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Abstract — Seven species of Mammillaria were studied, all diploid: 2#z=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 synony-
mous, 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 restruc-
turing in the genome of these species have not involved significant changes in nuclear DNA content. The Manzmil-
laria 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.
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level.

INTRODUCTION

The genus Mammillaria Haworth (Cactaceae)
comprises 166 species, of which 150 are endemic
of Mexico (HErRNANDEZ and GopiNez 1994). This
genus of the family Cactaceae is considered that of
most recent evolution (Bravo-Horris 1978). For
the Supertextae series of the genus Mammillaria,
Hunt (1987) recognizes seven species; Bravo-
Horris and SANCHEZ-MEJORADA (1991) consider
20, while LTy (1995) recognizes eight. This in-
dicates that there is synonymy for some species;
for example, for Bravo-Horris and SANCHEZz-
MEJORADA, M. dixanthocentron and M. flavicentra
are independent species, while for the other two
authors M. flavicentra is a synonym of M. dixan-
thocentron. 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; CrTES
2005).

There are 159 reports of chromosomal
number in species of Mammillaria, 146 refer to
diploid species (27=2x=22; x=11) and the rest re-
port polyploids. Karyotypes of Mammillaria spe-
cies, as in most cacti, are characterized by the
presence of metacentric and submetacentric chro-
mosomes (REmMskr 1954; GiLL and GoyaL 1984;
Cora and WALLACE 1996; Das et al. 1998a,
1999b, 1999¢c; PALOMINO et al. 1999; BRIONES et
al. 2004). In some species of the Supertextae se-
ries, karyotype studies have been conducted in
diploids (27=2x=22), such as in M. vaupelii (REM-
SKk1 1954), M. lanata (GiLL and GovyAL 1984), M.
san-angelensis (PALoMINO et al. 1999), M. super-
texta, M. haageana and M. crucigera (BRIONES et al.
2004), and in M. ruestii, tetraploid species
(2n=4x=44) (REmsk1 1954). These authors ob-
served 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 differ-
ent groups of plants (BENNETT et al. 2000); in
other species intraspecific variation has also been
observed (Onri 1998; Paromino and Sousa
2000). Recent reviews have show that genome size
has been determined in 4427 species of an-
giosperms (BENNETT and Lerrcu 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 dip-
loid species of the Supertextae series, M. albilanata
with 2C DNA = 10.16 pg, obtained by Feulgen
densitometry (MOHANTY ef al. 1996) and M. san-
angelensis 2C DNA = 3.20 pg, obtained by flow
cytometry (PALoMINO ez al. 1999).

Flow cytometry allows precise and rapid esti-
mation of nuclear DNA content and ploidy levels;
it is a method that has numerous applications in
taxonomy and plant breeding (DoLEZEL and BAR-
Tos 2005). This study reports somatic chromo-
somal number (27), karyotype, and nuclear DNA
content by flow cytometry in four species of Maz-
millaria of the Supertextae series: M. albilanata, M.
dixanthocentron, M. flavicentra and M. huitzilo-
pochtli. In M. crucigera, M. haageana and M. super-
texta, only nuclear DNA content is reported; the
karyotype of these species was obtained by Bri-
ONES 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 (Ta-
ble 1). Live plants were transplanted and main-
tained in a greenhouse at the Jardin Botanico, In-
stituto de Biologia, Universidad Nacional Au-
tonoma de México (JB-IBUNAM). Voucher
specimens were deposited in the National Her-
barium (MEXU) of the UNAM.

Mitotic chromosome analysis - For the observation
of chromosome number (27) and the karyotypes
of the four species of Mammillaria, 2 to 6 mitotic
cells at metaphase stage from 2 plants of each spe-
cies were observed. Elongating secondary root
tips were placed in a solution of 8-hydroxyquino-
line 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 hydro-
chloric acid (IN) for 11 minutes at 60° C and
transferred to Feulgen reagent for 2 hours, follow-
ing GARrcia (1990) and Cip and Paromino (1996)
procedures. Slides were frozen with dry ice (Con-
GER and FAIRcHILD 1953) and mounted in Canada
balsam. Three of the best cells were photo-
graphed with Technical Pan Film using Zeiss pho-
tomicroscope II.

Karyotype analysis - The negative film was used to
draw and measure chromosome arms and total ge-
nome length. Centromere position was deter-
mined using a system of LEVAN ef al. (1964); arm
ratio (r = long arm/short arm) was calculated for
each chromosome. Index of asymmetry (TF%)
was obtained following GuprTa and Gurta (1978)
procedures.

