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Abstract The aim of this study was to estimate genetic

diversity and assess its importance for plant fitness in a

species belonging to the most endangered species in Europe,

Dracocephalum austriacum L., and to select the most

valuable populations for conservation of genetic diversity

within the species in the studied regions. We analyzed

allozyme variation of 12 populations in three distinct regions

(Czech Karst, Moravia and Slovak Karst) in Central Europe.

The results showed high genetic diversity within popula-

tions (80.14%) and relatively low differentiation among

populations within regions (9.42%) and between regions

(10.45%). Seed production was significantly higher in

larger, genetically more diverse and less inbred populations.

The results suggest that genetic diversity has important

effect on seed production in this species and thus can be

expected to have strong direct consequences for plant fitness

and vitality of the whole populations. They also show large

variation in genetic diversity between populations and

indicate which populations should get a priority in attempts

to conserve all the genetic diversity within the region.
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Introduction

An important aspect in rare species conservation is not only

maintaining sufficient number of individuals at a locality but

also high genetic diversity (López-Pujol et al. 2003;

Oostermeijer et al. 2003). Although this concept is generally

accepted, the information about genetic diversity of rare

species is still rather limited in many areas. Within Europe

these data are missing even for many high priority species

(Habitats Directive of NATURA 2000—Web 1: http://www.

nature.cz/publik_syst2/files08/habitats%20directive_official

%20text.pdf, accessed 1 January 2008) that are considered to

be the most endangered plant species throughout Europe (but

see Colas et al. 1997; Gaudeul et al. 2000; Brzosko et al.

2002; Glémin et al. 2005).

The importance of studying genetic diversity in rare

species is illustrated by the fact that populations of rare and

endangered species are often small and isolated. Genetic

diversity in such populations is subjected to strong random

changes in allele frequencies called genetic drift. In its

most extreme case, genetic drift can lead to loss of alleles

from the population and thus the loss of polymorphism

such that a locus becomes fixed for a single allele (Lowe

et al. 2004). In such a case the populations lose the ability

to adapt to changing conditions and are susceptible to

extinction even after small alterations in the environment

(Newman and Pilson 1997; Frankham and Ralls 1998;

Saccheri et al. 1998). A similar decrease of genetic diver-

sity can also be caused by increased crossing among

closely related individuals, which in turn leads to the

increased homozygosity of individuals (Lowe et al. 2004).
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Crossing between closely related individuals may also lead

to reduced fitness of populations—called inbreeding

depression (DeMauro 1993; Anderson and Waldmann

2002; Ishihama et al. 2005). The two main causes of

inbreeding depression are: (1) higher probability of

expression of deleterious alleles and (2) reduced ability to

adapt to environmental changes (see Reed and Frankham

2003). Both genetic drift and inbreeding may thus lead to

the reduced fitness of the plants. Early detection of these

negative effects by estimating the relationship between

genetic diversity of the populations and plant fitness may

help to reduce the risks of population extinction.

In spite of the potential importance of genetic diversity

for plant fitness, Oostermeijer et al. (2003) concluded in a

review of papers published between the years 1979 and

2000 on the conservation biology of wild plants, that there

were only a few studies assessing the relationship between

plant fitness and genetic diversity. The combination of

studies on fitness and genetics, compared to studying them

separately, can give us a much more reliable picture of the

future prospects of the populations (Colas et al. 1997;

Luijten et al. 2002).

In conservation efforts, we often have limited resources

and we cannot apply the same level of conservation

activities to all populations. We have to pick the most

valuable and important populations. However, few studies

have attempted to describe the distribution of genetic

variation within a species and use this information to pri-

oritize sites and management alternatives for capturing and

maintaining maximum genetic variation within a plant

species (e.g. Neel and Cummings 2003; Neel and Ellstrand

2003; Bonin et al. 2007).

The aim of this study is to estimate genetic diversity and

assess its importance for plant fitness in a species belong-

ing to the most endangered plant species in Europe,

Dracocephalum austriacum L. (Lamiaceae).

Specifically, we address the following questions: (1)

What is the distribution of genetic diversity within and

among populations of D. austriacum and between two

distant regions? (2) What is the relationship between

genetic diversity and plant fitness? and (3) What are the

most valuable populations for conservation in the Czech

and Slovak Republic (central Europe)?

Materials and methods

Study species

Dracocephalum austriacum L. (Lamiaceae) is a perennial

herb or dwarf shrub with erect or ascending stems up to

60 cm high. The species is diploid (2n = 14) (Heywood

1972). It flowers from the second half of May to the first

half of June. It grows on rocky steppes and rocky sunny

slopes (Hrouda 2002). The species is entomophilous

(Hrouda 2000) and according to preliminary study it is self-

compatible, but with a strong positive effect of outcrossing

on seed production (Dostálek 2005).

