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Intraspecific changes in genome size and chromosome number lead to divergence and species evolution. Heavy
metals disturb the cell cycle and cause mutations. Areas contaminated by heavy metals (metalliferous sites) are
places where microevolutionary processes accelerate; very often only a few generations are enough for a new
genotype to arise. This study, which continues our long-term research on Viola tricolor (Violaceae), a species
occurring on both metalliferous (Zn, Pb, Cd, Cu) and non-metalliferous soils in Western and Central Europe, is
aimed at determining the influence of environments polluted with heavy metals on genome size and karyological
variability. The genome size of V. tricolor ranged from 3.801 to 4.203 pg, but the differences between metalli-
colous and non-metallicolous populations were not statistically significant. Altered chromosome numbers were
significantly more frequent in material from the polluted sites than from the non-polluted sites (43% versus
28%). Besides the standard chromosome number (2n = 26), aneuploid cells with lower (2n = 18-25) or high-
er (2n = 27, 28) chromosome numbers were found in plants from both types of site, but polyploid (2n = 42)
cells were observed only in plants from the metalliferous locality. The lack of correlation between chromosome
variability in root meristematic cells and genome size estimated from peduncle cells can be attributed to elim-
ination of somatic mutations in generative meristem, producing chromosome-stable non-meristematic tissues
in the peduncle.

Key words: Viola tricolor, pseudometallophyte, C-DNA value, chromosome number, aneuploidy,

polyploidy.

INTRODUCTION

Genome size and chromosome number have long
been regarded as species-specific and constant fea-
tures, but many studies have reported intraspecific
and intrapopulation variability of genome size and
karyology (Greilhuber, 1998, 2005, 2008; Ohri,
1998; Maluszynska and Siwinska, 2004; DoleZel et
al., 2007). Differences in genome size within a class
of organisms, called the C-value paradox, are almost
entirely due to differences in the amount of non-pro-
tein-coding DNA. In many eukaryotes these non-cod-
ing DNA sequences are the necessary outcome
of novel cell structures imposing selective forces,
meaning that genomes and cell structure co-evolve
(Cavalier-Smith, 2005). Due to pronounced
intraspecific variation in nuclear DNA content, plant
genomes have been referred to as 'fluid', 'dynamic’,
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and 'in constant flux' (Gregory, 2005). Whether an
observed intraspecific variation is real or artifactual
can only be clarified using larger sample sizes
and/or a superior measurement technique. Real
intraspecific variation could result from the differ-
ential presence of supernumerary B chromosomes,
from polymorphisms in A chromosomes, or genome
duplication via autopolyploidy (for examples and
references see Gregory, 2005). There are numerous
parallels in genome size evolution between plants
and animals, including the patterns of DNA content
variation among taxa, the cytological, morphologi-
cal, physiological and evolutionary impacts of
genome size, and the mechanisms by which
genomes change in size (Beaulieu et al., 2010).
Owing to improved flow cytometry technique,
especially nucleus staining procedure, data verifica-
tion and artifact elimination (Greilhuber, 1998;
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Gregory, 2002, 2005; Murray, 2005), we now have
reliable evidence that intraspecific genome size vari-
ability can be correlated with altitude, latitude, soil
type, rainfall, and mean temperature during flower-
ing (Ohri, 1998; Turpeinen et al., 1999; Smarda and
Bures 2010). Examples of plant species with flexible
genomes (11-28% intraspecific variation) were given
by Ohri (1998).

Intraspecific changes in genome size, an object
of natural selection, lead to divergence and species
evolution. Sites contaminated by heavy metals (met-
alliferous sites), which are particularly detrimental
to plant growth, are places where microevolutionary
processes accelerate. Very often only a few genera-
tions are enough for a new genotype to arise (Bone
and Farres, 2001; Hendry and Kinnison, 2001;
Stockwell et al., 2003; Carroll et al., 2007; Medina
et al., 2007). Plant species colonizing metalliferous
and thus unstable and unpredictable sites have
evolved an r-life strategy with the crucial ability
to reproduce quickly, owing to fast flowering, seed
ripening, and much greater flower and seed yields
(Wierzbicka and Rostanski, 2002; Grzes, 2007).
Such a strategy is correlated with a small genome,
as confirmed recently in studies of seventy herba-
ceous dicot perennial species. Those with large
genomes were indeed at a selective disadvantage
in extreme environmental conditions (Vidic et al.,
2009). If small genome size has adaptive value,
metallicolous populations should have smaller
genomes than non-metallicolous ones. This subject
was recently raised again in the form of the 'large
genome constraint hypothesis' put forward by
Knight and coauthors (2005), stating that species
with too-large genomes are more likely to become
extinct in stressful environments because large
genomes are inflated with unnecessary junk DNA
whose replication burdens the organism.
Investigating sixty species along a gradient of heavy
metal pollution, Temsch and coauthors (2010) sup-
ported that hypothesis, arguing that large nuclei,
especially those that are mitotically or meiotically
active, receive more hits than small ones and are
more prone to heavy DNA damage and elimination.