Table 1 — Provenance and karyotype analysis of Manzmzillaria species, collected by G. Reyes.

Speci Range of Total haploid K Numb Index of
an dp leoCCIZISit 2n chromosome genome length fi?;gqﬁ ¢ of SI;rtréllietI;s asymmetry
Y length (um) (um) u (TF%)
M. albilanata
Meéxico. Oaxaca 22 1.56-3.37 25.78 11m 1 46.50
State. 3843
M. dixanthocentron
México. Oaxaca 22 1.54-2.53 22.98 11m 1 44.38
State. 4823
M. flavicentra
México. Oaxaca 22 1.90 -3.73 30.37 11m 1 45.97
State. 4821
M. huitzilopochtli
México. Oaxaca 22 1.75-2.59 25.10 10m + 1sm 1 43.49

State. 4822
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Meiotic chromosome analysis - Meiotic chromo-
some 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 biva-
lents (IIs), chiasma frequency and recombination
index (RI) (SAEz and CarDOSO 1978).

Pollen fertility - Estimates were made in samples
of pollen stained with cotton blue in lactophenol
of M. albilanata, M. dixanthocentron, M. flavicen-
tra'y M. huitzilopochtli. Percentages of well-filled
stained grains were obtained from 3000 pollen
grains collected from three plants from each spe-
cies.

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 in-
dividual plant were analyzed. Lycopersicon escu-
lentum cv. “Stupické polni rané”, 2C DNA = 1.96
pg (DoLEZEL et al. 1992) was used as internal
standard for estimation of genome size in Maz-
millaria albilanata, M. crucigera, M. dixanthocen-
tron, M. flavicentra, M. haageana, M. huitzilo-
pochtli and M. supertexta. Suspensions of intact
nuclei were prepared according to OrTO (1990)
and ParomMiNo ez al. (1999) with some modifica-
tions described by DoLezEL and GOHDE (1995).
Briefly 550 mg of Mawmmillaria stem parenchyma
and 3 mg of young L. esculentum leaf were simul-
taneously 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 fil-
tered through 50 um 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 ul citric
acid / Tween 20 solution, and incubated for 10
minutes at room temperature. Subsequent to this,
2 mL of 0.4 M Na,HPO, was added and suspen-
sion was supplemented with 125 uL of propidium
iodide and RNase to final concentration of 50 ug
mL™" and analyzed by flow cytometry.

Flow cytometric analysis - The flow cytometric es-
timation of nuclear DNA content was performed
using Partec CA II flow cytometer (Partec GmbH
Miinster, Germany). Nuclei isolated from chicken
red blood cells (GALBRATTH ef 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
G, nuclei of L. esculentum was positioned on
channel 50. At least ten thousand nuclei were ana-
lyzed in each sample. Peak means, areas and coef-
ficients of variation were calculated using DPAC
software (PARTEC). Nuclear genome size was then
calculated according to DorLEZEL (1995) using the
formula:

Mammillaria species 2C DNA (pg) =
Mammillaria species G,/G, peak mean
L. esculentum plant G,/G, peak mean
x 2C DNA content standard plant (pg)

Statistical analysis - Differences in 2C DNA con-
tent in pg and Mbp (1 pg = 980 Mbp; Bennett ez
al. 2000) for Mammillaria species were evaluated
according to a complete nested unbalanced analy-
sis 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). Addi-
tionally, restricted maximum likelihood estima-
tion (REM1L) was applied to data analysis; in both
cases variance homogeneity was tested. All statis-
tical analysis was performed using the Jmp version
5.01 software.

RESULTS AND DISCUSSION

The species Mammillaria albilanata, M. dixan-
thocentron, M. flavicentra, and M. huitzilopochtli
exhibited a 2#=2x=22 diploid chromosomal
number (Table 1; Fig. 1 A-D). In M. dixanthocen-
tron n=11 was observed. These reports are agree
with observations on other species of the Super-
textae series, such as M. vaupelii (REMSKI 1954),
M. lanata (GiLL and GovyaL 1984), M. albilanata
(MOHANTY et al. 1996), M. san-angelensis (PALO-
MINO 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. dix-
anthocentron, M. flavicentra and M. huitzilo-
pochtli, reported in this paper, there are a total of
162 for species of Mammillaria, of these 149
(92%) are diploid (REmskr 1954; GiiL and
GovAL 1984; DAs et al. 1998a, 1999b, 1999c;
PaLoMINO et al. 1999; BRIONES ef al. 2004), 5%
are tetraploids and the remaining 3% comprise
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Fig. 1 — Somatic chromosomes, 2#=2x=22, in A) Mam-
millaria albilanata, B) M. dixanthocentron, C) M. flavi-
centra and D) M. huitzilopochtli. Numbers show chro-
mosomes with satellites. Scale equals 10 wm.

