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e Background and Aims The genome size of an organism is determined by its capacity to tolerate genome expansion,
given the species’ life strategy and the limits of a particular environment, and the ability for retrotransposon suppres-
sion and/or removal. In some giant-genomed bulb geophytes, this tolerance is explained by their ability to pre-divide
cells in the dormant stages or by the selective advantage of larger cells in the rapid growth of their fleshy body. In this
study, a test shows that the tendency for genome size expansion is a more universal feature of geophytes, and is a
subject in need of more general consideration.

e Methods Differences in monoploid genome sizes were compared using standardized phylogenetically independent
contrasts in 47 sister pairs of geophytic and non-geophytic taxa sampled across all the angiosperms. The genome sizes
of 96 species were adopted from the literature and 53 species were newly measured using flow cytometry with pro-
pidium iodide staining.

e Key Results The geophytes showed increased genome sizes compared with their non-geophytic relatives, regardless
of the storage organ type and regardless of whether or not vernal geophytes, polyploids or annuals were included in the
analyses.

e Conclusions The universal tendency of geophytes to possess a higher genome size suggests the presence of a uni-
versal mechanism allowing for genome expansion. Itis assumed that this is primarily due to the nutrient and energetic
independence of geophytes perhaps allowing continuous synthesis of DNA, which is known to proceed in the extreme
cases of vernal geophytes even in dormant stages. This independence may also be assumed as a reason for allowing
large genomes in some parasitic plants, as well as the nutrient limitation of small genomes of carnivorous plants.
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reserves, flow cytometry.

INTRODUCTION

Genome size varies considerably among angiosperms (Bennett
and Leitch, 2012). Within closely related taxa, a few multiple
fold differences in genome size are frequently due to polyploidy
(but see also Piegu et al., 2006), while over longer evolutionary
time scales the >2000-fold difference in genome size across
angiosperms (Greilhuber et al., 2006) is mostly accounted for
by the proliferation and removal of repetitive DNA, namely of
retrotransposons (Bennetzen et al., 2005). While polyploidy is
rather an incidental event in plant evolution (Soltis et al., 2009;
Fawcett et al., 2013), the tendency of retrotransposons to
amplify seems to be a continuous and ubiquitous molecular
force driving genome size increase until it became selectively
disadvantageous for an organism (Petrov, 2001; Bennetzen
et al., 2005; Kejnovsky et al., 2013). The genome size of an or-
ganism is thus determined (1) by the capacity to tolerate genome
expansion given by a species’ life strategy and the limits of a par-
ticular environment (Grime and Mowforth, 1982; Leitch and
Bennett, 2007; Greilhuber and Leitch, 2013) and (2) by the
ability for retrotransposon suppression and/or removal (Petrov,
2001).

There are three recognized major effects of genome size in-
crease which perhaps mostly determine its selective advantage
or disadvantage: (1) prolonged duration of DNA replication

and cell cycle lengths (Bennett, 1971, 1987; Francis et al.,
2008); (2) increase in cell size and change of cellular surface
to volume ratio (Cavalier-Smith, 2005; Gregory, 2005); and (3)
increase of energetic demand needed for building extra DNA
and larger cells (Leitch and Bennett, 2004; Cavalier-Smith,
2005). The tolerance of these effects thus strongly depends on
the life strategy of a specific species and a particular environ-
ment, or vice versa the particular genome size may limit a
species to adopt specific life strategies or colonize some environ-
ments (Bennett, 1987). For example, genome size is usually
reduced in annual species (therophytes; Leitch and Bennett,
2007) to ensure short cell cycles and enable annuals to complete
their life cycle before the end of the growing season. Actually, an
ephemeral or annual lifestyle seems impossible with a genome
size over approx. 7 Gbp or approx. 20 Gbp, respectively
(Bennett, 1987). Larger genome sizes and polyploidy seem
also to be prevented in woody species ( phanerophytes and cha-
maephytes; Bennett and Leitch, 2012) in which this does not
result from any temporal limitation but rather from structural
and physiological constraints on the size of wood cells, ensuring
proper mechanical properties of woody tissue, or the need for
smaller and denser stomata ensuring enough stomatal conduct-
ance necessary for transport of water and nutrients through
long xylem pathways (Stebbins, 1938; Beaulieu et al., 2008).
The larger genome sizes are thus regularly found only in
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perennial herbs (hemicryptophytes and geophytes) which are
neither temporally limited like annuals nor perhaps so strongly
limited with structural constraints on the cell size as is expected
to be the case of supporting woody tissue in trees and shrubs.

