Preslia 82: 81-96, 2010 81

Naturalized plants have smaller genomes than their non-invading
relatives: a flow cytometric analysis of the Czech alien flora
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Genome size has been suggested as one of the traits associated with invasiveness of plant species. To
provide a quantitative insight into the role of this trait, we estimated nuclear DNA content in 93 alien
species naturalized in the Czech Republic, belonging to 32 families, by using flow cytometry, and
compared it with the values reported for non-invading congeneric and confamilial species from the
Plant DNA C-values database. Species naturalized in the Czech Republic have significantly smaller
genomes than their congeners not known to be naturalized or invasive in any part of the world. This
trend is supported at the family level: alien species naturalized in the Czech flora have on average
a smaller genome than is the mean value for non-invading confamilials. Moreover, naturalized and
non-invading species clearly differed in the frequency of five genome size categories; this difference
was mainly due to very small genomes prevailing and intermediate to very large genomes under-
represented in the former group. Our results provide the first quantitative support for association of
genome size with invasiveness, based on a large set of alien species across a number of plant fami-
lies. However, there was no difference in the genome size of invasive species compared to natural-
ized but non-invasive. This suggests that small genome size provides alien plants with an advantage
already at the stage of naturalization and need not be necessarily associated with the final stage of
the process, i.e. invasion.

Keywords: alien plants, confamilials, congeners, C-value, flow cytometry, genome size, inva-
sive species, large genome constraint hypothesis, nuclear DNA content, plant invasions

Introduction

The numbers of invasive species in various parts of the world continue to increase, repre-
senting a serious threat to biodiversity worldwide (e.g. Meyerson & Mooney 2007,
Blackburn et al. 2009, Hulme et al. 2009b, McGeoch et al. 2010). As a result, biological
invasions have been receiving serious attention from both scientists and practitioners and
research in invasive plant and animal species has been increasing exponentially (e.g. Crall
et al. 2006, Pysek et al. 2006, 2008, Lambdon et al. 2008, Ricciardi & Maclsaac 2008,
Chytry et al. 2009, DAISIE 2009, Davis 2009). The knowledge of ecological impacts on
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native biodiversity and ecosystem functioning improved dramatically in the last decade
(e.g. Levine et al. 2003, Gaertner et al. 2009, Hejda et al. 2009a, Nentwig et al. 2010, Vila
et al. 2010), and it is now widely recognized that invasive species incur serious economic
costs (Binimelis et al. 2007, Kettunen et al. 2009, Vila et al. 2010). The awareness of the
magnitude of problem is stimulating not only management efforts (Keller et al. 2007,
Richardson et al. 2007, Hulme et al. 2008, 2009a, Simberloff 2009, McGeoch et al. 2010),
but also research aimed at deeper understanding of underlying processes and determinants
of naturalization and invasiveness (e.g. PySek et al. 2008, 2009a, Blackburn et al. 2009,
Davis 2009, Essl et al. 2009, gtajerové et al. 2009). Within this research realm, an effort to
identify biological and ecological traits conferring invasiveness is as well established as
the field of invasion biology itself (see PySek & Richardson 2007 for a review). Recent
developments, including the development of new technologies (Richardson & PySek
2008), in particular molecular techniques, now make it possible to include traits that were
until not long ago impossible to consider in multispecies studies focusing on determinants
of invasiveness (PySek & Richardson 2007). The amount of nuclear DNA (genome size) is
one of the traits for which knowledge has improved dramatically in the last decade, largely
due to the advent and spread of flow cytometry (Kron et al. 2007, Ekrt et al. 2009).

Genome size is a fundamental biological parameter involved in the scaling of both
plants and animals (Gregory 2005). DNA is known to play not only a qualitative (i.e.
genic) role but also a quantitative one because of its direct and sequence-independent
influence on cellular (and by extension, organismal) characteristics. Correlations between
genome size and plant traits are many and range from nuclear and cell volumes through the
duration of cell cycle (both meiotic and mitotic) up to seed size and specific leaf area
(reviewed by Leitch & Bennett 2007, see also Loureiro et al. 2010). Through concomitant
changes in cellular parameters, genome size affects several aspects of a plant’s develop-
ment. Minimum generation time (i.e. time to flowering) and life history (i.e. whether
ephemeral, annual or perennial) are illustrative examples of developmental traits con-
strained by the amount of nuclear DNA. On average, ephemerals (plants completing their
life cycle in less then seven weeks) have been shown to possess the smallest genomes, fol-
lowed by annuals, whereas obligate herbaceous perennials have the highest DNA amounts
(Bennett 1972). Whereas species with small genomes can display any developmental life
history, their large-genome counterparts are restricted to an obligate perennial life history.
Large genomes also impose constraints on ecological behaviour, influencing where a plant
may grow and its chances of survival in a changing world (Knight et al. 2005, Vidic et al.
2009). In addition, traits associated with genome size (seed size and mass, and the rate of
developmental processes in particular) may co-determine the life strategy adopted by the
plant (i.e. whether competitor, stress tolerator or ruderal). In their study on 156 weedy
angiosperm species, Bennett et al. (1998) showed that the probability of being recognized
as a weed decreases with increasing genome size.