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 de-
terminant 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
um) and the smallest in M. dixanthocentron (1.54
- 253 um). The chromosomes of M. albilanata
and M. huitzilopochtli were 1.56 —3.37 and 1.75 -
2.59 um, 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 (BRri-

ONES ¢t al. 2004), interspecific variation was found
in chromosome size, within the interval of 1.51 -
3.21 wm, and the lowest value for the interval in
length of the chromosomes was 0.80 — 1.70 um in
M. san-angelensis (PALomMINO et al. 1999).

When chromosome size and total haploid ge-
nome length (GL) of the four species were com-
pared with that reported for other species of the
Supertextae series, it was observed that M. san-an-
gelensis had shorter GL = 13.83 um (PALOMINO ef
al. 1999) than M. albilanata (25.78 um), M. dixan-
thocentron (22.98 wm), M. flavicentra (30.37 pm)
and M. huitzilopochtli (25.10 um) (Table 1). GL in
M. supertexta, M. crucigera and M. haageana were
26.84,23. 81 and 23.06 wm, 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 chromo-
somes were metacentric (Table 2; Fig. 2).

In M. crucigera, M. haageana, M. supertexta
(BRIONES et al. 2004) and M. san-angelensis (PALO-
MINO et al. 1999), differences in L% and r were re-
ported 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 (HuntT 1987), greater
differences for L% were observed in the chromo-
some 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 ef al. 2004). This confirms that

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

centron, M. flavicentra and M. huitzilopochtls.

Chromosone M. albilanata M. dixanthocentron M. flavicentra M. huitzlopochtli
pazr L% r L% r L% r L% r
1 13.07 1.02 11.00 1.12 12.28 1.14 10.31 1.00
2 11.28 1.03 10.92 1.26 11.52 1.12 1031 1.33
3 10.55 1.19 10.09 1.25 10.50 1.21 10.27 1.00
4 10.04 1.33 9.61 1.23 9.51 1.29 9.92 1.07
5 9.30 1.16 9.48 1.18 9.28 1.27 9.56 1.16
6 9.30 1.16 9.13 1.23 8.72 1.28 8.84 1.00
7 8.96 1.08 8.83 1.20 8.62 131 8.84 1.00
8 7.99 1.14 8.39 1.32 8.26 1.18 8.80 1.18
9 6.98 1.16 8.13 1.20 8.10 1.23 8.08 1.70
10 6.43 1.00 7.65 1.25 6.81 1.43 8.04 1.19
11 6.05 1.00 6.70 1.26 6.25 1.50 6.97 1.10
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Fig. 2 — Graph of relative length (L%) and arm ratio (r) of chromosome measurement in table 2. Mammillaria albi-

lanata (@), M. dixanthocentron (B), M. flavicentra (O) and M. huitzilopochtli (@).

among the species of Mammillaria of the Supertex-
tae series, there are interspecific differences in
relative length and arm ratio (r) (Table 2; Fig 2).

The species studied, M. albilanata, M. dixan-
thocentron and M. flavicentra, exhibited 11 meta-
centric 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 submeta-
centric pair in pair 9; pairs 8 and 10 in M. super-
texta and M. crucigera were submetacentrics and
the 9 remaining pairs were metacentrics (BRIONES
et al. 2004). Tt 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. habniana, M. humboldtii, M. leucan-
tha, M. occidentales, M. pectinifera and M. woodsii
(Das et al. 1998a; 1999b and 1999c¢).

The recent origin of the Cactaceae family is as-
sociated with processes of chromosomal muta-
tions in their complements, and the existence of
homogeneous karyotypes in members of the fam-
ily can be explained by fusions or fissions in the
centromeres of their chromosomes. These struc-
tural changes originate karyotypes with chromo-
somes that are predominantly metacentric and

submetacentric (PALoMINO et al. 1988; Cota and
WALLACE 1996; BRIONES ef al. 2004).