In the Czech and Slovak Republic this species belongs

to the category of critically endangered species (Holub and

Procházka 2000). For manipulation of this species and

entering its localities, we obtained permission from the

Ministries of Environment of the Czech and Slovak

Republic. It is also a species of high conservation interest

in Europe. It is listed in Annex II of the Habitats Directive

(NATURA 2000), which lists animal and plant species of

societal interest. Conservation of these species requires the

designation of specially protected areas (Web 1: http://

www.nature.cz/publik_syst2/files08/habitats%20directive_

official%20text.pdf).

The whole distribution range of this species is discon-

tinuous and ranges eastward from the eastern Pyrenees

across France, Italy, Switzerland, Austria, the Czech

Republic (northern edge of the distribution range), the

Slovak Republic, Hungary, Romania and to the Ukraine

(Meusel et al. 1978).

Historical data regarding the distribution in the Czech

and Slovak Republics are not very detailed. Heufler (1851)

writes about the first discovery of D. austriacum in the area

of today’s Czech Republic in 1792. Nevole (1910) and

Valoušek (1928) provide a brief list of localities in the

Czech Karst region and Moravia region. Nevole (1910)

also mentions a locality in the České středohořı́ mountains

on Deblı́k hill that has not been confirmed since 1996

(Hamerský 2000). Moucha (1990) writes about nine pop-

ulations in the Czech Republic as they are known today. He

also adds that stone mining destroyed some other popula-

tions, without mentioning their number. Čeřovský (1999)

also writes about the nine Czech populations and notes that

3 populations in the Czech Republic were already extinct.

There were thus at least 12 populations in the Czech

Republic in the past. In the Slovak Republic, the data on

the historical distribution of the species are even more

limited. There is repeated information about populations in

the Slovak Karst and Slovak Paradise on Drevenik

(Moucha 1990; Čeřovský 1999). Populations in the Slovak

Karst region have decreased in size in the last 50 years and

some of them have already disappeared (E. Karasová,

personal communication).

Study populations

We studied all nine populations in the Czech Republic and

three (out of seven) largest populations in the Slovak

Republic (Table 1). Eight Czech populations are situated in

the Czech Karst region (max. 20 km apart), and the last one
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is in Zázmonı́ky (M1) in southern Moravia. Slovak popu-

lations are in the Slovak Karst region (max. 30 km apart)

cca 500 km from the Czech Karst region. The locality in

Zázmonı́ky (M1) is approximately 200 and 300 km in

distance from the Czech and Slovak Karst, respectively.

We only took samples from three largest populations in the

Slovak Republic because we obtained permission for

taking samples from only those three populations. The

populations are geographically grouped into three regions

(Czech Karst region—C1–C8, Moravia—M1 and Slovak

Karst region—S1–S3)—Table 1.

Populations C5 and C7 in the Czech Karst region were

almost extinct in 1980s and they were replanted from other

Czech Karst region populations (Ložek et al. 2003). For

this reason we performed most of the analyses without

samples from these populations.

Data on plant fitness

Plant fitness was expressed as the number of seeds per

flowering stem and per flowering plant in 2005. We

counted only black or dark brown large seeds with smooth

surface which resisted light pressure and excluded seeds

that were clearly undeveloped, with wrinkly surface, light

brown or soft when pressed. We estimated the number of

seeds per flowering stem in each population by sampling

20 randomly chosen flowering plants and counting number

of seeds on each flowering stem. We used these numbers to

estimate the mean seed production per flowering plant as

well as per flowering stem. The two values give us distinct

information. Number of seeds per flowering stem shows

how vital individual flowering stems are. Number of seeds

per flowering plant also gives information about plant size.

In order to calculate ratio of developed and initialized

seeds, we counted the number of calyxes per flowering

stem. Each calyx can contain as many as four developed

seeds and so we would expect ratio of seeds and calyxes

4:1. In addition, we counted all plants (except for seed-

lings, i.e., plants with one thin stem not higher than 10 cm),

number of flowering plants and proportion of flowering

plants in each population. In small populations (C3 and C5)

all flowering individuals were sampled to estimate seed

production. In population M1 seed production was not

estimated. Seed production per plant is significantly related

to plant size (mean stem length r = 0.23, P \ 0.001,

number of stems r = 0.40, P \ 0.001).

