Annals of Botany 102: 599-607, 2008

doi:10.1093/a0b/mcn133, available online at www.aob.oxfordjournals.org

OXFORD JOURNALS

OXFORD UNIVERSITY PRESS

Intrapopulation Genome Size Dynamics in Festuca pallens

PETR SMARDA*, PETR BURES, LUCIE HOROVA and OLGA ROTREKLOVA
Masaryk University, Faculty of Science, Department of Botany and Zoology, Kotldrska 2, CZ-611 37 Brno, Czech Republic

Received: 25 April 2008 Returned for revision: 22 May 2008 Accepted: 17 June 2008 Published electronically: 5 August 2008

e Background and Aims It is well known that genome size differs among species. However, information on the vari-
ation and dynamics of genome size in wild populations and on the early phase of genome size divergence between
taxa is currently lacking. Genome size dynamics, heritability and phenotype effects are analysed here in a wild popu-
lation of Festuca pallens (Poaceae).

e Methods Genome size was measured using flow cytometry with DAPI dye in 562 seedlings from 17 maternal
plants varying in genome size. The repeatability of genome size measurements was verified at different seasons
through the use of different standards and with propidium iodide dye; the range of variation observed was tested
via analysis of double-peaks. Additionally, chromosome counts were made in selected seedlings.

e Key Results and Conclusions Analysis of double-peaks showed that genome size varied up to 1-188-fold within all
562 seedlings, 1-119-fold within the progeny of a single maternal plant and 1-117-fold in seedlings from grains of a
single inflorescence. Generally, genome sizes of seedlings and their mothers were highly correlated. However, in
maternal plants with both larger and smaller genomes, genome sizes of seedlings were shifted towards the popu-
lation median. This was probably due to the frequency of available paternal genomes (pollen grains) in the popu-
lation. There was a stabilizing selection on genome size during the development of seedlings into adults, which may
be important for stabilizing genome size within species. Furthermore, a positive correlation was found between
genome size and the development rate of seedlings. A larger genome may therefore provide a competitive advan-
tage, perhaps explaining the higher proportion of plants with larger genomes in the population studied. The reason
for the observed variation may be the recent induction of genome size variation, e.g. by activity of retrotransposons,
which may be preserved in the long term by the segregation of homeologous chromosomes of different sizes during
gametogenesis.

Key words: Nuclear DNA content, intraspecific variation, genome size evolution, heritability, stabilizing selection,

grasses, flow cytometry.

INTRODUCTION

It is well known that genome size varies considerably among
species and that genome size diversification accompanies the
evolution of many species and species groups (Bennett and
Leitch, 2005; Leitch er al., 2005; Gregory et al., 2007).
This is frequently due to chromosomal variations (including
polyploidy), but considerable differences also exist among
closely related species with the same chromosome number.
A species of this type was the main focus of the present
study. An understanding of the molecular mechanisms of
such genome size variation is developing as the result
of the increasing number of published genome sequences
of model species. Most of this variation is mostly associated
with transposable elements amplification and removal
(SanMiguel et al., 1996; SanMiguel and Bennetzen, 1998;
Bennetzen, 2002; Bennetzen er al.,, 2005; Vitte and
Panaud, 2005; Vitte and Bennetzen, 2006). However, little
is currently known about the actual dynamics of genome
size and its heritability in wild populations. These issues
are of crucial importance in the understanding of early
stages of the evolution of new taxa that differ in genome
size. The nature of the molecular processes responsible for
genome size divergence among related taxa, e.g. the
accumulation of relatively small changes due to retrotranspo-
son activity (Bennetzen et al., 2005), indicates that genome
size diversification among species is not a saltatory event,
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but is instead a gradual process. For this reason, some intra-
population and intraspecific variation in genome size
appears to be a prerequisite for this evolutionary process to
occur.