In the four species of Mammillaria studied a
pair of satellites appeared; these were spherical,
between 0.27 and 0.60 um in length. In Mawnznzil-
laria albilanata, M. flavicentra and M. huitzilo-
pochtli, the presence of only one pair of satellites
was observed in the short arm of the chromo-
somal pair 1, while in M. dixanthocentron they
were observed in pair 2. The variation in the posi-
tion of the satellites in M. dixanthocentron and its
synonymous species M. flavicentra, makes it evi-
dent that, at the level of their karyotype, these spe-
cies 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 a/. 2004), while M. san-an-
gelensis had two (PaLomiNo ef al. 1999). The spe-
cies 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 e al. 2004). In
species of Mammillaria one to three pairs of satel-
lites in chromosomes have been reported, observ-
ing 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, 1999¢),
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 Mamzmillaria with
21n=22. The numbers indicate the homologous chromo-
some pairs: A) M. albilanata, 11m; B) M. dixanthocen-
tron, 11m; C) M. flavicentra, 11m and D) M. huitzilo-
pochtli, 10m+1sm. Asterisks show chromosome with
satellites. Scale equals 1 pm.

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 at-
tributed mainly to rearrangements in their chro-
mosomes, such as deletions, duplications or trans-
locations (PALoMINO et al. 1988; Cip and PALo-
MINO 1996; Cota and WALLACE 1996; Das et al.
1998a, 1999b; BRIONES ez 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 ob-
tained by BrIONES ez 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. armzillata (TF%

=45.71), with a karyotypic formula of 11m (Das
et al. 1998a). In cacti, karyotypes tend to be sym-
metric (Cip and PaLomino 1996; Cora and WAL-
LACE 1996; DaSs et al. 1999b).

Meiotic behavior in M. dixanthocentron was
normal, having a total of 11 bivalents ( =11). Chi-
asma frequency per cell of 21.25 and 1.93 per bi-
valent was observed. The recombination index
(RI) was 32.25. These values are higher than those
reported for M. albilanata with a chiasma fre-
quency 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 (PaLomMiNoO et al. 1999)
and M. haageana with chiasma frequency of 13.86
and RI = 24.86 (BRIONES e al. 2004). In the spe-
cies studied, high values of pollen stainability
were observed; 91.74% in M. huitzilopochtli,
95.33 % in M. albilanata, 95.71 % in M. dixantho-
centron and 97.76% in M. flavicentra, values that
reflect stable behavior during meiosis. High val-
ues of pollen stability have also been reported for
other species of the Supertextae series: M. crucig-
era (97.66 %), M. haageana (98.59 %) and M. su-
pertexta (99.10 %) (BRIONES et al. 2004).

Analysis of relative nuclear DNA content of
nuclei isolated simultaneously, of species of Maz-
millaria and Lycopersicon esculentum (internal
standard), using flow cytometry is shown in Fig. 4.
Most of the nuclei were in phase G,/G;, exhibit-
ing 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 G, (4C DNA content)
were observed in channels 100 and 150, respec-
tively. 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. fla-
vicentra = 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. flavicen-
tra was 5%. The average value of the seven Ma:-
millaria 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 (27=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 (2#=22) Mammillaria species.

2C nuclear DNA 1C, Genome
Species content (pg)* size
(X+S.E) (Mbp)
M. albilanata 3.145 £ 0.05 1541
M. crucigera 3.205 +0.04 1570
M. dixanthocentron 3.184 +0.04 1560
M. flavicentra 3.040 = 0.05 1489
M. haageana 3.117 £ 0.04 1527
M. huitzilopochtli 3.121+0.04 1529
M. supertexta 3.113 £ 0.04 1535

*1 pg = 980 Mbp (BENNETT e al. 2000).
1C, = DNA content of one non-replicated monoploid genome
with chromosome number x (GREILHUBER et al. 2005).

500

300

Number of nuclei

100

50 100 150 200 250

Relative nuclear DNA content

Fig. 4 — Distribution of nuclear DNA content ob-
tained after flow cytometric analysis of propidium io-
dide-stained nuclei isolated from stem parenchyma of
Mammillaria species. Peaks 2 and 4 represent nuclei
with 2C (G;) and 4C (G,) DNA content of Mawnzmil-
laria buitzilopochtli. Peaks 1 and 3 represent 2C and 4C
nuclei of Lycopersicon esculentun: as internal standard.