Within (perennial) angiosperms, the absolutely largest genomes
(up to 298 Gbp) are almost always found in geophytic plants
which are phylogenetically clustered, especially in several large-
genomed families of monocot orders Liliales and Asparagales
(Bennett and Leitch, 2012; Vesely et al., 2012). Giant genomes
in groups of vernal geophytes (ephemeroids) are assumed to be
produced by the tolerance of prolonged cell division which con-
tinues underground in the bulbs during the ‘dormant stage’ or
even by the selective advantage of the larger cells in the rapid
growth of their fleshy body formed by pumping water into the
pre-divided cells during the favourable wet spring period
(Grime and Mowforth, 1982; Grime, 1983). The upper limit
for genome expansion in giant genome geophytes is thus
thought to be determined by the size and regulability of stomata
(directly related to carbon dioxide intake and transpiration)
restricting their body development to cooler and stably wet
spring periods (Vesely et al., 2012). Nevertheless, recent surveys
also show relatively high genome sizes in other groups of
geophytic plants (Baranyi and Greilhuber, 1999; Vesely et al.,
2012), suggesting the potential existence of a more universal
mechanism allowing for genome expansion in geophytes.
Among others, this might be due to sufficient nutrient reserves
needed for investment in extra DNA synthesis which are stored
in the sub-terranean storage organs and available irrespective
of the availability and variation of external nutrient resources.
If this is true, a geophytic life strategy should regularly result
in an increase in genome size in geophytic lineages compared
with their sister non-geophytic lineages; this trend should
appear independently of ephemeroid or any particular geophytic
strategy in all geophytic lineages. While the genome size data on
geophytic plants are representative for the large geophytic clades
(Liliaceae, Melanthiaceae, Asparagaceae and Amaryllidaceae),
they are still frequently lacking for phylogenetically isolated
lineages or species needed for verifying the universality of the
above-mentioned trends. The data on genome size are also
largely absent for the sister non-geophytic groups of geophytic
lineages, critically needed for testing the effect of geophytism
on genome size in the evolutionary context.

Here we extracted data on genome sizes of geophytes from the
existing literature and selectively measured the genome size in
their non-geophytic relatives. The differences in monoploid
genome sizes were then compared for 47 pairs of geophytic
species and their close (sister) non-geophytic relatives with stan-
dardized phylogenetically independent contrasts (Felsenstein,
1985).

MATERIALS AND METHODS

Closely related pairs of geophytic and non-geophytic taxa
(mostly species) were searched for across all angiosperms.
Specifically we searched for the most recent sister contrasts
according to the series of published phylogenies (Table 2). In
five selected genera where phylogeny is not exactly known, we
assumed polytomous relationships of species.

Genome sizes for 50 selected species were extracted from
the Plant C-value database (Bennett and Leitch, 2012) and
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our previous data for 46 species (Vesely er al., 2012) were
added. When more data were available for a species, the most
recent and those produced by flow cytometry were preferred
(Supplementary Data, Table S1). In other cases, all available
data for a species were averaged. In addition to the literature
data, genome size was also measured in 53 selected species to in-
crease the number of existing geophyte/non-geophyte contrasts
(Supplementary Data, Table S1).