In the past, detailed studies of intraspecific variation in
genome size were limited by methodical difficulties, and
the results of many earlier papers have been shown to be
doubtful or completely wrong (cf. Greilhuber, 1998, 2005).
Recently, it has been shown that flow cytometry measure-
ments of two co-processed samples that result in separate
peaks, a double-peak or a bimodal peak, provides unam-
biguous evidence of intraspecific variation in genome
size (Michaelson et al., 1991; Dolezel and Godhe, 1995;
Greilhuber, 2005; Greilhuber et al., 2007). Using this
method, considerable variation in genome size in the peren-
nial grass Festuca pallens has been revealed. Both ploidy
levels (diploid and tetraploid) known within this species
exhibit considerable (up to 1-17-fold) variation in genome
size (Smarda, 2006; Smarda and Bures, 2006). In this
example, the overall geographical pattern in genome size
may be related to interglacial migration and survival, as
well as to ongoing allopatric speciation (Smarda, 2006;
Smarda and BureS, 2006; Smarda et al., 2007a). In
F. pallens, diploids with larger genomes are found mainly
in south-east Europe and in relict habitats such as rocks in
deep river valleys, locations where they were able to
survive during the last ice age. The tetraploids form three
geographically separate groups with different genome sizes
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(gmarda and Bures, 2006). Over the whole distribution
area, both ploidy levels exhibit frequently detectable (up to
1.12-fold) intrapopulation variation in genome size
(Smarda and Bures, 2006; Smarda er al., 2007a).

The main objective of the present study was an analysis of
genome size dynamics in a model tetraploid population of
F. pallens, a species with large variation in genome size.
Based on a comparison of the genome sizes of selected
maternal plants with varying genome size, their offspring
and the genome sizes of the entire population of adult plants
from a previous study (Smarda et al., 2007a), the current
aims were to answer the following questions. (1) What is the
range of variation in genome size among offspring of a
maternal plant? (2) Is there any relationship between the
genome size of a maternal plant and its offspring? (3) Is
there any difference in the variation of genome size between
adult plants and seedlings? Is there any selection on genome
size during the development of seedlings into adults? (4)
Does genome size affect the development rate of seedlings?

MATERIALS AND METHODS
Model species and locality

Festuca pallens Host (Poaceae, Gramineae) belongs to a
species-rich and recently diverging group of Eurasian
narrow-leaved fescues (Festuca L. section Festuca). It is a
tussocky and allogamic wind-pollinated species (Auquier,
1977). Its natural range is restricted to central Europe
(from northern France to southern Romania) where it
grows in relict habitats such as rocky steppes, rock outcrops,
on steep slopes of deep river valleys, in mountain gorges
and in karstic landscapes, and at altitudes between 100
and 1500 m. From a taxonomic point of view, the
F. pallens population on Svaty KopeCek Hill belongs to
the Pannonian tetraploid type (Smarda and Ko&i, 2003;
Smarda and Bure§, 2006), in a narrow taxonomic concept
treated together with other tetraploids such as Festuca csik-
hegyensis Simonkai (Smarda et al., 2007b).

Svaty Kopecek Hill is a limestone hill situated above the
town of Mikulov on the southern edge of the Pavlov Hills
(southern Moravia, Czech Republic, WGS84 co-ordinates
+48°4822"N, 16°38'45”E), with an altitude ranging from
250 to 360 m. Approximately 35 % of the locality is
covered by various types of rocky steppe vegetation, with
F. pallens frequently occurring as the dominant or co-domi-
nant species. The treeless patches may be considered relict
habitats, supporting naturally treeless vegetation. This has
made it possible for steppe plants (including F. pallens) to
survive for a long time, probably through the last ice age
(Smarda et al., 2007a), A previous study of 171 tetraploid
plants in this locality (Smarda ez al., 2007a) revealed an up
to 1-115-fold difference in genome size within the population
and demonstrated that this genome size difference has a
random spatial distribution across the site and is not corre-
lated with any environmental variables.

Plant sampling and cultivation

Seeds were collected in early July 2006 from 17 plants
selected randomly from across the site. From each plant,
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25-80 seeds were obtained. Maternal plants were trans-
planted into clay pots and cultivated under field conditions
in a garden. In late August, if available, up to 50 seeds from
each maternal plant were sown in plastic seed-boxes filled
with garden soil. The boxes were embedded into the soil
in the garden and cultivated under field conditions over
the winter of 2006/2007. The cultivation yielded 562 seed-
lings, from which the numbers of leaves were recorded and
genome size was measured in early July 2007 (approxi-
mately 10 months after sowing). Only 23 seedlings of
those germinated did not survive and therefore were not
analysed. In November 2007, a sample of 32 seedlings
that covered the entire variation range of genome sizes
was transferred to a cold greenhouse and these were used
for additional measurements.

