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Introduction

Hairs are conspicuous morphological traits that often show 
polymorphism in plants (Levin 1973). A range of adaptive 
advantages has been suggested to explain this polymor-
phism; hairs can play a role in the plant defence against 
herbivores and pathogens (Hagley et al. 1980; Ågren and 
Schemske 1993; Paliniswamy and Bodnaryk 1994; West-
erbergh and Nyberg 1995; Meagher et al. 1997; Løe et al. 
2007) and in the protection from abiotic stresses by tem-
perature and water regulation and UV reflectance (Skaltsa 
et al. 1994; Espigares and Peco 1995; Wagner et al. 2004). 
Hair density is often under some genetic control, revealed by 
crosses between species within a genus or between morphs 
within species (Ågren and Schemske 1992; Paliniswamy and 
Bodnaryk 1994). The spacing and number of hairs can have 
a complicated genetic background (Larkin et al. 1996), but 
an increasing number of studies have shown that hairiness 
on different parts of the plant is governed by simple Men-
delian genes (Westerberg 1992; Silvestre 2000; Kärkkäinen 
and Ågren 2002; Kivmäki et al. 2007; Yol and Uzun 2011; 
Widén 2015).

Hairs are often used as marker traits in crop plants or 
as diagnostic keys in the taxonomy of several plant fami-
lies, e.g. Malvaceae, Cistaceae (Janchen 1907; Bayer and 
Kubitzki 2003). Helianthemum is a young genus (Guzmán 
and Vargas 2009; Aparicio et al. 2017) with a number 
of variable species complexes that have not yet reached 
reproductive isolation (cf. Widén 1986, 2015). Common 
to many of these complexes is an intricate differentia-
tion in pubescence (Grosser 1903; Proctor and Heywood 
1968). Widén (2015) has recently shown that the presence 
of a dense cover of stellate hairs on the abaxial surface 
of the leaves is governed by a recessive allele of a Men-
delian gene in one species of the genus—Helianthemum 
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nummularium (L.) Mill. To understand the evolutionary 
mechanisms behind the diversity of hair morphs in Heli‑
anthemum, more studies of various taxa are needed.

Helianthemum oelandicum (L.) Dum.Cours. is an 
aggregate of morphs that has been divided into a num-
ber of geographical and altitudinal taxa in Europe, North 
Africa and the Caucasus (Janchen 1907; Proctor and Hey-
wood 1968; Widén 2010). Three kinds of hairs are found 
in H. oelandicum—bristles, stellate hairs and glandular 
hairs (Grosser 1903). Bristles and stellate hairs are found 
on leaves, peduncles and sepals. Bristles usually consist 
of 2–3 hairs united at the base and pointing in the same 
direction, whereas the 4–15 united arms in stellate hairs 
radiate from the base. Intermediates between bristles and 
stellate hairs occur.

The most important diagnostic characters used to circum-
scribe taxa in the complex, apart from size of leaves and 
petals, are the absence or presence of a dense cover of stel-
late hairs on the abaxial surface of the leaves and flowering 
phenology. Flowering phenology has a morphological basis 
(Widén 1980); inflorescences are produced only on the pre-
vious year’s growth in plants with the concentrated flower-
ing (CF) phenology giving rise to a short flowering period 
early in the season. In plants with the protracted flowering 
(PF) phenology, inflorescences are borne on both the previ-
ous and the current year’s growth, resulting in a potential 
flowering throughout the season (Widén 1980).

The H. oelandicum complex is represented by the endemic 
subspecies oelandicum with two varieties in the very restricted 
geographical area (about 1350 km2) of the Baltic island of 
Öland (Widén 2010). The taxa on Öland are important for 
understanding the evolution of traits in the complex, since 
their morphological variation covers the whole range of vari-
ation found in the two main diagnostic characters in the rest 
of the complex (flowering phenology and pubescence). Heli‑
anthemum oelandicum subsp. oelandicum var. oelandicum 
is characterised by CF phenology and lack of a dense cover 
of stellate hairs on the abaxial surface of the leaves (with or 
without bristles), while H. oelandicum subsp. oelandicum var. 
canescens (Hartm.) Fr. consists of PF plants with or without 
a dense cover of stellate hairs on the abaxial surface of the 
leaves (but always with bristles). The two varieties have mainly 
allopatric distributions in the area of steppe-like ‘alvar’ grass-
lands on the Baltic island of Öland, Sweden; var. oelandicum 
is common in suitable habitats throughout the island except 
for the area of var. canescens, in the southernmost part of the 
island (Fig. 1). Widén (1988) described, in detail, variation in 
the density of hairs and the correlation between types of hairs 
in different parts of the plant. Both varieties show a significant 
spatial pattern in pubescence that, according to Widén (1980, 
1988, 2010), reflects the heterogeneity of their habitats; hairy 
plants are more frequent in dry, well-drained habitats, whereas 