Genetic analysis

Genetic diversity of the populations was assessed using

allozymes. Allozymes are supposed to be neutral markers

(Soltis and Soltis 1989; Skibinski et al. 1993) and were

repeatedly used to infer genetic diversity of populations of

rare species (e.g. Petit et al. 1998; Neel and Ellstrand 2003;

Neel and Cummings 2003; Godt et al. 2005). Some have

questioned the appropriateness of assessing genetic

Table 1 Sample sizes and genetic diversity statistics for 10 loci in 12 populations of Dracocephalum austriacum

Population N TA P AP HE HO FST FIS U Mean rank Pop size FN PD

Czech Karst 142 21 0.6 2.83 0.119 0.062 0.143 0.340 3 1,787 – –

C1-Cı́sařská rokle 22 145 0.33 2.336 0.05511 0.0466 0.2132 0.1684 02 4.9 211 151 0.139

C2-Haknovec 22 163 0.42 2.504 0.1286 0.1143 0.1519 0.1032 02 3.9 640 500 0.133

C3-Karlické údolı́ 7 136 0.24 2.504 0.0799 0.0298 0.1776 0.63811 02 6.3 7 6 0.023

C4-Kodská stěna 22 163 0.51 2.207 0.1325 0.0824 0.1776 0.3786 02 4.3 181 130 0.188

C5-Kozelská roklea 3 107 0.05 – 0.00012 0.0009 0.4141 – 02 6 4 3 0.213

C6-Radotı́nské údolı́ 22 163 0.42 2.504 0.1107 0.0417 0.14910 0.63010 02 5.6 60 31 0.059

C7-Vanovicea 22 172 0.51 2.405 0.07510 0.0417 0.1588 0.4569 02 5.5 54 33 0.118

C8-Velká hora 22 191 0.42 3.252 0.1048 0.0645 0.12211 0.3847 02 4.8 630 515 0.322

Moravia (M1-Zázmonı́ky) 4 154 0.24 3.501 0.1364 0.1252 0.1745 0.0791 02 2.9 4 2 –

Slovak Karst 66 20 0.4 3.50 0.189 0.123 0.088 0.347 3 450 – –

S1-Zádielský kameň 22 172 0.42 2.753 0.1831 0.1124 0.1834 0.3858 02 3.3 100 53 0.175

S2-Domické škrapy 22 163 0.42 2.504 0.1712 0.1143 0.1873 0.3365 11 2.9 200 166 0.289

S3-Železná vrata 22 172 0.42 2.753 0.1673 0.1411 0.1657 0.1543 11 2.8 150 67 0.278

We ranked the populations TA, P, AP, HE and HO, FST, FIS, and all occurrences of unique alleles. Populations with the lowest mean rank were

considered to have a higher priority for conservation of genetic diversity within the species within each region (Neel and Ellstrand 2003). Best

three values for each variables are in bold. (N = number of samples, TA = total number of alleles, P = proportion of polymorphic loci,

AP = number of alleles per polymorphic locus, HE = expected heterozygosity, HO = observed heterozygosity, FST = mean genetic distance to

other populations, FIS = inbreeding coefficient, U = number of unique alleles, Pop size = population size in 2005, FN = number of flowering

plants, PD = proportion of developed seeds)
a Populations replanted in 1980s and excluded from some analyses (see details in ‘‘Materials and methods’’)
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diversity of a rare species using allozyme or other neutral

genetic markers for conservation purposes, arguing that the

correlation between molecular genetic variation and the

phenotypic, adaptive, variation that is important for species

survival may be weak (e.g. Hamrick et al. 1991; Storfer

1996). On the other hand, the neutral genetic markers allow

describing the potential variation that may not have adap-

tive advantage now, but may gain it later, when habitat

conditions change. We thus suggest that neutral genetic

variation can provide useful information for selected pop-

ulations that should get a priority in conserving the species.

Allozyme variation was analyzed for a total of 212

D. austriacum individuals sampled from 12 populations in

3 regions (Czech Karst and Moravia in the Czech Republic,

and Slovak Karst in the Slovak Republic). Twenty-two

individuals were sampled per population if possible

(Table 1). Plants were randomly chosen within populations

(seedlings, i.e., plants with one thin stem not higher than

10 cm, were excluded from selection). Plants were

sampled using random distance and random angle from the

middle point of the population. Only plants within 20 cm

from randomly chosen point (minimum distance between

two plants) were sampled. In populations larger than

50 9 50 m, several middle points were selected and sam-

pling was done from a randomly chosen middle point in

each case. In populations with less than 22 individuals, all

plants (but excluding seedlings) in the locality were sam-

pled. We decided not to sample seedlings, because

seedlings often have higher genetic variation than adults,

and mixing seedlings and adults in different proportions

would lead to biased estimates of genetic diversity of the

populations (Mandák et al. 2006; Honnay et al. 2008).

Leaf samples were kept on ice during transport to

laboratory and stored in a refrigerator until extraction.