Genome size, development rate and chromosome number
analyses

Genome size was estimated by flow cytometry with
DAPI staining. Measurements were made at the Institute
of Botany and Zoology, Masaryk University, Brno, with
the same methods and the same instrument (PA-I Partec
ploidy analyser) as in the studies of Smarda and Bure§
(2006) and Smarda et al. (2007a). A portion of a young
tiller leaf was measured together with an internal standard
(a portion of a leaf originating from one individual of
Pisum sativum ‘Ctirad’). A total of 5000 cells were
analysed in each measurement. The average coefficient
of variation (CV) of samples, and standard peaks of all
measurements, was 1-55 %. Previous tests on the instrument
used show that at this measurement accuracy, there is a 95 %
probability that the value measured differs by less than
1-010-fold from the true value (Smarda and Bures, 20006).
Either separate peaks or clear double peaks, in simultaneous
measurements of the most contrasting samples, confirmed
the range of intraspecific genome size variation in the off-
spring of one maternal plant, and within all plants investi-
gated. The genome size ratios of 22 pairs of contrasting
samples calculated from individual seedling measurements,
and those calculated from double peaks, were highly corre-
lated (Pearson correlation, R = 0-933; P < 0-001; Fig. 1),
thus supporting the reliability of the individual measure-
ments. Although DAPI is an AT-selective dye that provides
measurements of relative DNA content, the results on
Festuca pallens were highly correlated with measurements
made with intercalating dyes, for example propidium
iodide (PI). Based on this correlation, the results are there-
fore also applicable in terms of absolute genome size
(Smarda and Bures, 2006). Repeatability of the measure-
ments was further tested on the 32 selected tetraploid seed-
lings in early December. In this experiment seedlings were
measured in parallel with DAPI and PI dyes, according to
the method used by Smarda and Bures (2006: p. 668). As
the peaks from the flow cytometry analysis of seedlings
and Pisum sativum overlapped when PI dye was used, as
an alternative a single individual of the hexaploid Festuca
rupicola (sample F886, 2C = 14.295 pg) was used as an
internal standard. The measurements were repeated three
times and averaged. The results of measurements with
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Fi1Gc. 1. Correlation of differences in genome size between samples calculated from a comparison of individual measurements and those obtained from
double peaks (see Figs 4 and 5).

0-74 T T T T T T T T T T T

072 DAPI = 1.001PI — 0-009 T
R=0.978 o)

0.70

0-68

DAPI

0-66

0-64

0-62

0‘60 1 1 1 1 1 1 1 1 1 1 1
0-62 0-64 0-66 0-68 0-70 072 0-74

Pl

Fi1G. 2. Correlation of genome size measurements with DAPI and PI dyes performed in December 2007 with Festuca rupicola as internal standard.

DAPI and PI dyes were highly linearly correlated (R= and those from early December (R = 0.955, Fig. 3),
0-978, Fig. 2), with the slope of the regression line very which indicates high repeatability of the measurements
close to 1. The strong linear correlation was also confirmed and the absence of any bias resulting from seasonal vari-
between the original DAPI measurements from early July ation in the content of metabolite compounds.
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Fi1G. 3. Comparison of genome size measurements with DAPI dye made on the same samples in different seasons and using different internal standards.

When counting the number of leaves as a relative
measure of seedling development rate (Nemoto et al.,
1995; McMaster, 1997, 2005), both dead and fresh green
leaves were considered, and also including those with the
apex just emergent from the tiller sheath. In eight seedlings
with contrasting genome sizes, the number of metaphase
chromosomes was counted (one to six per plant) in root
tips using a modified aceto-orcein method (Smarda and
Kodci, 2003).

