the Supertextae series, M.
crucigera, M. haageana and in M. supertexta (Bri-

Table 2 — Relative length (L%) and arm ratio (r) of somatic chromosomes of Mammillaria albilanata, M. dixanthocentron, M. flavicentra and M. huitzilopochtli.
M. albilanata

M. dixanthocentron

M. flavicentra

M. huitzilopochtli

Chromosome
pair

L%

r

L%

r

L%

r

L%

r

1
2
3
4
5
6
7
8
9
10
11

13.07
11.28
10.55
10.04
9.30
9.30
8.96
7.99
6.98
6.43
6.05

1.02
1.03
1.19
1.33
1.16
1.16
1.08
1.14
1.16
1.00
1.00

11.00
10.92
10.09
9.61
9.48
9.13
8.83
8.39
8.13
7.65
6.70

1.12
1.26
1.25
1.23
1.18
1.23
1.20
1.32
1.20
1.25
1.26

12.28
11.52
10.50
9.51
9.28
8.72
8.62
8.26
8.10
6.81
6.25

1.14
1.12
1.21
1.29
1.27
1.28
1.31
1.18
1.23
1.43
1.50

10.31
10.31
10.27
9.92
9.56
8.84
8.84
8.80
8.08
8.04
6.97

1.00
1.33
1.00
1.07
1.16
1.00
1.00
1.18
1.70
1.19
1.10
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Fig. 2 — Graph of relative length (L%) and arm ratio (r) of chromosome measurement in table 2. Mammillaria albilanata (R), M. dixanthocentron (L), M. flavicentra (l) and M. huitzilopochtli (P).

among the species of Mammillaria of the Supertextae series, there are interspecific differences in
relative length and arm ratio (r) (Table 2; Fig 2).
The species studied, M. albilanata, M. dixanthocentron and M. flavicentra, exhibited 11 metacentric chromosome pairs like M. san-angelensis,
also a species of the Supertextae series (Palomino
et al. 1999). M. huitzilopochtli had a karyotype
comprising 10 metacentric pairs and a submetacentric pair in pair 9; pairs 8 and 10 in M. supertexta and M. crucigera were submetacentrics and
the 9 remaining pairs were metacentrics (Briones
et al. 2004). It is evident that the species belonging
to the Supertextae series vary in the proportion of
metacentric and submetacentric chromosomes.
The karyotype comprising 11 metacentric
pairs has been observed in other species such as
Mammillaria armillata (Das et al. 1998a) and M.
brevispina (Das et al. 1999b). The karyotype
formed by 10 m + 1sm has also been reported for
M. boolii, M. hahniana, M. humboldtii, M. leucantha, M. occidentales, M. pectinifera and M. woodsii
(Das et al. 1998a; 1999b and 1999c).
The recent origin of the Cactaceae family is associated with processes of chromosomal mutations in their complements, and the existence of
homogeneous karyotypes in members of the family can be explained by fusions or fissions in the
centromeres of their chromosomes. These structural changes originate karyotypes with chromosomes that are predominantly metacentric and

submetacentric (Palomino et al. 1988; Cota and
Wallace 1996; Briones et al. 2004).
In the four species of Mammillaria studied a
pair of satellites appeared; these were spherical,
between 0.27 and 0.60 µm in length. In Mammillaria albilanata, M. flavicentra and M. huitzilopochtli, the presence of only one pair of satellites
was observed in the short arm of the chromosomal pair 1, while in M. dixanthocentron they
were observed in pair 2. The variation in the position of the satellites in M. dixanthocentron and its
synonymous species M. flavicentra, makes it evident that, at the level of their karyotype, these species are different (Table 1; Fig. 3 A-D).
Comparing the karyotypes of M. haageana and
its synonymous species M. san-angelensis (Hunt
1987), differences in the number of position of
satellites were observed: M haageana had one pair
of satellites (Briones et al. 2004), while M. san-angelensis had two (Palomino et al. 1999). The species M. haageana and M. supertexta had one pair
of satellites in pair 2, and M. crucigera had two
pairs in positions 1 and 4 (Briones et al. 2004). In
species of Mammillaria one to three pairs of satellites in chromosomes have been reported, observing that in general their position is in the first pairs
of the complement, with greater frequency in 1
and 2 (Das et al. 1998a; Das et al. 1999b, 1999c),
as was observed in the four species analyzed here.
Other species of cacti, of the genera Melocactus
(Das et al. 1998b) and Ferocactus (Das et al. 1999
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Fig. 3 — Idiograms of four species of Mammillaria with
2n=22. The numbers indicate the homologous chromosome pairs: A) M. albilanata, 11m; B) M. dixanthocentron, 11m; C) M. flavicentra, 11m and D) M. huitzilopochtli, 10m+1sm. Asterisks show chromosome with
satellites. Scale equals 1 µm.