less hairy plants are more common in less-drained habitats 
with freezing and thawing during winter (cf. Sterner 1936a).

The Baltic island of Öland was covered by ice during the 
LGM (Svendsen et al. 2004). Pollen records show that H. 
oelandicum immigrated soon after the withdrawal of the ice 
(Königsson 1968; Berglund 1966; Mortensen et al. 2011). 
The pollen spectra indicate that H. oelandicum was abundant 
early in the postglacial history of the island, but became rare 
as forests developed (Königsson 1968). The species probably 
existed in small isolated pockets on exposed bedrocks in closed 
forests for several thousand years. The human Neolithic influ-
ences (7000–4000 years ago) opened up the landscape, and 
this is reflected in increasing pollen records of H. oelandicum 
(Königsson 1968).

A recent phylogeographic study based on plastid micro-
satellites indicated that the species reached Öland via two 
migration routes, one from the south–south–west and one from 
the south–east. The distribution of two plastid haplotypes on 
Öland showed a distinct geographical pattern, which did not 
correspond to the spatial distribution of the two varieties and 
the variation in pubescence (Soubani 2010). This indicates 
extensive introgression between two migration lineages and a 
postglacial adaptation to different habitats on Öland (Widén, in 
prep.). Consequently, the spatial differentiation in pubescence 
of H. oelandicum on the Baltic island of Öland has devel-
oped during the past 10,000 years (Widén 1988). Variation 
in pubescence of H. oelandicum on Öland has a correspond-
ing differentiation in pubescence in the continental part of the 
distribution of the H. oelandicum complex, with an older and 
more intricate glacial and postglacial migration history (Sou-
bani 2010).

The present study is the second in a series dealing with 
the genetics behind variation in pubescence of Helianthemum 
(cf. Widén 2015). Here I report on (1) the result of a crossing 
programme to unravel the genetics of the presence of a dense 
cover of stellate hairs on the abaxial surface of the leaves in 
H. oelandicum var. canescens. This trait has long been used as 
a diagnostic character in the species complex (Janchen 1907; 
Proctor and Heywood 1968), but Widén (2010) abandoned it 
as a diagnostic character for H. oelandicum on the Baltic island 
of Öland. Here I also (2) translate the geographical pattern in 
the hair character into allele frequencies in natural popula-
tions of H. oelandicum var. canescens, based on data in Widén 
(1988). Allele frequencies in natural populations will be the 
basis for further studies of the adaptive significance of genetic 
variation for pubescence (cf. Widén 1980, 1988).
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Materials and methods

The model species

Helianthemum oelandicum subsp. oelandicum is a wind-
pollinated (Sterner 1936a; Widén 2010), outcrossing, dip-
loid (2n = 22) dwarf shrub, endemic to the Baltic island of 
Öland (Sweden). Its main distribution area on the island is 
the Great Alvar (Fig. 1b), 255 km2 of open, dry grassland 
habitats on limestone outcrops with thin soils overlaying 
bedrock (≤20 cm) (Bengtsson et al. 1988; Reitalu et al. 
2014). These habitats consist of a complex mosaic of abi-
otic conditions, such as drought, water logging and frost 
disturbance during the winter (Sterner 1936a). Helianthe‑
mum oelandicum is one of the most common species in 

the dry grassland habitats and can occur in extremely large 
populations (Widén 1980; Bengtsson et al. 1988).

Helianthemum oelandicum var. canescens is restricted 
to the southernmost part of Öland, comprising less than 
10 km2 (Fig. 1c). The distribution area of var. canescens 
marked in Fig. 1c was established in 2008 using GPS to 
find the border between var. canescens and var. oelan‑
dicum. The distribution areas of the two varieties on the 
Great Alvar are often separated by habitats without H. 
oelandicum (Widén 1980), but sometimes a zone where 
one variety is gradually replaced by the other. The area 
with more than 90% of the plants belonging to var. cane‑
scens has been marked with black in Fig. 1c (see also 
Widén 1980). The transition zone between the two varie-
ties will be discussed elsewhere.