Approximately 70 mg of leaf tissue was mechanically

ground with Dowex-Cl (1-X8) and quartz sand and

homogenized on ice in ‘‘viola’’ extraction buffer (0.1 M

Tris–HCl pH 8.0, 70 mM 2-mercaptoethanol, 26 mM

sodium metabisulfite, 11 mM ascorbic acid, 4% (w/v)

polyvinylpyrrolidone). Further extraction and electropho-

resis followed Kaplan et al. (2001). The following ten

enzymes were analysed: leucyl aminopeptidase (LAP, E.C.

3.4.11.1), superoxide dismutase (SOD, E.C. 1.15.1.1),

aspartate aminotransferase (AAT, E.C. 2.6.1.1), 6-phos-

phogluconate dehydrogenase (6-PGDH, E.C. 1.1.1.44),

alcohol dehydrogenase (ADH, E.C. 1.1.1.1), shikimate

dehydrogenase (SKDH, E.C 1.1.1.25), phosphoglucomu-

tase (PGM, E.C. 2.7.5.1), malic enzyme (ME, E.C.

1.1.1.40), esterase (EST, E.C. 3.1.1.-), isocitrate dehydro-

genase (IDH, E.C. 1.1.1.42). The systems with high

variation and easy to score were selected for further anal-

yses, e.g. LAP, SOD, 6-PGDH and AAT. The staining

procedures are available in Appendix. A total of 10 loci

was resolved for this species—LAP (3), SOD (3), 6-PGDH

(2) and AAT (2).

Data analysis

Total number of alleles (TA), proportion of polymorphic loci

(P), number of alleles per polymorphic locus (AP), observed

heterozygosity (HO) and expected heterozygosity (HE) were

calculated for each region (Czech Karst, Moravia and Slovak

Karst) and each sampled population using Popgene 1.32

(Yeh and Boyle 1997). Inbreeding coefficient (FIS) for each

population was calculated using average population expec-

ted (HE) and observed heterozygosity (HO) as

FIS ¼
HE � HO

HE

:

Using Popgene 1.32 we further computed population

differentiation (FST) within the Czech and Slovak Karst

regions.

ARLEQUIN 3.11 (Excoffier and Schneider 2005) was

used to assess the partitioning of the genetic variance within

and among populations, and within groups of populations

by conducting an analysis of molecular variance (AMOVA,

Excoffier and Schneider 2005). Populations examined in the

AMOVA procedure were grouped geographically—Czech

Karst and Slovak Karst. Moravian region was excluded

because there was only one population with four plants. We

performed the analysis with Moravia as the third region as

well but the results of AMOVA were almost the same. The

significance levels of variance components were calculated

by conducting 1,000 permutations of the data (variation

within populations—permuting individual genotypes

among populations and among groups; variation among

populations within regions—permuting individual geno-

types among populations but within groups; variation

among regions—permuting whole populations among

groups). Using ARLEQUIN 3.11 we further computed

population differentiation (FST) for each pair of populations

separately.

We also counted the number of unique alleles (alleles

detected only in one population/region). A Mantel test

(Mantel 1967) was used to test whether the matrix of

genetic distances was correlated with the matrix of geo-

graphical distances (ARLEQUIN 3.11; Excoffier and

Schneider 2005, 10,000 permutations). We also calculated

the correlation between genetic and geographical distance

only for Czech and Slovak Karst populations separately.

Correlations between genetic diversity measures and

various fitness measures were tested with linear regression

in S-Plus (2000). Individual fitness was expressed as

number of seeds per flowering stem, number of seeds per

flowering plant and the proportion of developed seeds. The

status of a population was expressed as the logarithm of

776 Conserv Genet (2010) 11:773–783

123



population size (total number of plants) and the proportion

of flowering plants in a population. We tested also net effect

of population size (logarithm) after removing the effect of

genetic diversity measures (HE, HIS and FIS) on fitness

measures (number of seeds per flowering stem and per

flowering plant) and vice versa using multiple regression.

In spite of the high number of tests, we did not apply the

overly conservative Bonferroni correction, but report all

results indicating exact P-values, as suggested by Moran

(2003). Moreover, to assess whether the number of sig-

nificant tests could be due to chance alone, we calculated

the probability of obtaining a given number of significant

tests at the 5% significance level based on binomial

distribution.

The localities C5 and C7 from the Czech Karst were

excluded from AMOVA analyses, Mantel test, overall FST

calculations and FST calculations for the Czech Karst

region and from correlations of genetic diversity measures

and fitness because they were newly replanted in 1980s.

We ranked the populations by their TA, P, AP, HE, HO,

FST and FIS values and by number of unique alleles. The

highest values of all parameters except for FIS got the

lowest rank (they got the highest rank for FIS). Populations

with the lowest mean rank were considered to have a

higher priority for conservation of genetic diversity within

the species within each region (Neel and Ellstrand 2003).