As heavy metals disturb the cell cycle and cause
mutations (Coulaud et al., 1999; Nkongolo et al.,
2001; Rayburn and Wetzel, 2002; Sedel'nikova and
Pimenov, 2007), they may effect changes in (1) chro-
mosome number (aneuploidy, polyploidy), (2) chro-
mosome structure and (3) ontogeny (endomitosis,
endoreduplication) (Jones, 1978; Bayliss, 1980;
D'Amato, 1991; Stace, 1991). Those are usually easy
to catch with cytological analyses (e.g., Sedel'nikova
and Pimenov, 2007) and DNA content measure-
ments (e.g., Rayburn and Wetzel, 2002). Points par-
ticularly vulnerable to chromosome breakage are
the centromere, secondary constriction and sites
with weak chromatin condensation (Jones, 1978;
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Lee and Philips, 1988; Coulaud et al., 1999). Inter-
and intrapopulation (inter- and intraindividual) vari-
ability in chromosome number is a crucial step
toward speciation (Raskina et al., 2008).

In some cases, structural chromosome muta-
tions are subtle and are identified by special chro-
mosome staining techniques (e.g., C-banding, FISH).
Small chromosome fragments may exhibit different
localization even within a single species (Garrido et
al., 1994). This is clearly visible with rDNA loci;
their rearrangement is a very rapid process driven
by unequal recombination and transposon
rearrangement (Raskina et al., 2004, 2008).

This study continues our long-term work on the
pseudometallophyte pansy Viola tricolor L.
(Violaceae, sect. Melanium; 2n = 26), a species
occurring both on metalliferous (Zn, Pb, Cd, Cu)
and on non-metalliferous soils in Western and
Central Europe (Dobrzanska, 1955; Ernst et al.,
2004; Banasova et al., 2006; Hildebrandt et al.,
2006, 2007). Our previous research addressed the
influence of soils polluted with heavy metals on the
plant antioxidative system (Stomka et al., 2008),
plant morphology, reproduction and pollen viability
(Stomka et al., 2010c), mycorrhiza colonization
(Stomka et al., 2011a) and genetic variation (Stomka
et al., 2011b). We found that metallicolous popula-
tions exhibit qualitative differences from non-metal-
licolous ones at the molecular level. Metal-tolerant
populations group together in respect of ISSR mark-
ers (Slomka et al., 2011b), a pattern which does not
correlate with the great morphological variability of
this species as measured by quantitative and quali-
tative characters (Stomka et al., 2011c). Its relative-
ly high genetic polymorphism and gene diversity as
compared with other metal-tolerant plant species,
especially high in metallicolous populations, give it
an advantage in the adverse environments it occu-
pies in dense patches in southern Poland, and are
leading to the formation of a new ecotype (Stomka
et al., 2011b).

Here we examine the influence of environments
polluted with heavy metals on genome size and kary-
ological variability in Viola tricolor.

MATERIALS AND METHODS

PLANT MATERIAL

The plants for C-DNA content analysis originated
from five sites (two non-metallicolous, three metalli-
colous). Seeds for chromosome counting originated
from three sources (one metallicolous, two non-
metallicolous). The material was collected at the
same sites as in our previous studies on the influ-
ence of soils polluted with heavy metals on Viola tri-
color (Stomka et al., 2008, 2010, 2011a,b,c). The



metallicolous populations (BH — Bukowno heap, SH
— Saturn heap, WH - Warpie heap) are located in the
Zn/Pb mining area in Olkusz, Poland. Soils at these
sites contain Zn at Pb at levels far exceeding safety
norms (Zn 50 ppm, Pb 1 ppm, Cd 0.05 ppm;
Greger, 2004). The site most contaminated with Zn
is BH (mean 6,725 ppm), and the most Pb-contami-
nated site is SH (mean 5,004 ppm). These soils have
similar pH (~7.0). The non-metallicolous popula-
tions (ZM - Zakopane meadow, ZP - Zakopane
park) are located in the vicinity of Zakopane on soils
with trace amounts of Zn and Pb, except for one in
Germany (BGH - Botanical Garden in Hohenheim)
from which seeds were received for chromosome
analysis. Site ZM has higher loads of the metals (Zn
793 ppm, Pb 468 ppm) than ZP (Zn 83 ppm, Pb 30
ppm), but since the amounts are low as compared
with the metallicolous sites, its material is also
taken as representing a non-metallicolous (control)
population.

C-DNA VALUE

Detailed C-DNA value analyses were preceded by
organ selection, due to the presence of mucilaginous
substances (Ajalin et al., 2002) in V. tricolor leaves
which would interfere with measurements. Among
several organs tested (leaves, petioles, stems, roots,
petals, peduncles, embryos), the most suitable were
peduncles. Peduncle fragments 2-3 cm long togeth-
er with a small piece of Fagopyrum sagittatum cv.
Kora leaf (internal standard) were chopped with
a razor blade in nuclei extraction buffer (Dolezel and
Gohde, 1995), filtered through 30 um nylon mesh
and stained with propidium iodide using a Partec
high-resolution DNA kit according to the manufac-
turer's instructions. The internal standard,
Fagopyrum sagittatum cv. Kora (2C DNA = 2.87
pg), was calibrated based on Lycopersicon esculen-
tum cv. Stupicke (2C DNA = 1.96 pg) (DolezZel et al.,
1992). The DNA content of the isolated nuclei in the
samples was analyzed with a DAKO Galaxy flow
cytometer. Altogether 50 plants (5 populations x 10
plants) were measured. Nuclei isolation, staining
and measurements were repeated for 3-5 randomly
taken plants/population.