On the same conceptual basis, small genomes have been suggested as a prerequisite for
plant invasiveness because species with low nuclear DNA content usually produce many
light seeds and their establishment is fast (Rejmanek 1996). In addition, invasions typi-
cally occur in disturbed habitats (Davis et al. 2000, Chytry et al. 2005, 2008) and small
genomes have been shown to represent an evolutionary advantage in time-limited environ-
ments (Bennett 1987). In his “theory of seed plant invasiveness”, Rejmanek listed a low
amount of nuclear DNA among the most important factors contributing to the invasiveness
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of seed plants (Rejmanek 1996, 2000, Rejmanek et al. 2005). Experimental support for
this conclusion comes mainly from comprehensive studies on genome size variation in the
genus Pinus (Wakamiya et al. 1993, Grotkopp et al. 2002, 2004). Invasiveness of pines,
particularly of wind-dispersed species, was shown to be negatively associated with both
genome size and seed mass (Grotkopp et al. 2002). Smaller genomes in invasive species as
compared to their non-invasive congeners have also been found in some other genera such
as Senecio (Lawrence 1985) or Acacia (Mukherjee & Sharma 1990), although the number
of analyzed invasive species was usually quite low. In addition, a negative relationship was
observed between the genome size of three Briza species and the invaded area (Rejmanek
1996).

Despite the pieces of evidence mentioned above for the role of genome size in plant
invasions, a systematic study aimed at comparing genome sizes in invasive plant species
and their non-invasive counterparts across different taxonomic groups is still lacking. To
fill this gap, we determined nuclear DNA amounts in a representative set of alien species
occurring in the Czech Republic and compared their genome size values with those of
non-invasive congeners and confamilials. Specifically, we addressed the following ques-
tions: (i) What is the distribution of holoploid genome sizes in alien species and how it dif-
fers from the general pattern found in angiosperms? (ii) Which factors affect the genome
size of alien species? Is genome size related to the invasion status? (iii) Do alien species
differ in genome size from their non-invasive congeners and confamilials?

Material and methods
Analyzed species

The species set included 93 neophytes (alien species introduced after 1500 A.D.; see
Pysek et al. 2002, 2004) occurring in the flora of the Czech Republic. They belonged to 70
genera and 32 families according to the Angiosperm phylogeny group classification
(Stevens 2001). Seeds were collected in the field during 2005-2007 (see Electronic
Appendix 1). Seedlings were germinated in a growth chamber and cultivated in the experi-
mental garden of the Institute of Botany, Academy of Sciences, Prihonice, Czech Repub-
lic (49°59'30"N, 14°34'00"E, ca 320 m a.s.1.). Fresh young leaf tissue was used for genome
size estimation. Herbarium vouchers are kept at PRA.

Species’ invasion status in the Czech Republic (casual; naturalized; invasive) was taken
from Pysek et al. (2002). The vast majority of species were naturalized, only three (Ambro-
sia trifida, Bidens connata and Panicum miliaceum) were casual; for the sake of simplicity,
all the species analyzed are further referred to as ‘naturalized’. Of these naturalized spe-
cies, 41 were invasive and 49 naturalized but not invasive (sensu Richardson et al. 2000,
Pysek et al. 2004). Each species was further characterized (see Table 1) by its life history
(annual; monocarpic perennial; polycarpic perennial) and moisture score. The moisture
score was calculated by using data from Hejda et al. (2009b); this paper and associated
database give, for species alien to the Czech Republic, information on habitats in which
they occur in their native range. These habitats were classified using a 5-degree ordinal
scale (1-dry, 3-mesic, 5-humid, with 2 and 4 representing transitions) and average value
was used as the moisture score. Of our species set, habitat data for 58 species were avail-
able in Hejda et al. (2009b); for remaining species we used the average Ellenberg’s indicator
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value for moisture (Ellenberg et al. 1992), transformed to a 5-degree scale as follows:
1-3=1, 4=2, 5=3, 6-7=4, 7-9=5.

Genome size estimation

Holoploid genome sizes (C-values sensu Greilhuber et al. 2005) were determined using
propidium iodide flow cytometry following the simplified two-step protocol as described
by Dolezel et al. (2007). Briefly, young intact leaf tissue of the analyzed plant was
chopped together with an appropriate internal reference standard in 0.5 ml of ice-cold Otto
I buffer (0.1 M citric acid, 0.5% Tween 20; Otto 1990). The sample was filtered through
42-um nylon mesh, and incubated 10 min at room temperature. The staining solution con-
sisted of 1 ml of Otto II buffer (0.4 M Na,HPO, - 12H,0) supplemented with propidium
iodide and RNase ITA (both at final concentrations of 50 ug/ml) and B-mercaptoethanol
(2 pl/ml). The fluorescence intensity of isolated nuclei (5000 particles) was recorded using
Partec CyFlow SL cytometer equipped with a diode-pumped solid state laser 532 nm
(Cobolt Samba, 100 mW output power). Each sample was analyzed at least three times on
different days; only analyses with a between-day fluctuation below 3% were considered.