Fig. 1  a The Baltic area. b The distribution of Helianthemum oelan‑
dicum (black) on the Baltic island of Öland (simplified from Sterner 
1936a, b). c The distribution of H. oelandicum on the southernmost 
part of the Baltic island of Öland. Black indicates the area where 
>90% of the plants belong to var. canescens and stripes indicate the 
distribution of var. oelandicum. The boundary between the distribu-
tions of the two varieties on the Great Alvar was established with 
GPS. The area marked with black in the southernmost part of Öland 

represents the outer border of a number of small more or less isolated 
populations south of the main distribution of var. canescens on the 
Great Alvar. d Allele frequencies in natural populations of H. oelan‑
dicum var. canescens. The pie diagrams show (black) the frequen-
cies of the recessive can allele for a dense cover of stellate hairs on 
the abaxial surface of the leaves based on field sample 1; cf. Table 7 
(population identity next to the diagram)
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Sampling of plants for survey of variation 
in pubescence

The field sampling of the study materials was carried 
out in the early 1970s and performed in three steps 
(described in more detail in Widén 1980, 1988). Firstly, 
sites (100 × 100 m) were selected from areas with H. 
oelandicum; these sites were considered as natural popu-
lations and were given identity numbers. Secondly, one to 
three samples of plants were taken from randomly placed 
squares (10 × 10 m) within each site. Thirdly, each sample 
within a 10 × 10 m square consisted of 20 adult plants 
taken from a randomly selected plot (1 × 1 m). If less than 
20 plants were found within a 1-m2 plot, additional plots 
were randomly selected within the 100-m2 square until 
the sample size of 20 adults was reached. In this study, I 
consider 29 sites within the distribution area of var. cane‑
scens (Fig. 1c).

From each plant, a voucher consisting of at least one 
branch with a leaf rosette and inflorescences was preserved 
in FAA (field samples 1). For a selected number of sites 
(100 × 100 m), an additional square (10 × 10 m) was 
sampled and 20 plants within a plot (1 × 1 m) were pre-
served in FAA (field samples 2) or as dried and pressed 
material (field sample 3). Plants in field sample 1 at some 
sites were permanently marked, and seeds were sampled in 
July–August. The seeds were scarified with sandpaper to 
break the dormancy (Thanos et al. 1992) and sown in pots 
(a bulk sample from each population per pot) the following 
spring. Seedlings were transplanted to individual pots with 
a standard soil mixture (50 l commercial soil, 15 l sand, 1 l 
chalk and 0.5 l long-lasting nutrients) in the autumn and 
kept outdoors in the following years. After at least 2 years 
in a common garden at Lund University, vouchers were 
preserved in FAA for successive morphometric analysis 
(common garden sample).

Sampling of plants for genetic analysis

Plants (as cuttings) were transplanted from natural popu-
lations of var. canescens (sites selected in the 1970s, see 
above) to the research garden at Lund University in the mid-
1990s. The cuttings (one or two 2- to 3-cm-long branches 
with a terminal leaf rosette) were planted in sand outdoors 
in early spring, irrigated frequently and transplanted to pots 
with standard soil when roots developed. Surviving plants 
were multiplied in the same way during successive years, 
until the original plants had as many as ten replicates in the 
early 2000s. The plants were replanted with the standard 
soil mixture (see above) each summer and kept outdoors as 
much as possible (indoors only when used in experimental 
crosses, see below).

Quantification of pubescence

Here, I only consider stellate hairs on the abaxial surface 
of the leaves and disregard the fact that the density of stel-
late hairs shows a strong correlation with density of bris-
tles (Widén 1988). The naked eye can generally distinguish 
between plants with a dense cover of stellate hairs on the 
abaxial surface of the leaves and plants without this trait 
(Fig. 2). However, under a dissecting microscope, it is clear 
that the density of hairs is more or less continuous.