Genome sizes of selected species were estimated by flow cyto-
metry (ML, Partec GmbH) using a two-step procedure with pro-
pidium iodide (Otto, 1990; Dolezel et al., 2097). Detailed sample
preparation and dye concentrations follow Smarda ez al. (2008).
As the internal standard for calculation of genome size, we used
the fully sequenced cultivar of rice (Oryza sativa ‘Nipponbare’,
2C =777-64 Mbp; International Rice Genome Sequencing
Project, 2005) and a series of conventional primary internal
plant standards (Dolezel and Greilhuber, 2010) whose genome
sizes were derived from the genome size estimate of rice (cf.
Vesely et al., 2012). Our genome size estimates are thus usually
slightly lower than the data reported in the Plant C-value data-
base, mostly based on the measurements with standards whose
genome size is derived from the overestimated value for genome
size for human, 2C = 7 pg (Dolezel and Greilhuber, 2010). Our
standardization procedure provides an estimate of the human
genome size (6-19 pg or 6 055 Mbp) very close to the human
genome size predicted from the complete genome sequencing
projects (6:29 pg or 6 153 Mbp; International Human Genome
Sequencing Consortium, 2004), and we therefore hope that our
genome size estimates are thus closer to biological reality.
Because of the occasional peak overlaps between the sample
and the primary standards, a series of secondary internal stan-
dards was also established from the already measured species
(Table 1). Details on the sample and secondary standard mea-
surements are given in Supplementary Data, Table S1.

The differences in genome size (tolerance to genome expan-
sion) between geophytic and non-geophytic species or clades
were compared with standardized phylogeny-independent con-
trasts (Felsenstein, 1985), comparing only contrasts between
sister groups. In total, our search and measurements produced
47 sister contrasts (Table 2). If the clade was represented by
three or more species, their mean genome size was calculated
using the standard node-based method as in the standard analysis
of phylogeny-independent contrasts (Felsenstein, 1985; Webb

TaBLE 1. Standards used for flow cytometry measurements

Standard Genome size 2C (Mbp)
Oryza sativa ‘Nipponbare’ 777-64
Carex acutiformis 799-93
Ipomoea quamoclit 1238-30
Solanum lycopersicum ‘Stupické polni rané’ 1696-81
Bellis perennis 3089-89
Epipremnum aureum 7815-39
Pisum sativum ‘Ctirad’ 784127
Ruscus aculeatus 20 137-45
Vicia faba ‘Inovec’ 23272-88
Leucojum aestivum 61 563-46
Haemanthus albiflos 65 112-69

When known with certainty, the names of cultivars are given.
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TaBLE 2. Comparison of geophytes and sister non-geophytes