PLANT MATERIAL FOR CHROMOSOME COUNTING

Viola tricolor seeds were germinated on filter paper
soaked with distilled water under constant light at
room temperature. We applied a treatment
to improve their very poor germination frequency.
After 8 weeks of cooling at 4°C the seeds were steril-
ized in commercial bleach diluted with sterilized
water (1:3 v/v) for 10 min and rinsed several times
in sterilized water, then sown on 1% agar and on
moist filter paper and kept in an experimental
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chamber under a 16 h photoperiod at 24°C/18°C.
This treatment gave up to 80% germination.

SAMPLE PREPARATION

Six-day-old seedlings were incubated in a saturat-
ed solution of o-bromonaphtalene for 24 h at 4°C
(for orcein staining) or in 0.02 M water solution of
8-hydroxychinoline for 4 h at room temperature
(for DAPI staining). Afterwards they were rinsed
three or four times in distilled water. Then the
material was fixed in a mixture of glacial acetic acid
and 96% ethanol (3:1 v/v) for 24 h. For chromo-
some counting the material was stained in
2% acetic orcein for 2-3 days or in DAPI. For
mitotic stage analysis, root tips were stained with
Schiff's reagent without o-bromonaphthalene or
8-hydroxychinoline pretreatment.

Acetic orcein staining

Fixed seedlings were rinsed in 45% acetic acid sev-
eral times, then heated to boiling over a flame three
times. For slide preparation, dissected root tips with
clearly stained ends were squashed in a drop of 45%
acetic acid with a cover slip which was then removed
with dry ice. The slides were rinsed for 2 s in 96%
ethanol, air-dried, mounted in Canada balsam and
observed with a light microscope.

DAPI staining

Fixed seedlings were rinsed in 10 mM citric acid -
sodium citrate buffer (pH 4.8) and enzymatically
digested [20% v/v pectinase (Sigma), 1% (w/v)
Calbiochem cellulase, 1% w/v Onozuka (Serva) cel-
lulase] for 2.5 h at 37°C and finally rinsed in citrate
buffer for 15 min. Preparations were made from
root tips, which were squashed in a drop of 45%
acetic acid, dry-iced and air-dried, and stained for
15 min with 1 ug DAPI diluted in 1 ml Mcllvaine
buffer (pH 7.0). After rinsing in Mcllvaine buffer the
preparations were mounted in Entellan and
observed and photographed with a fluorescence
microscope at 360-370 nm.

Feulgen staining

Seedlings fixed and then washed in distilled water
were hydrolyzed in 18% HCI for 0.5 h at room tem-
perature, rinsed several times in distilled water and
kept in darkness ~1 h in Schiff's reagent (based on
pararosaniline) until purple. After triple rinsing in
sulphur water (5 ml 10% Na,S,05, 5 ml
1 M HCI, 90 ml distilled water) the root meristems
were squashed in a drop of 45% acetic acid, dry-
iced, air-dried, mounted in Entellan, and observed
and photographed with a light microscope.



10 Sto

www.czasopisma.pan.pl P% :N www journals.pan.pl

a

POLSKA AKADEMIA NAUK

TABLE 1. DNA 1C-value (pg) of individuals from metallicolous (BH, SH, WH) and non-metallicolous (ZM, ZP) popula-

tions of V. tricolor

Soil not polluted with heavy metals

Soil polluted with heavy metals

Zakopane Park

Zakopane meadow

Bukowno heap Saturn heap Warpie heap

(ZP) (zM) (BH) (SH) (WH)
Mean 4.0162 4.048= 4.0262 4.081= 4.004= 4.035
S.D. 0.108 0.103 0.106 0.082 0.102 0.100
Minimum 3.845 3.870 3.866 3.912 3.801
Maximum 4.203 4.193 4.179 4.197 4.152

Means followed by the same letters do not differ significantly at p > 0.05 by ANOVA

TABLE 2. Frequency of standard 2n = 26 and non-standard (aneuploid, polyploid) chromosome numbers in root meris-
tem cells of V. tricolor from non-metallicolous (ZM, BGH) and metallicolous (BH) populations; percent in brackets

No. of cells with standard
chromosome number

No. of cells with chromosome
numbers other than

Site 2n = 26 2n = 26*
Soil not polluted with heavy metals
Zakopane meadow (ZM) 23 33
Botanical Garden in Hohenheim (BGH) 62 0
Total 85[72] 33[28]
Soil polluted with heavy metals
Bukowno (BH) 77(57] 2 58[43]®

*aneuploid (lower or higher than standard 2n = 26) or polyploid chromosome numbers
Means followed by different letters differ significantly at 0.01 < p < 0.02 by chi-square test

STATISTICS

The two statistical tests used, ANOVA for inter- and
intrapopulation variation in genome size and the
chi-square test for comparison of chromosome
number frequencies between populations,
employed STATISTICA ver. 7.0.