Results

At the species level, 6 of the 10 loci examined were

polymorphic. A total of 24 alleles were detected within all

loci combined, yielding an average of 2.40 (SD = 2.12)

alleles per locus and 3.33 (SD = 2.13) alleles per poly-

morphic locus. Expected heterozygosity (HE) for the whole

dataset was 0.15 (SD = 0.19) and observed heterozygosity

(HO) was 0.08 (SD = 0.11).

The proportion of loci that were polymorphic within the

12 sampled populations ranged from 0 (C5) to 0.5 (C4 and

C7). The number of alleles per population ranged between

10 (C5) and 19 (C8). The number of alleles per polymor-

phic locus within populations ranged from 2.20 (C4) to

3.50 (M1). HE within populations ranged from 0 (C5)

to 0.18 (S1). HO within populations varied from 0 (C5) to

0.14 (S3)—Table 1.

One unique allele was found in population S2 and one in

S3. Three unique alleles were found in the Czech Karst

region and three in the Slovak Karst region (Table 1). The

inbreeding coefficient (FIS) ranged from 0.079 (M1) to

0.638 (C3). Observed heterozygosity was lower than

expected heterozygosity in all populations (Table 1).

The lowest mean rank was observed in Moravian pop-

ulation (M1) and all three Slovak populations. In the Czech

Karst the most valuable populations were C2, C3 and C8

(Table 1).

The analysis of molecular variance (AMOVA) showed

highest variance within populations (80.14%), while

10.45% of variance was divided between the two regions.

Variance amongst the populations within regions was

9.42%. Similar results were also found for single loci

(Table 2). Differentiation among regions was significant

only in two out of six polymorphic loci. However, variation

amongst populations was significant almost in all loci

(Table 2). The recorded value 0.177 of FST (variation

among populations among regions) implies a low gene flow

between populations. FST for the Czech and Slovak Karst

regions were 0.143 and 0.088, respectively. It implies that

populations in the Czech Karst region are more genetically

separated.

FST values for all pairs of populations ranged from

-0.022 to 0.637. All (with the exception of 12 low values)

of the 66 paired comparisons were significant (Table 3).

Genetic distance amongst populations was significantly

correlated with geographical distance (r = 0.44, P =

0.002). Mantel tests for populations from the Czech and

Slovak Karst regions separately were not significant

(P = 0.58 and P = 0.66, respectively).

There was significant positive correlation between HE

and HO (r = 0.83, P = 0.003), TA and P (r = 0.66,

P = 0.036) and TA and AP (r = 0.73, P = 0.024) and

significant negative correlation between FIS and HO (r =

-0.70, P = 0.025). Correlations between all other genetic

diversity measures were not significant.

We found significant positive correlation between seed

production per flowering stem and genetic diversity

Table 2 Results of the analysis of molecular variance (AMOVA) for

183 Dracocephalum austriacum individuals in nine populations

(without C5, C7 and M1) and two regions (Czech and Slovak Karst)

for single loci

Locus Among regions Among populations

within regions

Within

populations

df 2 7 364

LAP-1 31.10%* 2.59% NS 66.32%***

LAP-2 18.43%* 11.08%*** 70.49%***

LAP-3 -2.80% NS 17.70%*** 85.10%***

SOD-1 5.06% NS 4.58%*** 90.36%***

6PGDH-2 0.37% NS 11.03%*** 88.60%***

AAT-2 0.56% NS 12.98%** 86.45%***

Overall 10.45%** 9.42%*** 80.14%***

Overall values are results from overall AMOVA analyses, i.e., not

averaged over single loci. The P values are derived using 1,000

permutations of the data

* P \ 0.05; ** P \ 0.01; *** P \ 0.001

NS not significant
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measures—expected heterozygosity (r = 0.70, P = 0.036,

Fig. 1) and observed heterozygosity (r = 0.80, P =

0.009). Seed production per flowering plant was signifi-

cantly correlated with observed heterozygosity (r = 0.78,

P = 0.012) and negatively correlated with inbreeding

coefficient (r = -0.71, P = 0.033, Fig. 2). We also found

correlation between the total number of alleles and seed

production per flowering plant (r = 0.71, P = 0.034). The

proportion of developed seeds was significantly related to

the total number of alleles (r = 0.75, P = 0.020). The

probability of obtaining these numbers of significant tests

by chance is 0.020 for seed production per flowering stem

and 0.001 for seed production per flowering plant.