with 10.6 pg and the largest in A. wiestzi with 12.4
pg (BurLeN and ReEgs 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 pgin F.
mysorensis to 1.47 in F. krishnae. Stability in ge-
nome size in the species of Fzcus was related to the
fact that these plants form part of the climax veg-
etation and occupy a habitat of uniform climatic
conditions (Onri and Kwuosxoo 1987). In 16

bushy species of Czstus distributed in the Mediter-
ranean, values within a range of 2C DNA =3.92 pg
in C. crispus to 5.88 pg in C. monspeliensis was es-
timated by ELLUE ez al. (2002). These authors ob-
served that the differences in nuclear DNA con-
tent was not significant, and thus was related with
chromosomal number stability (22=20) and ho-
mogeneous karyotypes in these plants (MARKOVA
1975). In the seven species of Mammillaria stud-
ied, 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 um (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 re-
ported for other species of Mammillaria (Mo-
HANTY et al. 1996; DAS et al. 1999c¢).

The average nuclear DNA content of the
Mammillaria species studied was 3.13 pg, indicat-
ing 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 (LErrcH et al. 1998). The
small genome size in Mammillaria species studied,
added to the morphological and physiological ad-
aptations 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. cru-
cigera (Table 3), similar to values obtained by flow
cytometry for M. san-angelensis, 2C DNA = 3.20
pg (PALomINO ez al. 1999), species of the Supertex-
tae series and to other species of Mamzmilaria such
as M. woodsiz, 2C DNA = 3.10 pg and M. bo-
casana, 2C DNA = 4.10 pg, obtained by Feulgen
densitometry (BArLOow, cited in BENNETT and
Smrrh 1976). For 34 diploid species of Mamzmil-
laria, 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 Marmzmillaria 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
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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 den-
sitometry and flow cytometry in the determina-
tion of genome size (DOLEZEL et al. 1998). The
discrepancies in the C values reported for a single
species by different authors probably reflects vari-
ations related with the use of different DNA refer-
ence standards that may result in different esti-
mates 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 esculentun: 2C DNA =
1.96 pg was used. Differences could also be due to
an erroneous taxonomic identification of the ma-
terial studied by those authors.

For other genera of cacti, there are seven re-
ports of diploid species within a range of 2C
DNA= 2.05 pg in Pereskia grandifolia (DE Ro-
CHER ef al. 1990) up to 2C DNA =3.90 pg in Trs-
chocereus werdermannianus (Barlow, cited in BEN-
NETT and Smrta 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
pgin M. crucigera to 3.04 in M. flavicentra), exhib-
iting 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, indi-
cating that speciation in these plants has involved
structural rearrangements in their chromosomes.
These genome restructuring mechanisms have
been evidenced in other Mamzmillaria 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 en-
dopolyploidy pattern, generated by processes of
endoreduplication (D’AmaTo 1984; JoUuBES and
CHEVALIER 2000).

In the seven species of Mamzmillaria 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,

Table 4 — Pattern of endopolyploidy in stem paren-
chyma of Mammillaria species.

Percentage of nuclei populations

Species

2C 4C 8C 16C
M. albilanata 41.08 22.19 31.66 5.13
M. crucigera 17.64 2547 3754 1933
M. dixanthocentron 3259 2943 29.08  8.88
M. flavicentra 2444 29.02 2824 1830
M. haageana 2293 3425 3196 10.84

21.66 2747 3116  19.68
2649 3448 19.67 1934

M. huitzilopochtli
M. supertexta
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Fig. 5 — Distribution of nuclear DNA content of Mar:-
millaria 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 ef al.
1999). In Pereskia grandiflora the observed en-
dopolyploidy pattern was defined by nuclei with
2, 4 and 8C; in Mesembryanthemum crystallinum
multiple levels of ploidy (2C - 64C) were ob-
served in different tissues with correlation be-
tween development stage and endopolyploidy
pattern (DE RocHER et al. 1990). In mature flow-
ers of Brassica oleracea, the endopolyploidy pat-
tern was 2C - 64 C (Kupo and Kivmura 2001).
Constancy of an endopolyploidy pattern in tis-
sues of different organs suggests that the endore-
duplication cycles in plants are coded by genes
programmed for development, differentiation
and specialized functions (CEBOLLA ef al. 1999). It
has been observed that the presence of an en-
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dopolypolidy pattern is frequent in succulent
plants that carry out CAM metabolism (DE Ro-
CHER et al. 1990). This metabolic adaptation is
typical of plants that live in arid and semiarid en-
vironments such as cacti (Cusaman 2001). The
endopolyploidy pattern could be an emergent
trait in succulents and cacti that have small ge-
nome 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 ef al. 1990).
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