RESULTS

GENOME SIZE

Using peduncles for genome size analyses, we
obtained good histograms with acceptable CVs
(3.5%-5.5%), lower than from the other tested
organs. DNA 1C-value in the metallicolous and non-
metallicolous V. tricolor populations ranged from
3.801 to 4.203 pg. Intra- and interpopulation varia-
tion of genome size was not pronounced in either
type of population, and the ranges of intrapopula-
tion variation were similar: 3.845-4.203 pg (ZP) and
3.870-4.193 pg (ZM) in the two populations from
non-metalliferous sites, and 3.866-4.179 (BH),
3.912-4.197 pg (SH) and 3.801-4.152 pg (WH) in
the three from metalliferous sites. The investigated

populations did not differ in genome size. To our
knowledge the mean genome size of 4.035+0.100 pg
for V. tricolor established in this study is the first
such statistic for this species (all data Tab. 1).

CHROMOSOME NUMBERS

Chromosome numbers were determined from 253
root meristem cells of 25 seedlings grown from
seeds collected from plants of non-metallicolous
populations (118 cells; ZM, BGH) and 27 seed-
lings germinated from seeds harvested from
a metallicolous population (135 cells; BH) (Tab. 2).
Specimens from both sites exhibited intra- and
interindividual variability of chromosome number.
In root meristematic cells of plants from non-metal-
liferous sites (ZM, BGH), 72% had chromosome
number 2n = 26 (Tab. 2, Fig. 1a), representing the
standard chromosome number established for
V. tricolor from other parts of its distribution area
(see, e.g., Bolkovskikh et al., 1969), whereas in indi-
viduals from the metallicolous population (BH) the
frequency of cells with the standard chromosome
number was clearly lower at 57%. Altered chromo-
some numbers were significantly more frequent in
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Fig. 1. Chromosome numbers and disturbed mitotic divisions in root meristems of V. tricolor from non-metallicolous
(ZP; a—e) and metallicolous (f, g) populations. DAPI staining (a—c); Feuglen staining (d—g). (a) Metaphase plate, 2n = 26,
(b, ¢) Aneuploid metaphase plates with lower (2n = 18, b) and higher (2n = 28, c) than standard (2n = 26) chromo-
some number, (d) Metaphase with acentric chromosome fragment (arrow) located outside of metaphase plate,
(e) Telophase with chromosome bridge (arrows), (f) Early telophase with acentric chromosome fragment (arrow) left
between two chromatid groups separated at poles, (g) Cell with chromosome fragment (arrow) located in cytoplasm out-

side of interphase nucleus.

the population from the metalliferous site (BH, 43%)
than in the non-metallicolous populations (ZM and
BGH, 28%: %% 5., = 6.2: 0.01 < P < 0.02). Due to
difficulties in obtaining well-spread metaphase
plates, not all analyzed metaphases were good
enough to count the chromosomes precisely; we
could estimate only whether the chromosome num-
ber was higher or lower than 2n = 26 in a particu-
lar cell, without giving the exact count (Tab. 2).
Detailed counts were based on 123 selected
metaphase plates (56 from ZM and 67 from BH);
besides standard chromosome numbers (2n = 26),
we found aneuploid cells with lower (2n = 18-25) or
higher (2n = 27, 28) chromosome numbers in mate-
rial from both sites (Tab. 3, Fig. 1b, c), whereas
polyploid (2n = 42) cells were found only in materi-
al from the polluted locality (Tab. 3).

Disturbances in mitotic division, observed in
material not treated with chemicals destroying the
spindle, explained the occurrence of altered chro-
mosome numbers. In metaphases (Fig. 1d) and in
telophases (Fig. 1f) we observed single vagrant chro-
mosome fragments. Additionally, ana-telophase

bridges were formed by dicentric chromosomes
(Fig. 1le). In interphases these chromosome frag-
ments formed micronuclei (Fig. 1g).

DISCUSSION

Heavy metal genotoxicity and heavy metal effects on
cell cycle duration have been investigated frequently
in plants, using pot and in vitro experiments. Via
generation of reactive oxygen species in plant cells,
heavy metals disturb mitosis, leading to the occur-
rence of anaphase bridges, chromosome stickiness,
micronuclei formation and other aberrations
(Steinkellner et al., 1998).

There are no genome size data for members of the
Violaceae except for Viola riviniana and V. anagae in
the famous C-DNA database of the Royal Botanic
Gardens at Kew (http:/data.kew.org/cvalues/).
Recently it was established for the third species,
Viola hirta (Temsch et al. 2010).

In this study we measured genome size in Viola
tricolor in order to test the hypothesis (Price et al.,
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TABLE 3. Chromosome numbers in root meristem cells of
V. tricolor from non-metallicolous (ZM) and metallicolous
(BH) populations; percent in brackets

No. of cells

Chromosome numbers Zakopane Bukowno
meadow heap
(2M) (BH)
2n < 26
18 3 2
19 1 0
20 0 4
22 3 3
23 2 0
24 12 11
25 4 12
25[45] 32[48]
on =26 23[41] 22[33]
2n > 26
27 3 7
28 5 3
42 0 3
8[14] 13[19]
Total 56 67
1981; Price, 1988) that individuals with smaller

genomes should occur in habitats with adverse envi-
ronmental conditions. We expected to find differ-
ences in genome size between plants from non-
metallicolous and metallicolous populations, but in
fact there were no statistically significant differences
between these two population types. Individuals
from all five investigated populations (two non-
metallicolous and three metallicolous) had genomes
similar in size, corresponding to results on Lotus
peregrinus (Pavlicek et al., 2008) and Cyclamen
persicum (Gasmanova et al., 2007) but contrary to
results on Hordeum spontaneum (Kalendar et al.,
2000), all of which were growing under extremely
differing environmental conditions in Evolution
Canyon (Israel).