There was no significant correlation between any measure

of genetic diversity and population size (see non-significant

relationship between population size and expected hetero-

zygosity in Fig. 4), number of flowering plants or proportion

of flowering plants in population, except for a significant

positive correlation between proportion of polymorphic loci

and population size (r = 0.78, P = 0.008).

There was a significant positive correlation between

population size and proportion of developed seeds (r =

0.67, P = 0.049) and seed production per flowering plant

(r = 0.73, P = 0.026, Fig. 3), but not between population

size and seed production per flowering stem (P = 0.368).

Table 3 Matrix of genetic distances (pair wise FST; lower left triangle) and geographic distances (km; upper right triangle) among 12 population

of Dracocephalum austriacum

C1 C2 C3 C4 C5 C6 C7 C8 M1 S1 S2 S3

C1 – 4 9 1 2 15 2 3 223 507 489 474

C2 0.055* – 4 5 5 11 3 3 220 503 485 470

C3 0.214* 0.159* – 9 8 7 7 7 221 498 480 465

C4 0.239* 0.184* 0.092 – 2 15 2 3 224 508 490 475

C5 0.637* 0.430* 0.463* 0.114 – 14 3 2 226 510 492 477

C6 0.149* 0.115* 0.101 0.154* 0.384* – 14 13 210 493 475 460

C7 0.060* 0.095* 0.072 0.117* 0.458* 0.079* – 2 222 506 488 473

C8 0.069* 0.093* 0.050 0.128* 0.425* 0.036 0.001 – 225 509 490 476

M1 0.324* 0.145* 0.169* 0.173* 0.457* 0.110 0.212* 0.093 – 293 280 260

S1 0.250* 0.159* 0.229* 0.263* 0.393* 0.174* 0.247* 0.168* -0.001 – 31 33

S2 0.156* 0.135* 0.178* 0.241* 0.381* 0.159* 0.193* 0.164* 0.198* 0.150* – 20

S3 0.193* 0.116* 0.220* 0.245* 0.412* 0.173* 0.209* 0.134* 0.033 -0.022 0.106* –

* P \ 0.05 (probability that a random genetic distance is shorter than the observed distance, based on 1,000 iterations)
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Fig. 1 Relationship between expected heterozygosity and seed

production per flowering stem of Dracocephalum austriacum
(r = 0.699, P = 0.036)
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Fig. 2 Relationship between inbreeding coefficient and seed produc-

tion per flowering plant of Dracocephalum austriacum (r = -0.707,

P = 0.033)
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Fig. 3 Relationship between population size and seed production per

flowering plant of Dracocephalum austriacum (r = 0.728, P = 0.026)
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Multiple regressions indicated significant positive effect

of population size on seed production per flowering plant

even after removing the effect of HE (r = 0.12, P = 0.048)

and effect of HO after removing the effect of population

size (r = 0.44, P = 0.012). All other tests done using

multiple regression were not significant (Fig. 4).

Discussion

The study indicates high genetic diversity within the pop-

ulations of D. austriacum, suggesting that the populations

still host sufficient genetic diversity within regions. In

contrast to our expectations, the genetic differentiation

between the two studied regions was quite low. Similar low

differentiation was observed for species with good pollen

or seed dispersal (e.g. Brzosko et al. 2002). However, this

is not the case of D. austriacum (see below).

Despite the low differentiation between the two regions,

we found quite high genetic differentiation among the

studied populations (FST = 0.177). This value corresponds

to the FST values for animal pollinated species in a review

of Hamrick and Godt (1989), which provides FST values

for a range of allozyme studies. The value also agrees with

the results of a summary of studies using RAPD markers

indicating mean FST values of 0.25 for long-lived peren-

nials (N = 14, Nybom and Bartish 2000). Similar results

were also shown in other studies (e.g. Ayres and Ryan

1999; Martı́nez-Palacios et al. 1999).

The high genetic isolation of the studied populations is

in agreement with the fact that D. austriacum is pollinated

mostly by bumblebees and bees (Castro unpublish), and it

is quite unlikely that they are able to transfer pollen from

one locality to another (Darvill et al. 2004). Seed dispersal

between populations is also unlikely (Widén and Widén

1990), because the seeds are large without any specific

adaptations to disperse. Similar high genetic isolation was

also found in other animal pollinated plants (e.g. Colas

et al. 1997; Martı́nez-Palacios et al. 1999). In contrast, Ben

Fadhel and Boussaid (2004) showed in the populations of

Mentha pulegium, from the same family as D. austriacum,

quite high intra-population genetic variability but lower

inter-population differentiation. They hypothesize that it

could be due to the relatively recent origin of the studied

populations.