Statistical treatment

The normality of the data was tested with the Shapiro—
Wilk test at a significance level of P < 0-1. The Pearson
parametric correlation was used to test the relationship
between the maternal genome size and the median genome
size of seedlings, and the percentage of seedlings with
genome size smaller than that of their mother. The corre-
lation of the measurements using both DAPI and PI dyes
and the repeatability of DAPI measurements in different
seasons were tested with linear regression (Figs 2 and 3).
The overall correlation of the genome size and the number
of leaves in seedlings was tested with the Spearman rank cor-
relation and was subsequently validated by repeating ana-
lyses from which the offspring of each of 17 maternal
plants was omitted. The correlation always remained signifi-
cant (P < 0-04) or became only marginally significant (P =
0-052) after the offspring of plant 16 had been omitted.

The Kolmogorov—Smirnov D-statistic (K-S D; the largest
absolute difference between the observed and expected
distributions) was used to find the best fitting distributions
of genome sizes in seedlings and adult plants. The following

distribution functions were tested: extreme value (Gumbel),
log-normal, normal, Weibull, Rayleigh and exponential. As
the relative genome sizes reported by Smarda et al. (2007a)
were measured with a different standard, a diploid plant of
Festuca pallens (sample F1229), the original values were
re-calculated by using the known sample/standard ratio of
sample F1229 with the standard used here, Pisum sativum
‘Ctirad’ (F1229/Pisum = 0-388944).

To compare genome sizes of seedlings with the previous
results in 171 adult plants (Smarda et al., 2007a), (1) 1000
random selections of 171 from 562 available seedlings
were simulated, and (2) as the data on adult plants
(Smarda et al., 2007a) had been calculated as an average
of three measurements and therefore have a smaller esti-
mation error, 1000 possible data sets of genome sizes of
171 adult plants were simulated by multiplying each of the
171 averaged values with a measurement error (single
measurement/measurements average ratio) selected ran-
domly from the 513 errors of the original data. This pro-
cedure simulated the results that would have been obtained
if adult plants had been measured only once. Simulations
were also repeated while omitting the offspring of each of
17 maternal plants and, as smaller genomes were slightly
overrepresented in maternal plants, by removing seedlings
of three maternal plants with the smallest genomes (plants
02, 03 and 10). This last step was performed in order to
achieve similar median genome sizes of maternal plants
and adult plants in the site (Mann—Whitney test, P > 0-3).
The genome size range was calculated for each of 1000
simulations, and the differences between genome size
ranges of seedlings and adult plants were tested with the
Mann—Whitney test. All analyses gave very similar results
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with genome size ranges always significantly larger in
seedlings than in adult plants (P < 0-001).

The statistical tests were calculated in the Statistica 7-1
program (StatSoft Inc., 2005). The simulations were calcu-
lated with the random number generator in Microsoft
Excel 2003.

RESULTS AND DISCUSSION
Considerable genome size variation in progeny

The cultivation yielded 562 seedlings that varied consider-
ably in genome size, even within offspring of a single
maternal plant. By comparing contrasting samples among
seedlings of a particular maternal plant in simultaneous
measurements, it was verified by double-peaks that consider-
able differences in genome size existed within the offspring
of 13 maternal plants. The differences in genome size of
the offspring of the remaining four maternal plants were
below detection limits, i.e. lower than approximately
1-04-fold. As shown by the presence of double peaks,
genome size varied up to 1-188-fold within all 562 seedlings
(Fig. 4), and 1-119-fold within the offspring of a single
maternal plant (Fig. 5; see also Supplementary Information
1, available online). The latter value is very close to the
maximum genome size variation recorded in this locality
within the entire population of adult plants (1-115-fold;
Smarda et al.,2007a). At maximum, an up to 1-117-fold vari-
ation was documented, even within seedlings grown from
grains collected from a single panicle (plant 12, Fig. 5).
The distribution of genome sizes both within the offspring
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of a particular maternal plant and that of all seedlings was
generally continuous with a central peak (Fig. 6A). The
positive (right) skew indicates a slightly higher proportion
of seedlings with large genomes, as was the case with the
population of adult plants previously studied from the same
site (Smarda et al., 2007a). Compared with the 1-164-fold
variation found in the tetraploid F. pallens within the
whole distribution range (Smarda and Bures, 2006), the
results indicate that similar variation in genome size may
occur in a single population, and a great deal of this variation
may occur even among the offspring of a single maternal
plant. This variation also forms a great portion of the
genome size variation recorded within the whole Festuca
section Festuca, being about 1.245-fold among 57 taxa
measured thus far (Smarda et al., 2008).