Higher N
Node Cx Cx Relative Therophyte ploidy Ephemeroid Storage
number Geophyte Non-geophyte (G) (N) increase contrast contrast geophyte organ Phylogeny
1 Aristolochia rotunda, A. fimbriata Aristolochia clematitis 366 379 -0.03 No No No Tuber
2 Ranunculus bulbosus Ranunculus 5117 4522 0.13 Yes No No Tuber Horandl et al. (2005)
polyanthemos, R. sardous
3 Anemone narcissiflora Hepatica nobilis 8776 15174 -0.21 No No No Rhizome  Ehrendorfer and
Samuel (2001)
4 Anemone apennina, A. blanda, Anemone sylvestris, 11186 8314 0.35 No No Yes Rhizome Ehrendorfer and
A. coronaria, A. hortensis, A. virginiana Samuel (2001)
A. nemorosa, A. ranunculoides
5 Isopyrum thalictroides Thalictrum simplex 427 542 -0.11 No Yes Yes Rhizome
galioides
6 Epimedium alpinum, Jeffersonia Berberis vulgaris, 5364 1746 0.52 No No Yes Rhizome  Kim et al. (2004)
diphylla, J. dubia, Podophyllum Nandina domestica
emodi
7 Sanguinaria canadensis Chelidonium majus, 971 883 0.02 No No Yes Rhizome  Gleissberg and
Dicranostigma Kadereit (1999)
[franchetianum
8 Corydalis cava, C. intermedia, Corydalis lutea 704 295 1.39 No Yes Yes Tuber
C. solida, C. pumila
9 Parthenocissus himalayensis Parthenocissus 795 514 0.55 No No No Tuber Nie et al. (2010)
tricuspidata
10 Oxalis acetosella, O. corymbosa, Oxalis corniculata 1643 282 2.41 Yes Yes No Bulb Oberlander (2009)
O. pes-caprae, O. spiralis, repens, O. dillenii
O. vulcanicola, O. linearis,
0. megalorrhiza
11 Passiflora quadrangularis Passiflora edulis 2139 1557 0.37 No No No Root Muschner et al.
(2003)
12 Mercurialis perennis Mercurialis annua, 787 669 0.18 Yes No No Rhizome  Krihenbiihl et al.
M. huetii (2002)
13 Euphorbia cf apios Euphorbia helioscopia 717 438 0.64 Yes No No Root Frajman and
Schonswetter (2011)
14 Lathyrus tuberosus Lathyrus heterophyllus, 6029 7265 -0.17 Yes No No Tuber Kenicer et al. (2005)
L. latifolius, L. annuus
15 Lathyrus laxiflorus Lathyrus aphaca 8210 4519 0.82 Yes No No Root Kenicer et al. (2005)
16 Bryonia alba, B. dioica, Echinocystis lobata, 1883 767 0.36 Yes No No Tuber Kocyan et al.
B. verrucosa, Ecballium elaterium Luffa cylindrica (2007); Voltz and
Renner (2008)
17 Begonia grandis, B. dregei, Begonia luxurians 584 313 0.86 No No No Tuber Forrest et al. (2005)
B. socotrana
18 Geranium tuberosum Geranium columbinum, 606 817 -0.26 Yes Yes No Tuber
G. sanguineum
19 Cardamine bulbifera Cardamine impatiens 307 178 0.72 Yes No Yes Rhizome  Carlsen et al. (2009)
20 Tropaeolum tuberosum Tropaeolum majus 1239 1154 0.07 No Yes No Tuber Andersson and
Andersson (2000)
21 Impatiens omeiensis Impatiens parviflora, 1063 933 0.14 Yes No No Tuber Janssens et al.
I. glandulifera (2006)
22 Symphytum tuberosum Symphytum officinale 671 635 0.06 No No No Tuber
23 Vinca herbacea Vinca minor 789 670 0.18 No No No Root
24 Asclepias syriaca Vincetoxicum 411 323 0.14 No No No Rhizome  Sennblad and
hirundinaria Bremer (2002)

Continued
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TaBLE 2. Continued

Higher N
Node Cx Cx Relative Therophyte ploidy Ephemeroid Storage
number Geophyte Non-geophyte Distance (G) (N) increase contrast contrast geophyte organ Phylogeny
25 Phlomis tuberosa Phlomis russeliana 1 1982 2311 -0.14 No Yes No Rhizome
26 Stachys affinis Stachys sylvatica 1 1398 1136 0.23 No No No Tuber Bendiksby et al.
(2011)
27 Scrophularia nodosa Scrophularia umbrosa 1 676 470 0.44 Yes Yes No Rhizome
neesii, S. vernalis
28 Datura inoxia Datura stramonium, 1 2221 1795 0.24 Yes No No Root
D. quercifolia
29 Solanum tuberosum, Solanum lycopersicum, 1 773 803 -0.04 Yes No No Tuber Szinay et al. (2012)
S. pinnatisectum S. etuberosum
30 Ipomoea batatas, I. trifida, Ipomoea quamoclit 1 799 619 0.29 Yes No No Tuber Huang et al. (2002)
I tiliacea
31 Adoxa moschatellina Sambucus nigra, 2 20106 10898 0.42 No No Yes Rhizome  Moore and
S. racemosa, S. ebulus Donoghue (2009)
32 Valeriana tuberosa Valeriana officinalis, 1 1616 1408 0.15 No No No Tuber
V. dioica
33 Hacquetia epipactis Sanicula europaea 1 1346 1054 0.28 No No Yes Rhizome
34 Doronicum hungaricum Doronicum austriacum 1 3762 3540 0.06 No No No Tuber
35 Bellis sylvestris Bellis perennis, B. annua 1 998 1476 -0.32 Yes No No Rhizome
36 Helianthus tuberosus Helianthus annuus, 1 3339 3250 0.03 Yes No No Tuber Timme et al. (2007)
H. petiolaris, H. debilis,
H. niveus
37 Dahlia pinnata Bidens frondosa, 2 1056 918 0.08 Yes No No Root
B. radiata
38 Cosmos atrosanguineus Cosmos bipinnatus, 1 3588 2225 0.61 Yes No No Root
C. sulphureus
39 Scorzonera mollis Scorzonera austriaca 1 2405 4979 -0.52 No No No Root
40 Arisaema flavum Pistia stratiotes 2 2480 284 3.87 No No No Tuber Tam et al. (2004)
41 Homalomena rubescens Philodendron 2 8937 3621 0.73 No No No Tuber Tam et al. (2004);
erubescens, Gauthier et al.
P. squamiferum, (2008)
P. pinnatifidum
42 Triglochin bulbosa Triglochin maritima 1 863 590 0.46 No No No Bulb
43 Narthecium ossifragum Narthecium reverchonii 1 404 358 0.13 No No No Rhizome
44 Ruscus aculeatus, R. hypoglossum,  Semele androgyna 2 8744 5921 0.24 No No No Rhizome  Kim et al. (2010)
R. hypophyllum
45 Asphodelus microcarpus, A. albus ~ Asphodelus fistulosus 1 3411 2452 0.39 No No No Root Lifante (1996)
46 Arrhenatherum palaestinum Arrhenatherum elatius 1 4301 3474 0.24 No Yes No Bulb
47 Hordeum bulbosum Hordeum vulgare 1 3808 4890 -0.22 Yes No No Bulb Blattner (2004)