The following species were used as internal reference standards (DoleZel et al. 2007):
Solanum lycopersicum 'Stupické polni rané' (2C = 1.90 pg), Glycine max Polanka' (2C =
2.30 pg), Bellis perennis (2C =3.46 pg), Zea mays 'CE-777"' (2C = 5.47 pg), Pisum sativum
'Ctirad' (2C = 8.76 pg) and Vicia faba 'Tnovec' (2C = 26.92 pg). Pisum sativum 'Ctirad'
(Dolezel et al. 1998) served as a primary reference standard, with 2C-value of 8.76 pg as
recommended by Greilhuber et al. (2007). Genome sizes of other reference species were
calibrated against Pisum, based on three measurements on different days. For each ana-
lyzed plant, internal standard was selected so that its genome size was close to but not
overlapping with that of the analyzed sample.

Ploidy levels of analyzed naturalized plants were inferred from chromosome numbers
taken from various karyological databases and flora handbooks, including Goldblatt &
Johnson (1979), Marhold et al. (2007), Flora of the Czech Republic (Hejny & Slavik
1988-1992, Slavik 1995-2000, Slavik & Stépénkové 2004), the database of the flora of
the Czech Republic (CzechFlor) and the internal karyological database of plants of the
Czech Republic (both held at the Institute of Botany AS CR, Prihonice). Monoploid
genome sizes (1Cx-values) were calculated as 2C-values / ploidy level.

Reference genome size data

To compare the genome size of naturalized alien plants in the Czech flora with non-inva-
sive species, 2C-values and ploidy levels for plants from corresponding genera and fami-
lies that are not reported to be naturalized or invasive were extracted from the Plant DNA
C-values database (Bennett & Leitch 2005). Species in this reference data set are referred
to as ‘non-invading’ to reflect not only that they are not invasive (in the sense of Richard-
son et al. 2000) but neither naturalized, i.e. they do not successfully enter the invasion pro-
cess. The selection of non-invading congeners and confamilials was made by omitting
from the Plant DNA C-values database any species reported as naturalized or invasive in
any part of the world, based on the updated database of Weber (2003) and other sources. In
some cases, the ploidy level taken from the Plant DNA C-values database was corrected so
that the basic chromosome number (x) was the same for both naturalized species and their
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non-invading congeners. Reference genome size data were available for 45 congeneric
and 31 confamilial non-invading counterparts.

Statistical analysis

Comparison of genome size categories between naturalized plants of the Czech flora and
non-invading species taken from the Plant DNA C-values database was done by G-test on
a contingency table (e.g. Crawley 2002, p. 548-550).

The effect of invasion status (41 invasive vs 51 non-invasive species, the latter includ-
ing 48 naturalized and three casual; Oxybaphus nyctagineus was excluded because of non-
available moisture data), life history and moisture score on 2C-values was analyzed by
general linear model. The most parsimonious model was selected by a stepwise procedure,
beginning with the maximal model (containing all predictors and all their possible interac-
tions) and proceeding by the elimination of non-significant terms, using deletion tests.
This was done by an automatic step-wise process of model simplification of deviance
tables, based on Akaike Information Criterion (AIC) (program Spotfire S-Plus v. 8.1,
TIBCO Software Inc. 2008; e.g. Crawley 2002). Observed power of the chosen model
(e.g. Steidel & Thomas 2001) was computed for o.=0.05 in SPSS v. 18 (SPSS Inc. 2010).

Paired t-tests (Sokal & Rohlf 1995) were used for comparisons of 2C- and Cx-values of
naturalized aliens with corresponding mean values of their non-invading congeners, and
of mean 2C-values of naturalized aliens with corresponding mean values of their non-
invading confamilials. All 2C-values were In-transformed to normalize the data, and then
checked for homogeneity of variance. The general linear model was checked by plotting
standardized residuals against fitted values, and by normal probability plots (Crawley
1993).