By counting chromosomes of eight seedlings with con-
trasting genome sizes (Fig. 7), this variation was shown
to be not caused by chromosome number irregularities.
The main reason for such variation may be in the amount
of repetitive DNA, especially retrotransposons, which is
known to be a frequent source of genome size variation
in grasses (SanMiguel and Bennetzen, 1998; Gaut, 2002;
Li et al., 2004) and other angiosperms (Bennetzen et al.,
2005; Vitte and Panaud, 2005; Vitte and Bennetzen, 2006).

Genome size dynamics, inheritance and the role
of stabilizing selection

To observe the dynamics of genome size in a population,
genome sizes of seedlings were compared with those of
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FiG. 4. The maximum 1-188-fold difference in genome size within seedlings shown as clearly separated peaks. Results were obtained by simultaneous
flow cytometry measurements of the two most contrasting seedlings.
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Fi1G. 5. Clear differences in genome sizes among the offspring of individual maternal plants, as evidenced by double-peaks or bimodal peaks in flow
cytometry histograms. Results were obtained by simultaneous measurements of two contrasting seedlings. Seedling numbers are indicated at each peak
(maternal plant number-seedling serial number). The peak ratio is given above particular histograms.

171 adult plants collected randomly over the whole locality
in a previous study (Smarda et al., 2007a). Simulations
showed that extremely small or large genomes occur in seed-
lings with higher frequencies than in the population of adult
plants, and that genome size range in seedlings is on average
larger (about 1-05-fold) than in adult plants (P < 0-001;
Fig. 6B). This provides clear evidence for the existence of
stabilizing selection on genome size during the development
of seedlings. The existence of such selection is important
for the restriction of genome size variation generated
within a population, and for stabilizing genome size within
a species. As adult tussocks of F. pallens are usually
tens of years old, the reduced variation in genome size
among adult plants across the study site is an ‘average’
effect of long-term selection pressure. In annual plants the
trend for this selection may vary in different years and
under extreme environmental conditions, as documented by
the differences in genome sizes of the same populations of
the annual Microseris douglasii between wet and extreme

drought years (Price et al., 1986). However, similar differ-
ences in genome size that were reported as being correlated
with ecological conditions were repeatedly disproved by
the application of more accurate methods (Greilhuber,
1998, 2005), and the question of seasonal or ecological vari-
ation in the trend for selection on genome size remains
unanswered.

In the F. pallens population studied, the median genome
size of the offspring was positively correlated with the
genome size of their maternal plants (R=0-817, P<
0-001). However, the genome sizes of the offspring of par-
ticular plants were shifted towards the population median of
adult plants (Smarda et al., 2007a), and this shift was larger
with increasing differences between the genome size of
the maternal plant and the population median (P = 0-011;
Fig. 8). As F. pallens is predominantly allogamous, with
only 0-2% of florets capable of producing seeds from
selfing (Auquier, 1977), this shift is assumed to be an
effect of paternal genomes. The progeny from intraspecific
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Fi1G. 6. Comparison of probability distributions of genome sizes in seedlings and adult plants in the study site. (A) The raw data from 562 seedlings and

171 adult plants; (B) the sum of 1000 simulations including 171 values from both datasets (see Supplementary Information available online). Data are

fitted with the extreme value (Gumbel) distribution function. The simulated data (B) shows the effect of stabilizing selection on genome size during the
development of seedlings.

crossings vary in genome size between parental genomes
(Price et al., 1983; Rayburn et al., 1993), and the likelihood
that a floret is pollinated by a pollen grain with a smaller or
larger genome than that of the maternal plant increases with
an increasing difference between the genome size of a par-
ticular maternal plant and the population average. This is
true because the genome size of pollen grains necessarily
has a distribution similar to the genome size of the entire
population.