Chromosome number databases (see
Bolkhovskikh et al.,, 1969; Verlaque and Espeut,
2007; Goralski et al., 2009) indicate that Viola tri-
color is karyologically uniform, with somatic chro-
mosome number 2n = 26. Data from Krahulcova
and coauthors (1996) and Lausi and Cusma Velari
(1986) give sparse information about intraspecific
karyological variability in V. tricolor: the former
occasionally observed aneuploid cytotypes 2n = 25
and 2n = 27 in the Czech Republic; the latter found
changes in absolute chromosome size, centromeric
symmetry and relative size symmetry, but not in
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chromosome number. In our study we found a wide
range of chromosome numbers (2n = 18-42) in root
meristematic cells of plants from metallicolous and
from non-metallicolous populations. Aneuploid cells
with lower or higher chromosome numbers than the
standard 2n = 26 were the result of disturbed mito-
sis (confirmed by observations of mitotic division
disturbances) and probably also structural chromo-
some mutations. The contribution of B chromo-
somes cannot be excluded, as they are difficult to
identify in the analyzed plates, because five species
in the genus Viola have 2-10 supernumerary chro-
mosomes which could give additional chromosomes
in the karyotype (Jones and Rees, 1982). The
altered chromosome numbers we counted, includ-
ing mixoploidy but also showing intra- and inter-
population karyological variability, suggest that this
species is karyologically unstable. This may be
explained by the relatively young age of sect.
Melanium (pansies) (Erben, 1996; Yockteng et al.,
2003 and lit. cited therein). Assuming the basic
chromosome number in sect. Melanium tobe x = 11
(Erben, 1996), 2n = 26 in V. tricolor would be the
result of increasing dysploidy leading to an increase
from 22 to 26 chromosomes. The polyploid origin of
V. tricolor, combined with hybridization, has also
been proposed based on a lower basic chromosome
number (x = 5 or x = 7) in Viola (Yockteng et al.,
2003). Regardless of the two evolutionary pathways,
the disturbed male and female meiosis, some abnor-
malities in female and male gametophyte develop-
ment (Stomka et al., 2010, 2011c), the variability of
chromosome numbers and disturbances in mitosis
(this paper) in plants from non-metallicolous sites
suggest that this species is still in the process of sta-
bilization. In adverse environmental conditions,
plant species with a relatively unstable karyotype
may be favored by their ability to change rapidly
(Coulaud et al., 1999; Nkongolo et al., 2001;
Sedel'nikova and Pimenov, 2007). Many data sug-
gest that such unstable species are at an advantage
in adverse heterogeneous environmental condi-
tions (Degenhardt et al., 2005; Seehausen et al.,
2008). In several plant species with flexible
genomes growing in the presence of heavy metals
(e.g., Larix sibirica, Armeria maritima,
Deschampsia cespitosa) the frequency of different
aberrations (e.g., links between nonhomologous
chromosomes, vagrant chromosomes, extra con-
strictions, fragile chromosomes) was markedly
higher than in plants from non-contaminated sites
(Coulaud et al., 1999; Nkongolo et al., 2001;
Sedel'nikova and Pimenov, 2007).

The big question raised by our results is why
the great cytological variability we found in root
meristematic cells is not reflected in genome size
variability as measured in peduncle cells. There are
three possible explanations: (1) the quantitative
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changes in DNA content are relatively small, below
the detection limit of flow cytometry equipment, or
the changes are only qualitative; (2) generative
meristem cells (generative shoots), giving rise to the
flower including the peduncle, are more stable than
root meristem cells (vegetative shoots); or (3)
somatic mutations in generative meristematic cells
are eliminated. As for these possibilities, it is well
known that plants have the potential for somatic
mutations to accumulate during ontogenesis, par-
ticularly plants with longer generation times,
because they do not sequester a germ line early in
development as animals do (Klekowski et al., 1985;
Klekowski and Godfrey, 1989; Klekowski, 1998);
an increased number of somatic mutations could
influence genome size, resulting in intraindividual
and intraspecific genome size variation. However,
such genome size variation is not commonly
observed in plants (Dolezel and Barto$, 2005;
Greilhuber, 2005, 2008), suggesting that although
plants have the potential to accumulate somatic
mutations in different tissues it may not be a signif-
icant factor contributing to genome size differences.
Even if mutations in somatic tissues occur, there
are known mechanisms for removing them from
meristematic cells, as described for woody
angiosperms (e.g., Mellerowicz et al., 2001; Petit
and Hampe, 2006).