Results
Genome size variation in naturalized alien species

Flow cytometric analyses yielded histograms with mean coefficients of variation (CVs) of
3.18% and 2.50% for the sample and internal reference standard, respectively (Fig. 1).
Genome size values were determined in one APG family (Phrymaceae) and 66 species
for the first time (Table 1). 1C-values of analyzed plants varied from 0.24 pg in
Sisymbrium loeselii to 15.27 pg in Rudbeckia laciniata, spanning ~64-fold range. The
majority of naturalized species possessed low nuclear DNA amounts, with mean 1C-value
of 1.93 pg and median of 1.17 pg. The distribution of genome sizes was highly skewed
(Fig. 2). The most common were plants with 1C-values between 0.4 and 0.6 pg; other
classes were much less frequent, and only four species had 1C-values above 4.4 pg. The
same pattern was obtained when the species analyzed were attributed to five genome size
categories as defined by Leitch et al. (1998). Very small genomes (1C < 1.4 pg) were rep-
resented by 49 species, small genomes (1.4 pg < 1C < 3.5 pg) by 36 species, intermediate
genomes (3.5 pg < 1C < 14.0 pg) by seven species, and large genomes (14.0 pg < 1C <35.0
pg) by one species. Plants with very large genomes (1C > 35 pg) were not present in our
species set. Compared to non-invading species (Table 2), naturalized species had more
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Fig. 1. — Flow cytometric histograms showing genome size determination in species with very small (Sisymbrium
altissimum, 2C = 0.52 pg; panel A) and large (Helianthus tuberosus, 2C = 23.89 pg; panel B) genomes. Nuclei of
both the analyzed sample and internal reference standard were isolated, stained with propidium iodide and ana-
lyzed simultaneously. Solanum lycopersicum and Vicia faba, respectively, were used as reference standards.

often very small and small genomes, and less often intermediate to very large genomes
than expected by chance (G-test on contingency table: > = 61.15, df = 2, P < 0.0001).

Ploidy levels in the species set analyzed varied from diploid to dodecaploid (Table 1),
and monoploid genome sizes (1Cx-values) ranged from 0.12 pg in 8x Juncus tenuis to
4.38 in 2x Virga strigosa (= 38-fold range).

Factors affecting genome size of naturalized alien species

None of the examined explanatory variables (invasion status, life history, moisture score)
had a significant effect on genome size (full model: F = 1.141; df = 11, 80; NS; observed
power = 0.486).
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Fig. 2. — Distribution of 1C-values (pg means) in 93 naturalized alien species occurring in the Czech Republic.

Table 2. — Contingency table on observed and expected counts of genome size categories according to Leitch et al.
(1998) in naturalized plants of the Czech flora (n = 93) and non-invading species (n = 4148) taken from the Plant
DNA C-values database (Bennett & Leitch 2005). Genome size categories “intermediate”, “large” and “very
large” were pooled together due to small sample sizes in these categories for naturalized species. Statistics are
given in the text.

Genome size category Naturalized species Non-invading species
observed expected observed expected
Very small (1C < 1.40 pg) 49 30.0 1287 1306.7
Small (1C = 1.41-3.50 pg) 36 22.1 958 972.2
Intermediate to very large (1C > 3.51 pg) 8 40.9 1903 1869.1

Genome size in naturalized alien species vs their non-invading relatives

Naturalized aliens had significantly smaller holoploid and monoploid genome sizes than
their non-invading congeners (two-sided paired t-tests: 2C-values t = 2.161, df =45, P =
0.04; Cx-values t = 2.70, df = 44, P = 0.01), and the same held for 2C-values on
confamilials (t=3.161, df =30, P =0.004). Visual inspection of data indicates that natural-
ized aliens had smaller genomes in 19 of 31 families considered (Fig. 3).
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Table 1. —List of analyzed species, with their family affiliation, life history, LH (an — annual; mono — monocarpic
perennial; per — polycarpic perennial), invasion status, moisture score (see Methods for calculation) and genome
size characteristics: mean holoploid genome sizes (2C-values with standard deviation, and 1C-values in
picograms of DNA and megabase pairs; 1 pg = 978 Mbp), ploidy levels, monoploid genome sizes (1Cx-values),
and internal reference standard used (B — Bellis perennis; G — Glycine max; P — Pisum sativum; S — Solanum
lycopersicum; V — Vicia faba; Z — Zea mays). Invasion status was taken from PySek et al. (2002); species marked
with asterisk are classified differently to better reflect situation in sampled localities. Species analyzed for the
first time are shown in bold; those used for comparison with non-invading congeners are designated by “+” after
species name. Empty cells — data not available.

Species Family Life Invasion Moisture 2C-value S.D. 1C-value 1C-value Ploidy 1Cx- Internal
history status score (pg DNA) (pgDNA) (Mbp)  level  value standard
(pg DNA)