The variation in genome size of the progeny from intras-
pecific crossings of plants with different, or even with the
same, genome sizes (Price et al., 1983; Rayburn et al.,
1993) may be explained by the segregation of homeologous
chromosomes of different sizes, as assumed by crossing
experiments in Lolium (Gupta and Rees, 1975; Hutchinson
etal., 1979). Hypothetically, all gametic chromosomal com-
binations that might have given rise to a particular plant (in
the population studied such a plant originated with high
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Fi1G. 7. Somatic metaphases in root tips of eight seedlings with contrast-
ing genome sizes. All samples had the same chromosome number, 2n =
28. Scale bars = 20 pum.

probability from the crossing of parents differing in genome
size) may appear in gametes produced by this plant.
Theoretically, this mechanism would ensure that seedlings
will have genome size variation equal to the adult plants.
In F. pallens this may be the reason for the very similar
maximum differences in genome sizes observed within
progeny of a single maternal plant (1-119-fold) and that of
the entire population of adult plants (1-115-fold; Smarda
et al., 2007a). In the absence of direct selection, the
described mechanism makes possible the fixation and long-
term persistence of genome size variation once generated. If
this were a common case in F. pallens, it could explain the
frequently observed occurrence of intrapopulation variation
in genome size in this species (cf. Smarda and Bures, 2006).

N1
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Although the above scenario potentially explains the up
to 1-115-fold variation observed within adult plants, it
does not cover the overall 1-188-fold variation within the
entire offspring population. One of the reasons may be
that the population studied is a remnant of a historically
more variable one, influenced by ongoing stabilizing selec-
tion. However, this explanation would contradict the fact
that (1) the variation observed in the offspring of the popu-
lation studied is larger than that observed among all indi-
viduals studied from the entire distribution range of the
species, and (2) the recent genome sizes found in the
locality are the highest among all tetraploids (cf. Smarda
and Bure§ 2006). Therefore, this unexpected variation
may be a consequence of a recently induced genome size
variation, e.g. by retrotransposon activity, as shown in
another climatically contrasting site for Hordeum sponta-
neum (Kalendar et al., 2000).

Effect of genome size on development rate

Using number of leaves in seedlings as a measure of
relative development rate, a positive correlation of this
parameter with genome size was found (P < 0-02). Rapid
growth may offer a competitive advantage in grasslands
(Silvertown and Lovett Doust, 1993) and increase the prob-
ability of seedling establishment in extreme rocky habitats
where suitable growth conditions usually last for a short
time. The competitive advantage or higher survival rate
of large genomes may be one of the main reasons for
their higher proportion within the population and therefore
explain (1) the positively skewed statistical distribution of
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Fi1G. 8. Correlation of the maternal genome size and the percentage of seedlings with genomes smaller than that of their mother (in black). Although

maternal and seedling genome sizes were highly correlated, this graph shows that the genome sizes of the offspring of maternal plants with smaller or

larger genomes were shifted towards the population median, and that this shift was larger with an increasing difference between the genome size of the
maternal plant and the population median. This shift is assumed to be an effect of available paternal genomes.
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genome sizes, and (2) the increase in genome size when
compared with geographically proximate populations (cf.
Smarda and Bures, 2006).

The selective advantage of large genomes in the popu-
lation studied is in contrast to (1) nucleotype theory that
expects slower development of plants with larger
genomes owing to the increased replication cost of larger
amounts of DNA during mitosis and meiosis (Bennett,
1971; Evans and Rees, 1971) and (2) the prevalence of
smaller genomes within F. pallens populations in non-relict
habitats_and in the north-western part of its distribution
range (Smarda and Bures, 2006), an area strongly influ-
enced by the last glaciation (Lang, 1994). At present, we
can only speculate about the molecular basis of this
correlation as it may also reflect the polyploid origin of
the population studied. Further research should examine
whether this pattern is more widespread.

SUPPLEMENTARY INFORMATION

Supplementary Information is available online at www.aob.
oxfordjournals.org/ and gives results for (1) individual flow
cytometry measurements with DAPI dye, (2) summary of
these measurements for each maternal plant, and (3)
average sample/standard ratios from parallel measurements
of samples with DAPI and PI dyes.
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