In this work, an environment polluted with
heavy metals did not influence genome size in V. tri-
color. The genome downsizing we expected to see in
plants colonizing waste heaps was not observed.
Variability of chromosome numbers occurred with
higher frequency in root meristematic cells of speci-
mens from polluted sites. The lack of correlation
between chromosome variability in root meristematic
cells and genome size estimated in peduncle cells
probably was due to elimination of somatic mutations
in generative meristem, leading to chromosome-sta-
ble non-meristematic tissues in the peduncle, or else
it can be explained by greater cytologically stability in
generative than in vegetative meristem.

ACKNOWLEDGEMENTS

We thank Professor Jolanta Matuszynska
(University of Silesia, Katowice) for valuable
remarks on the manuscript. This work was sup-
ported by the Polish Ministry of Science and Higher
Education (grant numbers 3861/B/P01/2007/33,
3935/B/P01/2009/36).

REFERENCES

AJaLIN I, KoBza F, and DoLEZEL J. 2002. Ploidy identification
of doubled chromosome number plants in Viola X wit-

trockiana Gams. M1-generation. Horticultural Science
(Prague) 29: 35-40.

BaNisovA V, Horak O, EiamMporovA M, NaDUBINSKA M, and
LicatscHEIDL I. 2006. The vegetation of metalliferous and
non-metalliferous grassland in two former mine regions
in central Slovakia. Biologia Bratislava 61(3): 1-7.

BayLiss MW. 1980. Chromosomal variation in plant tissues in
culture. In: Vasal IK [ed.], Perspective in Plant Cell and
Tissue Culture, 113-144. Academic Press.

BeauLIEU JM, SMITH S, and LEITcH IJ. 2010. On the tempo of
genome size evolution in Angiosperms. Journal of
Botany, doi:10.1155/2010/989152.

BOLKHOVSKIKH Z, GRIF V, MATVEJEVA T, and ZAKHARYEvVA O.
1969. Chromosome Number of Flowering Plants.
Academy of Science of the USSR. V.L, Komarov
Botanical Institute.

BonE E, and FARREs A. 2001. Trends and rates of microevolu-
tion in plants. Genetica 112-113: 165-182.

CarrOLL SP, HENDRY AP, Reznick DN, and Fox CW. 2007.
Evolution on ecological time-scales. Functional Ecology
21: 387-393.

CAVALIER-SMITH T. 2005. Economy, speed and size mater: evo-
lutionary forces driving nuclear genome miniaturization
and expansion. Annals of Botany 95: 147-175.

Couraup J, BarGHI N, LEFEBVRE C, and SILJAK-YAKOVLEV S.
1999. Cytogenetic variation in populations of Armeria
maritima (Mill.) Willd. in relation to geographical distri-
bution and soil stress tolerances. Canadian Journal of
Botany 77: 673-685.

D'AmaTo F. 1991. Nuclear changes in cultured plant cells.
Caryologia 44(3-4): 217-224.

DEGENHARDT RF, SPANER D, HARKER KN, RaaTz LL, and HALL
LM. 2005. Plasticity, life cycle and interference potential
of field violet (Viola arvensis Murr.) in direct-seeded
wheat and canola in central Alberta. Canadian Journal
of Plant Science 85: 271-284.

DoBRrzANSKA J. 1955. Flora and ecological studies on calamine
flora in the district of Boleslaw and Olkusz. Acta
Societatis Botanicorum Poloniae 24(2): 257-407.

DOLEZEL J, SGORBATI S, and LUCRETTI S. 1992. Comparison of
three DNA fluorochromes for flow cytometric estimation
of nuclear DNA content in plants. Physiologia
Plantarum 85: 625-631.

DoLEZEL J, and GOHDE W. 1995. Sex determination in dioe-
cious plants Melandrium album and M. rubrum using
high-resolution flow-cytometry. Cytometry 19: 103-106.

DoLEZEL J, and BARTOS J. 2005. Plant DNA flow cytometry and
estimation of nuclear genome size. Annals of Botany
95(1): 99-110.

DoLEZEL J, GREILHUBER J, and Supa J. 2007. Flow Cytometry
with Plant Cells. Analysis of Genes, Chromosomes and
Genomes. Wiley-VCH, Weinheim.

ERBEN M. 1996. The significance of hybridization on the form-
ing of species in the genus Viola. Bocconea 5: 113-118.

ErnsT WHO, KNOLLE F, KraTZ S, and ScHUNG E. 2004. Aspects
of ecotoxicology of heavy metals in the Harz region - a
guided excursion. Landbauforschung Vélkenrode 54:
53-71.

GARRIDO MA, JAMILENA M, LozaNO R, Riuz REJON C, Riuz REJON
M, and PARKER JS. 1994. rDNA site number polymor-
phism and NOR inactivation in natural populations of
Allium schoenoprasum. Genetica 94: 67-71.



14 Sto

www.czasopisma.pan.pl P N www.journals.pan.pl

a

POLSKA AKADEMIA NAUK

GasMaNOVA N, LEBEDA A, DOLEZALOVA I, et al. 2007. Genome
size variation of Lotus peregrinus at Evolution
Canyon I microsite, lower Nahal Oren, Mt. Carmel,
Israel. Acta Biologica Cracoviensia series Botanica
49(1): 39-46.

GORraLskl G, LuBczyNska P, and JoAcHIMIAK AdJ. 2009.
Chromosome number database.
http://www.binoz.uj.edu.pl:8080/chromosomesy/.