Abutilon theophrasti Malvaceae an naturalized* 4.0 2.17 0.02 1.09  1061.1 6 0.36 B
Amaranthus albus + Amaranthaceae an naturalized 2.0 1.11 0.00  0.55 540.8 4 0.28 S
Amaranthus blitoides + Amaranthaceae an naturalized 2.3 1.13 0.00 0.56 552.1 4 0.28 G
Amaranthus powellii +  Amaranthaceae an invasive 4.0 1.02 0.00 0.51 496.8 4 0.25 B
Amaranthus retroflexus + Amaranthaceae an invasive 22 1.12 0.01 0.56 5462 4 0.28 S
Ambrosia artemisiifolia Asteraceae an invasive 3.0 2.32 0.03 1.16 11345 4 0.58 B
Ambrosia trifida Asteraceae an casual 3.7 382 0.03 191 18655 2 1.91 P
Angelica archangelica  Apiaceae mono  invasive 5.0 6.46 0.10 323 31580 2 3.23 P
Antirrhinum majus Plantaginaceae mono  naturalized 1.0 1.17 0.01 0.58 570.7 2 0.58 S
Arabis alpina Brassicaceae  per naturalized 2.0 0.83 0.02 0.42 406.8 2 0.42 S
Asclepias syriaca Apocynaceae per naturalized 3.0 0.84 0.03 0.42 409.8 2 0.42 S
Aster lanceolatus + Asteraceae per invasive 4.0 541 0.01 271 26470 8 0.68 P
Bidens connata Asteraceae an casual 5.0 6.44 0.06 322 31506 4 1.61 z
Bidens frondosa Asteraceae an invasive 5.0 3.20 0.02 1.60 15663 4 0.80 P
Bunias orientalis + Brassicaceae mono  invasive 2.1 5.40 0.02 270  2641.6 2 2.70 P
Cannabis ruderalis + Cannabaceae  an naturalized* 2.5 1.81 0.01 091 885.1 2 0.91 S
Cardamine chelidonia + Brassicaceae mono  naturalized 3.0 0.71 0.00 0.36 349.1 4 0.18 S
Claytonia alsinoides Portulacaceae  an naturalized 4.0 6.91 0.05 345  3377.0 P
Collomia grandiflora Polemoniaceae an naturalized 3.0 4.15 0.04 2.08 20303 2 2.08 B
Consolida orientalis Ranunculaceae an naturalized 24 4.57 0.04 2.28 22333 2 2.28 P
Conyza canadensis Asteraceae an invasive 1.8 0.91 0.01 0.45 443.5 2 0.45 S
Corydalis lutea Papaveraceae  per naturalized 1.0 1.26 0.01 0.63 616.1 4 0.32 S
Cuscuta campestris Convolvulaceae an invasive 3.0 0.96 0.00 0.48 4694 8 0.12 S
Datura stramonium + Solanaceae an naturalized 2.0 4.19 0.05 2.09 20474 2 2.09 Z
Digitalis purpurea Plantaginaceae mono  invasive 24 1.86 0.01 0.93 910.0 8 0.23 G
Duchesnea indica Rosaceae per naturalized 3.0 3.45 0.01 1.72 1686.6 12 0.29 P
Echinocystis lobata Cucurbitaceae  an invasive 3.0 1.49 0.01 0.74 727.6 4 0.37 S
Echinops sphaerocephalus Asteraceae per invasive 2.5 8.02 0.11 401 39237 4 2.01 Z
Epilobium ciliatum + Onagraceae per invasive 4.0 0.82 0.03 0.41 401.0 4 0.21 S
Epilobium dodonaei +  Onagraceae per naturalized 5.0 1.17  0.01 0.59 573.1 4 0.29 S
Erigeron annuus Asteraceae mono  invasive 2.0 4.33 0.05 217 21188 3 1.44 Z
Erucastrum gallicum Brassicaceae.  mono  naturalized 2.0 2.08 0.01 1.04 1018.6 4 0.52 B
Galega officinalis Fabaceae per naturalized 3.0 4.42 0.04 221 21614 2 221 G
Galinsoga parviflora Asteraceae an invasive 3.0 1.47 0.01 0.74 7203 4 1.01 S
Galinsoga quadriradiata Asteraceae an invasive 2.0 4.03 0.04 202 19726 2 0.74 Z
Geranium pyrenaicum  Geraniaceae per invasive 3.0 2.87 0.02 144 14039 2 1.44 G
Helianthus tuberosus +  Asteraceae per invasive 4.0  23.89 0.09 1195 11682.7 12 1.99 \Y
Heracleum

mantegazzianum + Apiaceae mono  invasive 3.0 3.56 0.03 1.78 1740.8 2 1.78 Z
Hesperis matronalis Brassicaceae  per naturalized 34 7.61 0.07 380 37193 4 1.90 P
Hordeum jubatum + Poaceae an naturalized 2.0 1738 0.09 8.69 84998 4 4.35 P
Chenopodium pumilio + Amaranthaceae an naturalized 1.0 0.73 0.02 0.37 3570 2 0.37 P
Chenopodium strictum + Amaranthaceae an naturalized 3.1 1.60  0.01 0.80 7824 4 0.40 P
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Species Family Life Invasion Moisture 2C-value S.D. 1C-value 1C-value Ploidy 1Cx- Internal
history status score (pg DNA) (pgDNA) (Mbp)  level  value standard
(pg DNA)