d) also exhibit one to three chromosomal pairs
with satellites. The differences in chromosome
size and the karyotype structure in the different
species of the same genus are considered evidence
of the restructuring of their genomes, and it is attributed mainly to rearrangements in their chromosomes, such as deletions, duplications or translocations (Palomino et al. 1988; Cid and Palomino 1996; Cota and Wallace 1996; Das et al.
1998a, 1999b; Briones et al. 2004).
Values of the asymmetry index (TF%) of the
studied species occurred within the interval of
43.49, M. huitzilopochtli with 10m + 1sm, to 46.50
M. albilanata with 11m, similar to the values obtained by Briones et al. (2004) for the species M.
crucigera (TF% = 42.55), M. haageana (TF% =
42.71) and M. supertexta (TF% = 43.44). In other
species of Mammillaria, the lowest TF% value
was reported for M. sempervivi (TF% = 35.50)
with a karyotypic formula of 9m + 2sm, while the
highest was that reported for M. armillata (TF%
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= 45.71), with a karyotypic formula of 11m (Das
et al. 1998a). In cacti, karyotypes tend to be symmetric (Cid and Palomino 1996; Cota and Wallace 1996; Das et al. 1999b).
Meiotic behavior in M. dixanthocentron was
normal, having a total of 11 bivalents (n =11). Chiasma frequency per cell of 21.25 and 1.93 per bivalent was observed. The recombination index
(RI) was 32.25. These values are higher than those
reported for M. albilanata with a chiasma frequency of 20.25 and RI = 20.24 (Mohanty et al.
1996), M. san-angelensis with a chiasma frequency
of 16.74 and RI = 27.74 (Palomino et al. 1999)
and M. haageana with chiasma frequency of 13.86
and RI = 24.86 (Briones et al. 2004). In the species studied, high values of pollen stainability
were observed; 91.74% in M. huitzilopochtli,
95.33 % in M. albilanata, 95.71 % in M. dixanthocentron and 97.76% in M. flavicentra, values that
reflect stable behavior during meiosis. High values of pollen stability have also been reported for
other species of the Supertextae series: M. crucigera (97.66 %), M. haageana (98.59 %) and M. supertexta (99.10 %) (Briones et al. 2004).
Analysis of relative nuclear DNA content of
nuclei isolated simultaneously, of species of Mammillaria and Lycopersicon esculentum (internal
standard), using flow cytometry is shown in Fig. 4.
Most of the nuclei were in phase G0/G1, exhibiting nuclear 2C DNA content in histogram 1
(channel 50) for L. esculentum and in channel 75
for the species of Mammillaria. The histograms
corresponding to nuclei G2 (4C DNA content)
were observed in channels 100 and 150, respectively. In the species of Mammillaria, histograms
corresponding to nuclei with 8C and 16C were
also apparent (Fig. 5).
Nuclear DNA content 2C estimated for seven
diploid species of Mammillaria of the Supertextae
series were M. albilanata = 3. 145 pg, M. crucigera
= 3.205 pg, M. dixanthocentron = 3.184 pg, M. flavicentra = 3.040 pg, M. haageana = 3. 117 pg, M.
huitzilopochtli = 3.121 pg and M. supertexta =
3.113 pg (Table 3; Fig. 4).
The difference between the highest value,
3.205 pg (1Cx=1570 Mbp) in M. crucigera and the
lowest, 3.040 pg (1Cx=1489 Mbp) in M. flavicentra was 5%. The average value of the seven Mammillaria species studied was 2C DNA = 3.13 pg.
Variation in the 2C nuclear DNA content of these
species was not significant in the Anova (p =
0.347) and Reml test (p = 0.357). In six diploid
species (2n=14) of the genus Avena, there was no
significant difference in the 2C DNA content,
where the lowest value occurred in A. nudi-brevis
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Table 3 — Nuclear DNA content and genome size of
diploid (2n=22) Mammillaria species.
Species
M. albilanata
M. crucigera
M. dixanthocentron
M. flavicentra
M. haageana
M. huitzilopochtli
M. supertexta

2C nuclear DNA
content (pg)*
(X ± S.E.)