GREGER M. 2004. Metal availability, uptake, transport and
accumulation in plants, In: Prasad, MNV [ed.], Heavy
Metal Stress in Plants. From Biomolecules to
Ecosystems, 1-27. Springer, Berlin, Heidelberg, New
York, Hong Kong, London, Milan, Paris, Tokyo.

GREGORY TR. 2002. Genome size and developmental complex-
ity. Genetica 115: 131-146.

GREGORY TR. 2005. The C-value enigma in plants and animals:
A review of parallels and an appeal for partnership.
Annals of Botany 95(1): 133-146.

GREILHUBER J. 1998. Intraspecific variation in genome size: A
critical reassessment. Annals of Botany 82 (Suppl. A):
27-35.

GREILHUBER J. 2005. Intraspecific variation in genome size in
Angiosperms: identifying its existence. Annals of Botany
95: 91-98.

GREILHUBER J. 2008. Cytochemistry and C-values: the less-well
known world of nuclear DNA amounts. Annals of Botany
101(6): 791-804.

Grzes IM. 2007. Does rare Gentianella germanica (Wild.)
Borner originating from calamine spoils differ in select-
ed morphological traits from reference populations?
Plant Species Biology 22: 49-52.

HENDRY AP, and Kinnison MT. 2001. An introduction to
microevolution: rate, pattern, process. Genetica
112-113: 1-8.

HILDEBRANDT U, HOEF-EMDEN K, BACKHAUSEN S, BoTHE H, BoZEK M,
Swta A, and Kuta E. 2006. The rare, endemic zinc violets
of Central Europe originate from Viola lutea Huds. Plant
Systematics and Evolution 257(3-4): 205-222.

HILDEBRANDT U, REGVAR M, and BoTHE H. 2007. Arbuscular
mycorrhiza and heavy metal tolerance. Phytochemistry
68(1): 139-146.

JonEs K. 1978. Aspects of chromosome evolution in higher
plants. In: Woolhouse HW [ed.], Advances in Botanical
Research, 120-193. Academic Press, London, New York,
San Francisco.

JonEs RN, and Rees H. 1982. B Chromosomes. Academic
Press, London, New York, Paris, San Francisco, Sao
Paulo, Sydney, Tokyo, Toronto.

KALENDAR R, TANSKANEN J, IMMONEN S, NEvo E, and ScHuLMAN AH.
2000. Genome evolution of wild barley (Hordeum spon-
taneum) by BARE-1 retrotransposon dynamics in
response to sharp microclimatic divergence.
Proceedings of the National Academy od Sciences
97(12): 6603-6607.

KLEkOwsKI EJ. 1998. Mutation rates in mangroves and other
plants. Genetica 102-103: 325-331.

KLEkOwsKI EJ JR, and GODFREY PJ. 1989. Ageing and mutation
in plants. Nature 340: 389-391.

KLEKOWSKI EJ, KAZARINOVA-FUKSHANSKY N, and FUKSHANSKY L.
1985. Shoot apical meristems and mutation-stratified
meristems and angiosperm evolution. American Journal
of Botany 72: 1788-1800.

KniGHT CA, MoLinarl NA, and PETrov DA. 2005. The large
genome constraint hypothesis: evolution, ecology and
phenotype. Annals of Botany 95(1): 177-190.

KraHuLcOovA A, KraHULEC F, and KIRSCHNER J. 1996.
Introgressive hybridization between a native and an
introduced species: Viola lutea subsp. sudetica versus
V. tricolor. Folia Geobotanica et Phytotaxonomica 31:
219-244.

Laust D, and Cusma VERALI T. 1986. Caryological and mor-
phological investigations on a new zinc violet (Cave del
Predil, Western Julian Alps, NE-Italy). Studia
Geobotanica 6: 123-129.

LeEe M, and Puiips RL. 1988. The chromosomal basis of
somaclonal variation. Annual Review of Plant
Physiology and Plant Molecular Biology 39: 413-437.

MaruszyNska J, and SiwiNska D. 2004. Wielkosé genomu
roslinnego. Postepy Biologii Komorki 31, suppl. 22:
101-114.

MEDINA MH, CoRrrEA JA, and Barata C. 2007. Micro-evolution
due to pollution: possible consequences for ecosystem
responses to toxic stress. Chemosphere 67: 2105-2114.

MELLEROWICZ EJ, BAUCHER M, SUNDBERG B, and BOERJAN W.
2001. Unravelling cell wall formation in the woody dicot
stem. Plant Molecular Biology 47(1-2): 239-274.

Murray BG. 2005. When does intraspecific C-value variation
become taxonomically significant? Annals of Botany
95(1): 119-125.

NkoncoLo KK, DEck A, and MicHAEL P. 2001. Molecular and
cytological analyses of Deschampsia cespitosa popula-
tions from Northern Ontario (Canada). Genome 44:
818-825.

OHRI D. 1998. Genome size variation and plant systematics.
Annals of Botany 82: 75-83.

PavLicek T, BUReS P, HorovA L, RaskiNna O, and Nevo E. 2008.
Genome size microscale divergence of Cyclamen per-
sicum in Evolution Canyon, Israel. Central European
Journal of Biology 3(1): 83-90.