Impatiens glandulifera + Balsaminaceae an invasive 33 1.90 0.01 0.95 9276 2 0.95 B
Impatiens parviflora +  Balsaminaceae an invasive 3.0 4.26 0.04 213 2083.6 2 2.13 Z
Imperatoria ostruthium Apiaceae per invasive 3.0 3.89  0.08 195 19042 2 1.95 P
Inula helenium + Asteraceae mono  naturalized 3.0 4.53 0.01 226 22142 2 2.26 P
Iva xanthiifolia Asteraceae an naturalized 2.0 6.34 0.07 3.17  3098.8 4 1.58 Z
Juncus tenuis + Juncaceae per invasive 3.0 092  0.01 0.46 4509 8 0.12 S
Kochia scoparia Amaranthaceae an invasive 2.3 2.23 0.01 1.12 10905 2 1.12 G
Lepidium densiflorum + Brassicaceae  mono naturalized 2.0 0.66 0.03 0.33 3227 4 0.17 S
Lupinus polyphyllus +  Fabaceae per invasive 3.0 1.60 0.02 0.80 7834 4 0.40 S
Lychnis coronaria Caryophyllaceae mono  naturalized 2.0 6.30 0.17 3.15 30787 2 3.15 Z
Lysimachia punctata Primulaceae per naturalized 5.0 4.43 0.02 221 21658 2 2.21 P
Matricaria discoidea +  Asteraceae an invasive 3.0 4.70 0.01 235 22983 2 2.35 B
Medicago sativa + Fabaceae per naturalized* 3.0 3.49 0.03 1.74  1706.1 4 0.87 S
Mimulus guttatus Phrymaceae per invasive 5.0 0.73 0.03 0.37 3570 4 0.18 S
Myrrhis odorata Apiaceae per invasive 5.0 1.81 0.01 0.90 883.1 2 0.90 G
Oenothera biennis + Onagraceae mono  invasive 2.0 2.30 0.02 1.15 11247 2 1.15 S
Oenothera glazoviana + Onagraceae mono  naturalized 3.0 2.30 0.01 1.15 11227 2 1.15 S
Oxalis corniculata

subsp. repens + Oxalidaceae mono naturalized* 2.0 2.11 0.02 1.05 10313 8 0.26 S
Oxalis dillenii + Oxalidaceae mono  naturalized 2.0 1.01 0.01 0.50 4919 4 0.25 G
Oxalis fontana + Oxalidaceae mono  naturalized 3.0 122 0.01 0.61 5941 4 0.30 G
Oxybaphus nyctagineus Nyctaginaceae per naturalized 1.89 0.01 0.95 9242 6 0.32 B
Panicum capillare + Poaceae an naturalized 2.0 0.91 0.01 0.45 4435 2 0.45 B
Panicum miliaceum +  Poaceae an casual 4.3 2.09  0.04 1.04 10205 4 0.52 B
Phytolacca esculenta +  Phytolaccaceae per naturalized 3.0 5.68 0.10 2.84 27785 8 0.71 P
Potentila intermedia +  Rosaceae mono  naturalized 1.0 1.80 0.01 0.90 880.2 4 0.45 S
Rudbeckia hirta Asteraceae per naturalized 2.6 1433 0.09 7.17 70083 4 3.58 P
Rudbeckia laciniata Asteraceae per invasive 4.0  30.54 0.12 1527 149355 8 3.82 P
Rumex alpinus + Polygonaceae  per invasive 3.0 0.96 0.01 0.48 467.0 2 0.48 S
Rumex longifolius + Polygonaceae  per invasive 2.0 3.99 0.07 2.00 19516 6 0.67 B
Rumex patientia + Polygonaceae  per naturalized 2.0 4.87 0.02 243 23805 6 0.81 Z
Rumex thyrsiflorus + Polygonaceae  per invasive 1.0 7.81 0.05 390 3817.1 2 3.90 P
Scutellaria altissima Lamiaceae per naturalized 2.0 0.79  0.03 0.40 3863 4 0.20 S
Sedum hispanicum Crassulaceae  per invasive 1.0 539 0.04 270 26362 S
Sedum rupestre Crassulaceae  per naturalized 3.0 5.41 0.09 270 26430 4 1.35 P
Sedum spurium + Crassulaceae  per naturalized 1.0 4.16 0.03 2.08 20342 2 2.08 P
Senecio inaequidens +  Asteraceae per naturalized* 3.0 2.90 0.01 145 14196 4 0.73 B
Senecio vernalis + Asteraceae an naturalized 1.7 2.33 0.01 1.16 11384 2 1.16 B
Setaria faberi + Poaceae an naturalized 3.0 2.56 0.02 1.28 12538 4 0.64 B
Silene dichotoma + Caryophyllaceae mono  naturalized 3.0 5.89 0.02 294 28787 2 2.94 P
Sisymbrium altissimum Brassicaceae an naturalized 2.3 0.52 0.00 0.26 2557 2 0.26 S
Sisymbrium loeselii Brassicaceae an invasive 35 0.48 0.00 0.24 2333 2 0.24 S
Sisymbrium strictissimum Brassicaceae  per naturalized 4.0 1.39  0.01 0.70 6802 4 0.35 S
Smyrnium perfoliatum  Apiaceae mono  naturalized 3.0 5.64 0.05 2.82 27580 2 2.82 P
Solidago canadensis Asteraceae per invasive 3.0 2.04 0.01 1.02 999.5 2 1.02 G
Solidago gigantea Asteraceae per invasive 4.0 3.65 0.03 1.82 17829 4 091 Z
Telekia speciosa Asteraceae per invasive 3.0 2.57 0.01 129 12582 2 1.29 S
Trifolium hybridum + Fabaceae mono  invasive 2.0 1.09 0.01 0.54 5320 2 0.54 S
Veronica persica + Plantaginaceae an invasive 4.0 1.38 0.01 0.69 6729 4 0.34 S
Vicia grandiflora + Fabaceae an naturalized 3.0 6.23 0.07 311 30460 2 3.11 P
Virga strigosa Dipsacaceae mono  invasive 3.0 8.76 0.05 438 42832 2 4.38 Z
Xanthium albinum Asteraceae an naturalized 5.0 5.18 0.09 259 25316 4 1.29 P
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Fig. 3. — Comparison of median genome sizes (1C-values) of naturalized aliens with those of their non-invading
confamilials in 31 plant families. Genome sizes for non-invading species were taken from the Plant DNA C-val-
ues database (Bennet & Leitch 2005), those known to be naturalized or invasive in any part of the world were
excluded. Plant families are sorted according to the genome size of non-invading species. Numbers of species
(non-invading/naturalized) are shown in parentheses.