The table shows Cx-values, relative increase of genome size in geophytes, contrast with therophytes, contrast with non-geophytes, with a higher ploidy level than geophytes, presence of ephemeroid
phenology in geophytes, type of storage organ in the geophyte (tuber, bulb, thick rhizome or tuberous root), and reference for the phylogeny used.
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et al., 2011) considering published molecular phylogenies
(Table 2). To avoid genome size increases originating due to
polyploidy (i.e. not to resolve the question of whether polyploids
arise more frequently in geophytic or non-geophytic lineages;
this testing would require a different data sampling design), we
only compared the differences in monoploid genome sizes
(Cx-values; Greilhuber et al., 2005). Ploidy levels of species
for calculation of Cx-values were based on comparison of abso-
Iute 2C DNA contents of species and consensus of chromosome
numbers in the IPCN database (Goldblatt and Johnson, 1979—
onwards) and Fedorov (1969). When variable ploidy levels
were reported for a species, we preferred that from the region
of the sample’s origin (e.g. Kubat er al., 2002) and that with no
logical conflict with already published genome sizes in the
Plant C-value database (Bennett and Leitch, 2012).

The absolute size of any contrasts in genome size between two
taxa increases naturally (1) with the divergence time from the
common ancestor, under the assumption of a Brownian motion
model of genome size evolution (followed here; Felsenstein,
1985; Garland et al., 1992) and (2) with the genome size of the
common ancestor (Oliver et al., 2007). To remove these two
effects and to make contrasts fully comparable, we calculated
contrasts in a relative fashion and applied a divergence time-
dependent standardization. The relative increase (r) of genome
sizes in geophytes (G) compared with the sister non-geophytes
(N) was calculated using the formula r = (G — N)/N. Because
of the absence of actual divergence times of compared pairs,
we adopt an alternative standardization approach by dividing
contrasts by arbitrarily selected values aimed to reflect phylogen-
etic relatedness (distance) of compared groups. Contrasts were
divided: by 1 when comparing sister or very closely related spe-
cies from the same genus; by 2 when comparing closely related
genera; and by 4 when comparing distantly related genera of the
same family. The difference of contrasts from zero was tested by
one-sample Wilcoxon signed-rank test.