1Cx Genome
size
(Mbp)

3.145 ± 0.05
3.205 ± 0.04
3.184 ± 0.04
3.040 ± 0.05
3.117 ± 0.04
3.121 ± 0.04
3.113 ± 0.04

1541
1570
1560
1489
1527
1529
1535

* 1 pg = 980 Mbp (Bennett et al. 2000).
1Cx = DNA content of one non-replicated monoploid genome
with chromosome number x (Greilhuber et al. 2005).

Fig. 4 — Distribution of nuclear DNA content obtained after flow cytometric analysis of propidium iodide-stained nuclei isolated from stem parenchyma of
Mammillaria species. Peaks 2 and 4 represent nuclei
with 2C (G1) and 4C (G2) DNA content of Mammillaria huitzilopochtli. Peaks 1 and 3 represent 2C and 4C
nuclei of Lycopersicon esculentum as internal standard.

with 10.6 pg and the largest in A. wiestii with 12.4
pg (Bullen and Rees 1972). In 14 diploid species
(2n=26) of the genus Ficus, the difference in DNA
content among the species was not significant,
within a range of 2C DNA values of 1.37 pg in F.
mysorensis to 1.47 in F. krishnae. Stability in genome size in the species of Ficus was related to the
fact that these plants form part of the climax vegetation and occupy a habitat of uniform climatic
conditions (Ohri and Khoshoo 1987). In 16

bushy species of Cistus distributed in the Mediterranean, values within a range of 2C DNA = 3.92 pg
in C. crispus to 5.88 pg in C. monspeliensis was estimated by Ellue et al. (2002). These authors observed that the differences in nuclear DNA content was not significant, and thus was related with
chromosomal number stability (2n=20) and homogeneous karyotypes in these plants (Markova
1975). In the seven species of Mammillaria studied, the non-significant difference in 2C DNA
content reflected stability in their genomes, which
is related to the fact that all of them were diploid
and exhibited very symmetric karyotypes with
metacentric and submetacentric chromosomes.
In the species studied, the total length of the
genome in µm (Table 1), estimated by summing
the chromosomes length of each complement,
showed no relationship to DNA content in pg
(Table 3) because the chromosomes analyzed in
the different species did not have the same degree
of condensation; similar results have been reported for other species of Mammillaria (Mohanty et al. 1996; Das et al. 1999c).
The average nuclear DNA content of the
Mammillaria species studied was 3.13 pg, indicating a small genome size according to the ranges
defined for angiosperms of 1.4 − 3.5 pg. Species
with small genome size are more evolutionarily
flexible, allowing them to colonize new and more
diverse environments (Leitch et al. 1998). The
small genome size in Mammillaria species studied,
added to the morphological and physiological adaptations of these cacti, has permitted them to
adapt to arid and semiarid sites.
2C nuclear DNA content for the species of
Mammillaria studied are found within the range
of 3.040 pg in M. flavicentra to 3.205 pg in M. crucigera (Table 3), similar to values obtained by flow
cytometry for M. san-angelensis, 2C DNA = 3.20
pg (Palomino et al. 1999), species of the Supertextae series and to other species of Mammilaria such
as M. woodsii, 2C DNA = 3.10 pg and M. bocasana, 2C DNA = 4.10 pg, obtained by Feulgen
densitometry (Barlow, cited in Bennett and
Smith 1976). For 34 diploid species of Mammillaria, interspecific variation from 2C DNA = 7.80
pg in M. pseudoperbella to 2C DNA = 20.36 pg in
M. decipiens (Mohanty et al. 1996, 1997a, 1997b;
Das et al. 1999a) is reported. The 2C DNA = 7.80
pg in M. pseudoperbella is more than double the
average values of 2C DNA = 3.13 pg obtained for
the seven species of Mammillaria in this study. For
Mammillaria albilananta diploid, species of the
Supertextae series, nuclear 2C DNA content =
10.16 pg is reported (Mohanty et al. 1996). This