Discussion
Genome size variation

We determined nuclear DNA amounts in a representative set of naturalized plant species in
the flora of the Czech Republic and compared their values with genome sizes of non-
invading species taken from the Plant DNA C-values database (Bennett & Leitch 2005).
Out of 93 naturalized species included, 66 (= 71%) were analyzed for the first time. In
addition, the first record was obtained for the family Phrymaceae, which had a very small
genome (Mimulus guttatus; 1C = 0.37 pg).

A comparison of genome size values for the same species as determined in our study
with those extracted from the database (Bennett & Leitch 2005) revealed some discrepan-
cies. Disregarding variation caused by potential differences in ploidy level, the average
absolute difference in C-values was 28%. While about one third of the species (nine out of
26) showed differences below 10% (which is within the acceptable between-laboratory
limit as suggested by DolezZel et al. 1998), four species differed more than 1.5-fold
(Amaranthus retroflexus, Solidago canadensis, Galinsoga parviflora and Antirrhinum
majus). It should, however, be noted that the difference largely depended on the methodol-
ogy used. The best congruency between our data and the database values was observed for
measurements performed using propidium iodide flow cytometry (absolute difference <
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10%, n = 4), which is generally recommended as the most reliable technique for genome
size estimation in plants (Greilhuber et al. 2007, Temsch et al. 2010). Species analyzed
either by Feulgen densitometry (which is much more sensitive to working conditions;
Greilhuber 2005) or flow cytometry with base-selective fluorochromes (Dolezel et al.
1992) showed higher differences (30%, n = 21 and 54%, n = 1, respectively). Whereas
small differences in determined genome sizes can be explained by minor variation in
adopted protocols between laboratories (use of different buffers, different internal refer-
ence standards, etc.), it is possible that more serious methodological flaws were involved
in other cases and such data should be treated with caution.

Very small and small genomes (in the sense of the classification of genome sizes
defined by Leitch et al. 1998) clearly prevailed in our data set, accounting for 53 and 39%
of the species total, respectively. This is a dramatically different frequency of individual
genome size categories as compared to non-invading species (Table 2). For example,
while intermediate genomes (1C = 3.51-14.0 pg) are as common as the very small ones
(1C £ 1.4 pg) in non-invading plants, their ratio drops down to only one seventh of the fre-
quency of very small genomes in naturalized aliens. Significantly smaller genomes in nat-
uralized plants as compared to their phylogenetically related non-invading counterparts
were also confirmed at both taxonomic levels tested, i.e., the rank of genus and family. The
same pattern of genome size variation as in naturalized plants (i.e. predominance of spe-
cies with low nuclear DNA amounts and the lack of DNA-obese species) was observed,
for instance, in weedy plants (Bennett et al. 1998) or in endemics on oceanic islands (Suda
et al. 2005). Selection for rapid development, fast growth, and production of many light
and easily dispersible seeds are plausible evolutionary forces that constrain the genome
size in these plant groups.

The presence of species with different life histories allowed us to test the potential asso-
ciation between genome size and life history (Bennett 1972). Although basic descriptive
statistics for 36 polycarpic perennial plants (mean and median 1C-values 2.44 pg and 1.73
pg, respectively) somehow differed from corresponding values for both 36 annuals (mean
=1.58 pg, median = 1.10 pg) and 21 monocarpic species (mean = 1.65 pg, median = 1.15
pg), the differences were not statistically significant.