To ensure that the relationship is a universal feature of geo-
phytism (nutrient/energy storage) and that it is not only caused
by the inclusion of geophytes with a ephemeroid strategy, where
genome size increase is a priori expected (Grime and Mowforth,
1982; Greilhuber, 1995; Hodgson et al., 2010; Vesely et al.,
2012), the analyses were also repeated omitting all eight con-
trasts with ephemeroid geophytes. Geophytes differ in the type
of storage organs (Dafni efal., 1981) and the respective effective-
ness of nutrient and energy accumulation, which might play a
role in determining tolerance of genome expansion. Therefore,
geophytes were also classified according to the type of storage
organs (tuber, bulb, thick rhizome or tuberous root; Table 2),
and the possible differences in the tendency to genome expan-
sion among these four categories were tested by Kruskal—
Wallis analysis of variance (ANOVA). Life form was also noted
in all non-geophytic plants (Supplementary Data, Table S1). The
identifications of life forms, ephemeroid strategy and types of
storage organs were based on our personal experience with the
plants measured and based on their visual inspection.

In several cases, geophytes were compared with therophytes
or diploid geophytes with polyploid non-geophytes. These con-
trasts might provide false positives in the analyses (i.e. the larger
genome size observed in a geophyte would not be due to its
genome expansion but due to genome downsizing in the sister
non-geophyte) because in both therophytes and polyploids a
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species’ tendency to genome downsizing is known (see the
Introduction; Bennett, 1987; Leitch and Bennett, 2004). For
this reason, testing the difference of contrasts from zero was
also repeated by removing either therophyte—geophyte (19
cases) or diploid geophyte—polyploid non-geophyte contrasts
(eight cases) or by removing both (24 contrasts). The effect of
genome downsizing may also be present in polyploid geophytes.
In this case, however, polyploid genome downsizing cannot
produce any false positives and may only decrease the resulting
statistical significance of the expected trend of genome size in-
crease in geophytes. Therefore, these cases were not corrected
in the analyses.

Because a difference may potentially exist between the data
from our laboratory and that reported in the Plant C-value data-
base (given by a different standardization, see above), we
carried out all statistical analyses either with original estimates
or with the data adjusted for better comparability. This adjust-
ment was performed with the data from the Plant C-value data-
base by multiplying them by 6-19/7, i.e. by the expected
difference ratio based on the human genome size accepted in
our laboratory (6-19 pg) and by many authors included in the
Plant C-value database (7 pg). This adjustment resulted in slight-
ly better statistical significance of the results. Otherwise,
however, the results were principally the same and therefore
only results with original, unadjusted values are reported
further for simplicity.

RESULTS

Our search and flow cytometry measurements of 53 species pro-
vided 47 sister contrast comparisons (149 species are included in
total). In most cases, geophytism was associated with the in-
crease in monoploid genome size (Table 2) and this trend was
statistically significant when calculating either with the whole
data set (Fig. 1; n =47, z=4-127, P < 0-001) or with the data
for non-vernal geophytes only (n = 39, z = 3-419, P < 0-001).
The tendency for a genome size increase also did not differ
among geophytes with different storage organs [Kruskal—
Wallis test, H (3, n = 47): H=1-655, P = 0-647]. Omission of
the geophyte vs. therophyte and the diploid geophyte vs. poly-
ploid non-geophyte comparisons from the analyses produced
significant results similar to the analyses with the complete
data set (n =28, z=3-461, P <0-001 by omitting contrasts
with therophytes; n =39, z=3-963, P < 0-001 for omitting
contrasts with polyploid non-geophytes; and n =23, z=
3.315, P < 0-001 by omitting both). This indicates no or a negli-
gible effect of false positives due to genome downsizing in ther-
ophytes or polyploids on the reported results.

DISCUSSION

Due to the strong phylogenetic clustering and the lack of sister
non-geophytes, the analysed datainclude only a few species from
large-genomed families in the orders Liliales and Asparagales
(only two families — Asparagaceae and Xanthorrhoeaceae —
are represented here) in which geophytism is synapomorphous
and which include the majority of geophytic species richness
of angiosperms. Even though the effect of these previously
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studied large-genomed families (Grime and Mowforth, 1982;
Zonneveld, 2010) is considerably suppressed in the present
phylogenetically corrected analysis, geophytes still have larger
genomes and show higher tolerance to genome expansion than
their non-geophytic relatives. The universality of the observed
trend is also supported by the fact that significant results are
obtained regardless of whether the data are included on vernal
geophytes, in which genome size increase has already been
reported multiple times previously (Grime and Mowforth,
1982; Greilhuber, 1995; Hodgson et al., 2010; Vesely et al.
2012), or not. At the same time, however, this indicates that
mechanisms of genome expansion tolerance known in vernal
geophytes (the advantage of larger cells and their water pumping
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or the ability of cell to pre-divide) are either more widespread in
geophytes than already expected or the increase in genome size
in geophytes is primarily allowed by other favourable traits.