Population differentiation is higher in the Czech Karst

region (FST = 0.143) than in the Slovak Karst region

(FST = 0.088). This difference could be due to the fact that

there only three populations were sampled in the Slovak

Karst region; whereas eight populations were sampled in

the Czech Karst region. When only the three largest Czech

populations were taken for analysis their FST was 0.068,

which is comparable with the Slovak Karst region. An

alternative explanation for the observed pattern could be

that in the Czech Karst region there are more very small

populations than in the Slovak Karst region. In the small

populations genetic drift plays an important role and leads

to random genetic differentiation among populations

(Lowe et al. 2004).

Values of expected heterozygosity at the population

level for D. austriacum are quite high when compared to

the values provided by Hamrick and Godt (1989) for ani-

mal-pollinated species with mixed mating. We found lower

mean genetic diversity in the Czech Karst region popula-

tions than in the Slovak Karst region populations. This

could be due to the position of Czech populations in the

northern periphery of the distribution range of the species.

Lower genetic diversity at the edge of the distribution

range was also reported by Lamni et al. (1999) and

Faugeron et al. (2004).

We found significant correlation between genetic and

geographical distances when the data from the two regions

were combined, but not within regions. This was probably

because of long distance between Czech and Slovak Karst

populations. The absence of correlation between genetic

and geographical distances within regions suggests the

important role of genetic drift in D. austriacum popula-

tions. The effect of genetic drift on the distribution of

genetic diversity in small populations was also suggested

as an explanation for the absence of spatial patterns for

Taxus baccata in Switzerland by Hilfiker et al. (2004), and

for small unconnected populations of Ranunculus reptans

by Fischer et al. (2000).

Seed production was significantly higher in genetically

more diverse and less inbred populations. Similar results

were also found e.g. by Husband and Schemske (1996),

Fischer and Matthies (1998), Schmidt and Jensen (2000)

and Hensen and Oberprieler (2005). In agreement with

these studies, we also found significant correlation between

seed production per flowering plant and population size.

Such correlation is often reported for species whose
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Fig. 4 Non-significant relationship between population size and

expected heterozygosity in Dracocephalum austriacum (P = 0.779)
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populations decreased due to habitat fragmentation or

habitat destruction (e.g. Luijten et al. 2000). This is prob-

ably also the case of D. austriacum. Some populations

decreased in last 50 years (Karasová in verb.) and some of

them were destructed with stone mining (Moucha 1990).

Lower seed set in small and less variable populations could

be caused by inbreeding. It can play an important role in

populations of species with mixed mating system (Kephart

et al. 1999) such as D. austriacum. Inbreeding could result

from increased outcrossing between close relatives in small

populations and/or increased outcrossing within genetic

neighborhoods (e.g. spatially separated patches within a

large population). Other reason for the relationship

between population size and seed production could be

increased frequency of geitonogamy in small populations

(Lloyd and Schoen 1992). This explanation is likely

because the plants of D. austriacum are quite large with

many flowers and it is much more probable that the poll-

inators fly between flowers of the same plant. Another

explanation, supported by unpublished experiments on

D. austriacum (Castro unpublish) is simply a lack of pol-

linator service leading to increased spontaneous selfing.

In contrast with previous studies (see Ellstrand and Elam

1993; Frankham 1996; Leimu et al. 2006 for reviews), we

did not find significant correlation between the genetic

diversity measures (TA, AP, HE or HO with the exception of

P) and population size (number of plants, number of

flowering plants). Similar absence of correlation between

genetic variation and population size was found by

Oostermeijer et al. (1994), Schmidt and Jensen (2000) and

Leimu and Mutikainen (2005). Leimu and Mutikainen

(2005) assume that the populations are of recent common

ancestry and may also have relatively high levels of current

gene flow. However, neither recent common ancestry nor

high level of current gene flow is definitely the case for our

species. In review of Leimu et al. (2006) they also found

positive relationship between genetic diversity and popu-

lation size but they showed that this relationship was

weaker for self-compatible species and for allozyme stud-

ies. The absence of this relationship in D. austriacum could

be due to the low number of examined populations, or the

fact that some populations are very small and there are not

multiple large populations in Central Europe. Alterna-

tively, the lack of the pattern could be due to historical

factors (such as population size) being more important than

current population size in determining patterns of genetic

diversity of the populations (see Ellstrand and Elam 1993;

Ouborg and van Treuren 1995; Schmidt and Jensen 2000).

Another explanation could be the lower resolution of the

marker type used in comparison to DNA markers such as

AFLP’s.