184

value is extremely high compared to that obtained
in our work by flow cytometry for M. albilanata,
2C DNA = 3.14 pg. It has been proved that there
is no significant difference between Feulgen densitometry and flow cytometry in the determination of genome size (Dolezel et al. 1998). The
discrepancies in the C values reported for a single
species by different authors probably reflects variations related with the use of different DNA reference standards that may result in different estimates of the same material (Dolezel et al. 1998).
To determine the 2C DNA content in the species
of Mammillaria, Mohanty et al. (1996, 1997a,
1997b) and Das et al. (1999a) used Allium cepa
2C DNA = 33.55 pg as an internal standard, while
in our work Lycopersicon esculentum 2C DNA =
1.96 pg was used. Differences could also be due to
an erroneous taxonomic identification of the material studied by those authors.
For other genera of cacti, there are seven reports of diploid species within a range of 2C
DNA= 2.05 pg in Pereskia grandifolia (De Rocher et al. 1990) up to 2C DNA = 3.90 pg in Trichocereus werdermannianus (Barlow, cited in Bennett and Smith 1976). Our estimates of 2C DNA
content in seven Mammillaria species (3.04 pg in
M. flavicentra to 3.20 pg in M. crucigera) are agree
with the range reported for these cacti.
The difference in genome size among the
seven Mammillaria species studied was 5% (3.20
pg in M. crucigera to 3.04 in M. flavicentra), exhibiting small, very stable genomes, where changes in
DNA content were not significant. Interspecific
variations among the species, however, were more
clearly observed in relative length (L%), arm ratio
(r), proportion of metacentric and submetacentric
chromosomes, and the position of satellites, indicating that speciation in these plants has involved
structural rearrangements in their chromosomes.
These genome restructuring mechanisms have
been evidenced in other Mammillaria species and
other genera of cacti.
Nearly 90% of angiosperms have cells of some
of their tissues with somatic multiploidy, that is,
with different levels of ploidy that form an endopolyploidy pattern, generated by processes of
endoreduplication (D'Amato 1984; Joubes and
Chevalier 2000).
In the seven species of Mammillaria studied, in
nuclei of the stem parenchyma an endopolypoidy
pattern was observed, with values of 2, 4, 8 and 16
C DNA; since the 2C DNA value was the lowest
observed in the endopolyploidy pattern in these
species, they are considered diploids (Table 4,
Fig. 5). In stem parenchyma of M. san-angelensis,
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Table 4 — Pattern of endopolyploidy in stem parenchyma of Mammillaria species.
Species
M. albilanata
M. crucigera
M. dixanthocentron
M. flavicentra
M. haageana
M. huitzilopochtli
M. supertexta

Percentage of nuclei populations
2C

4C

8C

16C

41.08
17.64
32.59
24.44
22.93
21.66
26.49

22.19
25.47
29.43
29.02
34.25
27.47
34.48

31.66
37.54
29.08
28.24
31.96
31.16
19.67

5.13
19.33
8.88
18.30
10.84
19.68
19.34

Fig. 5 — Distribution of nuclear DNA content of Mammillaria flavicentra, showing pattern of endopolyploidy.
The peaks 1, 2, 3 and 4 represent nuclei with 2C, 4C, 8C
and 16C, respectively.

an endopolyploidy pattern was observed with
cells containing 2C - 32 C DNA (Palomino et al.
1999). In Pereskia grandiflora the observed endopolyploidy pattern was defined by nuclei with
2, 4 and 8C; in Mesembryanthemum crystallinum
multiple levels of ploidy (2C − 64C) were observed in different tissues with correlation between development stage and endopolyploidy
pattern (De Rocher et al. 1990). In mature flowers of Brassica oleracea, the endopolyploidy pattern was 2C - 64 C (Kudo and Kimura 2001).
Constancy of an endopolyploidy pattern in tissues of different organs suggests that the endoreduplication cycles in plants are coded by genes
programmed for development, differentiation
and specialized functions (Cebolla et al. 1999). It
has been observed that the presence of an en-

genome size and karyotype of mammillaria

dopolypolidy pattern is frequent in succulent
plants that carry out CAM metabolism (De Rocher et al. 1990). This metabolic adaptation is
typical of plants that live in arid and semiarid environments such as cacti (Cushman 2001). The
endopolyploidy pattern could be an emergent
trait in succulents and cacti that have small genome size, which provide them with the capacity
to generate larger cells with high levels of ploidy
and allow these plants to store greater amounts
water for adaptation to arid environments (De
Rocher et al. 1990).
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