Looking for an alternative explanation of the increased ability
of geophytes for genome expansion, energetic reserves may be of
particular interest. The storage of energetic and nutrition reserves
in storage organs is the key feature of geophytic plants (Dafni
et al., 1981; Ruiters and McKenzie, 1994) which makes geo-
phytes relatively independent of the availability of energetic
and nutrition sources in the environment. This may be favourable
in the case of increased nutrition and energetic demand needed
for synthesis of extra DNA, hypothetically allowing geophytes
to carry out continuous DNA synthesis irrespective of the vari-
ation of nutrients and other resources in the external environ-
ment. Energetic and nutrition independence seems to be the
essential condition allowing the pre-division of the cell during
the dormant period in the underground bulbs of some large-
genomed geophytes. Although the ability to carry out cell pre-
division is frequently assumed to be the major reason for the tol-
erance of the genome size increase in some large-genomed
bulbous plants (Grime, 1983; Greilhuber, 1995), this would cer-
tainly not be possible without a high level of energetic and nutri-
ent independence. Hence the explanation of genome expansion
by the ability of a cell to pre-divide in some bulb geophytes
(Grime and Mowforth, 1982; Greilhuber, 1995) is not in conflict
with our nutrition independence hypothesis as it may be seen
only as a special case in which geophytes can profit from their
common energetic independence.

Support for the importance of energetic and nutrition inde-
pendence in determining the tolerance of plants to genome ex-
pansion may also be found in other plants relatively independent
of the fluctuation of external energetic and nutrition resources.
Most noticeably, this is the case of parasitic plants which gain
the majority of their nutrients and energy from their hosts
(Hibberd and Jeschke, 2001). Like geophytes, indeed, the
genome sizes of parasitic plants are frequently apparently higher
than in their non-parasitic relatives. For example, parasitic
Cuscuta has a 6-fold larger genome than the rest of
Convolvulaceae, and parasitic Krameria has a >7-fold larger
genome than the sister family Zygophyllaceae (Bennett and
Leitch, 2012; P. Smarda et al., unpubl. data). Large genome
sizes are further observed in parasitic species of Santalales
(Leitch et al., 2005), including Viscum album (2C = 201-2
Gbp) belonging to six species with the highest genome sizes
known to date (Bennett and Leitch, 2012; Pellicer et al., 2010;
Zonneveld, 2010). On the other hand, very small genome sizes
are typical of some carnivorous plants (Greilhuber ef al., 2006;
A. Veleba et al.,, Masaryk University, Czech Republic, pers.
comm.), frequently growing in extremely nutrient-poor environ-
ments and depending to a great extent on the incidental supply of
nutrients and energy from the captured prey (Ellison, 2006;
Karagatzides et al., 2009; Adamec, 2011).

The above evidence clearly suggests that continuous energetic
and nutrition supply or independence (as typical of geophytes
and parasitic plants) may be one of the important determinants
of species tolerance to genome expansion. Therefore, further re-
search seems desirable to verify this hypothesis in other groups of
plants with lower genome sizes in which the trend may be masked
by other selective forces or in direct experiments searching for
the effect of nutrient limitation or availability on the selection
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of plants with small or large genome sizes. The first comparisons
of genome sizes in local plant communities in field nutrition
experiments indicate indeed that nutrient availability may play
a_role in the selection of plants with different genome size
(Smarda et al., 2013). However, further experiments are clearly
needed to verify the universality and the importance of nutrient
supply or independence in determining tolerance of particular
organisms to genome expansion and evolution of plant genome
size diversity.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Table S1: list of sampled taxa, their
2C and Cx genome sizes, life form, presence of ephemeroid
phenology and storage organ type.
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