Conservation implications

In this study, we explored genetic diversity of populations

of D. austriacum in two regions at the periphery of the total

distribution range. While it would be useful to have a

comparison of genetic diversity from a higher number of

countries, the decision on conservation priorities are still

done mainly within the single countries. The knowledge on

genetic diversity of Czech and Slovak populations will thus

provide useful background information for conservation of

this species within this region.
All studied Slovak populations had high genetic diver-

sity; indicating that all three examined Slovak populations

should be of high conservation priority. All three Slovak

populations should be maintained to ensure that all alleles

identified in our analyses could be preserved. Each one of

them has some unique genetic information within the

Slovak Karst region. In the Czech Republic, three popu-

lations (C2, C4 and C8) seem to be the most valuable

populations for conserving genetic diversity within

D. austriacum. However, if we would like to maintain all

possible genetic diversity within the Czech Republic we

should also protect the C6 population as well. The C6

population contains alleles, which are not present in other

populations in the Czech Republic (but are included in the

Slovak populations). Results of parallel demographic study

indicate that the populations are not currently declining

(Dostálek 2005). It should be sufficient to keep the local-

ities in their current state. The restoration of degraded sites

to increase the size of populations could be useful but

should be a lower priority than protecting existing popu-

lations where the largest amount of genetic diversity is

concentrated. According to our analysis, most of the small

populations do not substantially contribute to the genetic

variability of the species in each studied region (with the

exception of the isolated small population M1).
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Appendix: The gel staining procedures

The staining procedures followed Vallejos (1983) to visu-

alize ADH, 6-PGDH, PGM, EST, IDH and Wendel and

Weeden (1989) for SOD and SKDH with the following

modifications: ADH (20 ml ethanol), 6-PGDH (0.1 M
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Tris–HCl pH 8.4, 30 mg 6-phosphogluconic acid), PGM

(24 mg MgCl2), EST (Na-phosphate buffer pH 6.45, 30 mg

b-naphthylphosphate, 30 mg a-naphtylacetate), IDH

(50 ml 0.1 M Tris–HCl pH 8.0, 50 mg isocitric acid,

80 mg MgCl2), SKDH (30 ml 0.1 M Tris–HCl pH 8.4,

30 mg shikimic acid, 5 mg NADP, 6 mg MTT). Enzyme

systems AAT and LAP were stained using the following

methods. Two staining solutions were prepared for AAT: A

(260 mg aspartic acid and 45 mg a-ketoglutaric acid dis-

solved in warm 20 ml 0.1 M Tris–HCl pH 8.4) and B

(20 ml 0.1 M Tris–HCl pH 8.4, 50 mg Fast Blue BB Salt,

50 mg Fast Violet B). The solution A was prepared at least

15 min before the application. The gel was rinsed in water

and then in buffer Tris–HCl pH 7. Solutions A and B were

mixed and poured on the gel. The gel was incubated in the

dark at 32�C until bands appeared. Then it was rinsed and

fixed (1:1:3:5, glycerine, acetic acid, H2O, methanol). The

gel stained for LAP was rinsed in buffer 0.2 M Tris-

maleate pH 6 and incubated 10 min with 45 mg L-leucyl-

b-naphthylamide-HCl (in 50% acetone) and 60 mg MgCl2
(both dissolved in 30 ml buffer). Afterwards solution of

25 mg Fast Black K Salt in 30 ml buffer was added and gel

was incubated in the dark at 32�C until bands appeared. For

SOD ingredients, 50 ml of 0.05 M Tris–HCl (pH 8.2),

5 mg of EDTA, 5 mg of NBT and 2 mg of riboflavin were

combined and poured over the gel. This was incubated for

20 min in the dark at 32�C then removed and illuminated

under a lamp until bands appeared on the blue background.

A standard staining solution for ME was prepared by dis-

solving 150 mg malic acid in 25 ml 0.05 M Tris–HCl (pH

8.0) and adjusted to pH 7.5 with 1N NaOH; to this was

added a solution of 10 mg of MTT, 5 mg of NADP and

2 mg of PMS in 25 ml of 0.05 M Tris–HCl (pH 8.0), and

the resulting staining solution was poured over the gel.

Afterwards, all gels were thoroughly rinsed in distilled

water, dried between two cellophane sheets and stored.
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Čeřovský J (1999) Dracocephalum austriacum L. In: Čeřovský J,
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Květena České republiky. [Flora of the Czech Republic.], vol 6.

Academia, Prague, pp 638–639 (In Czech)

Hrouda L (2002) Dracocephalum austriacum L. In: Kubát K, Hrouda

L, Chrtek J Jr, Kaplan Z, Kirschner J, Štěpánek J (eds) Klı́č ke
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genetics and conservation priorities for the critically endangered

island endemic Delphinium pentagynum subsp. formenteranum
(Ranunculaceae). Biodivers Conserv 12:1937–1951. doi:10.1023/

A:1024103714274

Lowe A, Harris S, Ashton P (2004) Ecological genetics: design,

analysis, and application. Blackwell publishing, Oxford
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