PerTit RJ, and HampE A. 2006. Some evolutionary conse-
quences of being a tree. Annual Review of Ecology,
Evolution, and Systematics 37: 187-214.

PricE HJ, CHAMBERS KL, and BacHManN K. 1981. Genome size
variation in diploid Microseris bigelovii (Asteraceae).
Botanical Gazette 142: 156-159.

PricE HJ. 1988. Nuclear DNA content variation within
Angiosperm species. Evolutionary Trends in Plants 2(1):
51-60.

RaskiNa O, BELYAYEV A, and NEvo E. 2004. Quantum speciation
in Aegilops: molecular cytogenetic evidence from rDNA
cluster variability in natural populations. PNAS 101(41):
14818-14823.

Raskina O, BarRBErR JC, NeEvo E, and BELYAYEV A. 2008.
Repetitive DNA and chromosomal rearrangements: spe-
ciation-related events in plant genomes. Cytogenetic and
Genome Research 120: 351-357.

RAYBURN L, and WETZEL JB. 2002. Flow cytometric analyses of
intraplant nuclear DNA content variation induces by
sticky chromosomes. Cytometry 49: 36-41.

SEDEL'NIKOVA T'S, and PIMENOvV AV. 2007. Chromosomal muta-
tions in Siberian Larch (Larix sibirica Ladeb.) on Taimyr
Peninsula. Biology Bulletin 34(2): 198-201.

SEEHAUSEN O, Takmoro G, Roy D, and JokeLa J. 2008.
Speciation reversal and biodiversity dynamics with



www.czasopisma.pan.pl P N www journals.pan.pl
Heavy metal poll iola tricolor genome 15

POLSKA AKADEMIA NAUK

hybridization in changing environments. Molecular
Ecology 17: 30-44

SroMKA A, LiBIK-KoNIECZNY M, KuTa E, and MiszaLski Z. 2008.
Metalliferous and non-metalliferous populations of Viola
tricolor represent similar mode of antioxidative
response. Journal of Plant Physiology 165: 1610-1619.

SroMKA A, KawALEC P, KELLNER K, JEDRZEJCZYK-KORYCINSKA M,
RostaNsKI A, and Kuta E. 2010. Was reduced pollen via-
bility in Viola tricolor L. the result of heavy metal pollu-
tion or rather the test applied? Acta Biologica
Cracoviensia Series Botanica 52(1): 123-127.

StoMka A, Kurta E, SzarRek-Lukaszewska G, Gobpzik et al.
2011a. Violets of the section Melanium, their coloniza-
tion by arbuscular mycorrhizal fungi and their occur-
rence on heavy metal heaps. Journal of Plant Physiology
168: 1191-1199.

SLOMKA A, SUTKOWSKA A, SZCZEPANIAK M, MALEc P, MITKA J,
and Kuta E. 2011b. Increased genetic diversity of Viola
tricolor L. (Violaceae) in metal-polluted environments.
Chemosphere 83: 435-442.

SLOMKA A, JEDRZEJCZYK-KORYCINSKA M, ROsTANSKI A, KARCZ J,
KawaLEc P, and Kuta E. 201 1c. Heavy metals in soil affect
reproductive processes more than morphological charac-
ters in Viola tricolor. Environmental and Experimental
Botany, doi: 10.1016/j.envexpbot.2011.07.003

Stace CA. 1991. Plant Taxonomy and Biosystematics.
Cambridge: Cambridge University Press.

STEINKELLNER H, MUN-SIK K, HELMA C, ECKERs S et al. 1998.
Genotoxic effects of heavy metals: Comparative investiga-

tion with plant bioassays. Environmental and Molecular
Mutagenesis 31(2): 183-191.

STOoCKWELL CA, HENDRY AP, and Kinnison MT. 2003.
Contemporary evolution meets conservation biology.
Trends in Ecology and Evolution 18(2): 94-101.

Smarpa P, BURES P. 2010. Understanding intraspecific varia-
tion in genome size in plants. Preslia 82: 41-61.

TeEmscH EM, TemscH W, EHRENDORFER-SCHRATT L, and
GREILHUBER J. 2010. Heavy metal pollution, selection,
and genome size: the species of the Zerjav study
revised with flow cytometry. Journal of Botany, doi:
10.1155/2010/596542.

TurpPEINEN T, KuLmaLA J, and NEvo E. 1999. Genome size vari-
ation in Hordeum spontaneum populations. Genome
42: 1094-1099.

VERLAQUE R, and EspeuT M. 2007. IAPT/IOPB chromosome
data 3. Taxon 56(1): 209.

Vibic T, GREILHUBER J, VILHAR B, and DERMASTIA M. 2009.
Selective significance of genome size in a plant commu-
nity with heavy metal pollution. Ecological Applications
19: 1515-1521.

WIERzBICKA M, and RostaNski A. 2002. Microevolutionary
changes in ecotypes of calamine waste heap vegetation
near Olkusz, Poland: a review. Acta Biologica
Cracoviensia Series Botanica 44: 7-19.

YOCKTENG R, BaLLarD HE JR, MansioN G, Dajoz I, and Napor S.
2003. Relationship among pansies (Viola section
Melanium) investigated using ITS an ISSR markers.
Plant Systematics and Evolution 241: 153-170.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