Relationship between genome size and invasion success

By using the data set analyzed in this study, we were unable to detect the effect of any spe-
cies traits examined on the genome size. However, it should be noted that the low test
power of the model does not allow us to conclude that such effects do not exist. The analy-
sis was carried out with individual species as random independent data points. This can
inflate degrees of freedom, because the species can be mutually dependent due to their
phylogenetic relatedness (e.g. Harvey & Pagel 1991). However, removing phylogenetic
effects from the nonsignificant general linear model would require methods based on
eigenvector filtering (Diniz-Filho et al. 1998) and repeating the analysis after this correc-
tion could thus only further decrease the statistical significance of the results. That genome
size is associated with invasion success is clearly demonstrated by the comparison of natu-
ralized aliens in the Czech flora with the reference global set of non-invading congeners.
In this analysis the effect of phylogenetic relatedness, which was shown to bias the effect
of traits on species’ invasion success (e.g. Crawley et al. 1996, PySek 1997, Goodwin et al.
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1999, Grotkopp et al. 2004, Hamilton et al. 2005, Lloret et al. 2005, Cadotte et al. 2006)
was suppressed by the congeneric comparison. This is a convenient approach to studying
the role of species traits in plant invasions (PySek & Richardson 2007, Perglova et al.
2009).

Our results therefore provide robust evidence, based on a large number of species
across a wide range of plant families, that alien species that successfully naturalize have
smaller genomes than those that do not reach the stage of naturalization. It should be, how-
ever, noted that sample size for some families was rather limited (e.g. only one naturalized
and/or non-invading species was available for 18 out of 31 families used for comparison),
which may limit the generality of our conclusions and calls for further comparative stud-
ies. The association of small genome size with invasiveness was previously suggested in
a number of studies (Rejmanek 1996, 2000, Grotkopp et al. 2002, Rejmanek et al. 2005,
Garcia et al. 2008). Small genome size seems to be a result of selection for short minimum
generation time. It is also associated with small seed size, high leaf area ratio and high rela-
tive growth rate of seedlings (Grotkopp et al. 2002), and as such may be an ultimate deter-
minant of plant species invasiveness in disturbed habitats (Rejméanek 1996, Bennett et al.
1998, Grotkopp et al. 1998, Rejmanek 2000).

However, studies that addressed the role of genome size in plant species’ invasiveness
usually compared invasive and non-invasive species and did not distinguish between spe-
cies at different stages of the invasion process. In our data there was no difference in the
genome size of invasive species compared to naturalized but non-invasive species. This
indicates that the small genome size may provide alien plants with an advantage already at
the stage of naturalization and need not necessarily play a role during the follow-up step,
transition from naturalized to invasive species. It also points to the importance of distin-
guishing the stages of invasion in such studies since the determinants of invasion success
may differ between stages (Williamson 2006, PySek et al. 2008, 2009a, b).

See http://www.preslia.cz for Electronic Appendix 1.
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Souhrn

Velikost genomu byva povazovéna za vlastnost ovliviiujici invazivnost rostlinnych druht. V ¢lanku je tato souvis-
lost testovana na souboru 93 nepuivodnich naturalizovanych druht ¢eské flory ze 32 Celedi, u nichZ byl zméfen
obsah jaderné DNA metodou pritokové cytometrie. Hodnoty ziskané pro naturalizované druhy byly srovnany
s hodnotami udavanymi v databazi velikosti genomu rostlin pro druhy ze stejnych rodu a ¢eledi, o nichZ neni zna-
mo, Ze by byly nékde ve svét& invazni. Ukazalo se, 7e druhy naturalizované v Ceské republice maji statisticky prii-
kazné mensi genom neZ neinvazni druhy ze stejnych rodd. Tento trend potvrdilo i srovnéni naturalizovanych dru-
ht s druhy ze stejnych ¢eledi; zde byl zjistén mensi genomu 19 z 31 analyzovanych ¢eledi. Neptivodni naturalizo-
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vané druhy oproti druhim neinvaznim navic vykazovaly i zcela odlisné zastoupeni jednotlivych kategorii veli-
kosti genomu, napadna je zejména vyrazna prevaha velmi malych genomu a velice nizky podil druht s velkymi
genomy. Tyto vysledky jsou prvnim kvantitativnim potvrzenim zaloZeném na velkém poctu druht, Ze malé geno-
my prispivaji k invazivnosti rostlinnych druht. Pfitom invazni druhy v analyzovaném souboru se nelisily od dru-
hu naturalizovanych, le¢ neinvaznich. To ukazuje, Ze pisobeni malého genomu jakoZto vlastnosti vyhodné pro
invazi je spise spojeno se stddiem naturalizace, zatimco pfi prechodu do stidia vlastni invazi jiZ tak vyznamné byt
nemusi.
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