Using a template to describe the density of hairs, the third 
to fifth most distal pairs of well-developed leaves on a shoot 
were classified under a dissecting microscope (cf. Widén 
2015). An individual was given a hair score ranging from 0 
to 3 to describe the variation in density from no stellate hairs 
to a dense whitish felt of intertwisted stellate hairs. The cri-
teria for the hair scores were as follows: 0 = no stellate hairs 
on the abaxial surface of the leaf (though there are usually 
bristles, Fig. 3a, b); 1 = scattered, large stellate hairs all over 
the abaxial leaf surface (Fig. 3c, d); 2 = leaf surface covered 
by a thin felt of large stellate hairs that cover each other, 
but the leaf surface can be seen beneath the felt (Fig. 3e, f); 
3 = a dense whitish felt where individual stellate hairs are 
difficult to distinguish and where the epidermis beneath the 
carpet of hairs cannot be seen (Fig. 3g, h). Because of the 
virtually continuous variation, examined specimens often 
had a density of hairs that fall between two categories in the 
template, so half scores were also given. When screening the 
whole material, individual specimens were given any of the 
seven hair scores 0, 0.5, 1, 1.5, 2, 2.5 or 3.

Since the classification of hairs involved a risk of sub-
jectivity, I tested the stability of the hair scores in the pre-
sent study by classifying the hairs on the same specimen 

Fig. 2  The abaxial surface the leaves of Helianthemum olandicum 
var. canescens. To the left, a stellated plant (with a dense cover of 
stellated hairs) and to the right a bristled plant (without the dense 
cover of stellate hairs)
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in each of three populations (field sample 3 in populations 
1, 11 and 115, see below); (1) the same branch was clas-
sified twice on different occasions, and (2) an additional 
branch of the same specimen was also classified. The 
specimens were given a random code number to prevent 

my knowledge of their population identity causing bias in 
my classification. Comparison of the two classifications of 
the same branch is a test of the repeatability of the method, 
and comparing (1) and (2) gives information of the degree 
of variation within plants.

Fig. 3  SEM photographs of 
scores for stellate hairs on the 
abaxial surface of the leaves in 
Helianthemum olandicum var. 
canescens. Hair score 0 (a, b), 
hair score 1 (c, d), hair score 
2 (e, f) and hair score 3 (g, h). 
The left column shows a 5-mm 
section of the leaf and the right 
column shows a close-up of an 
individual bristle (b) and stel-
late hairs (d, f, h)
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Crossing experiments

Plants were transferred to a heated, insect-free greenhouse 
in April (Table 1). To optimise synchrony of flowering 
between plants (n = 12) in the crossing programme (see 
Testing inheritance of pubescence, below), replicates of 
individual plants were transferred to the greenhouse within 
a 2-week period. At least one replicate of each plant used in 
the crossing programme was checked for autogamous self-
fertilisation by leaving it as a control, untreated and iso-
lated in the cultivation chamber. Reciprocal crosses were 
performed between plants in different combinations within 
and between populations by gently rubbing flowers from 
two plants with synchronised flowering. By using replicates, 
individual plants could be included in several crossing com-
binations. To avoid contamination, the two parental plants in 
each cross were separated from other combinations of plants 
by distances of several metres in the cultivation chamber. 
A few inflorescences not used for the crosses on individual 
plants were left untouched as an extra control of contamina-
tion. Seeds were harvested after 5–6 weeks.

The seed coat was rubbed with sandpaper to break dor-
mancy. Seeds of the F1 generation were usually sown for 
the first time on petri dishes or in pots indoors or outdoors 
in spring of the year after the cross was performed. Because 
the seedlings were sensitive to drought and slug grazing, 
and because many died before establishment, only small 
batches of the seeds (n = 10–20) from each cross were 
sown each year. It usually took 2 years (sometimes more) 
for a cohort of the seedlings to reach flowering. The F2 gen-
eration was produced by pairwise crosses among F1 plants 
within families (usually 5–6 siblings in each family). Several 
crosses had to be repeated in successive years, because of 
problems with synchronising flowering among siblings and 
because some of the crosses between siblings were unsuc-
cessful. Consequently, an F2 generation could usually not 
be produced until 3–5 years after the original cross. A few 

inflorescences of F1 plants not used in crosses were left as 
controls of self-compatibility, and other inflorescences not 
used in the crosses were removed before flowering.

Seeds of the F2 generation were treated in the same way 
as those in F1. At least one, often two, vouchers of each 
plant were pressed and preserved. Classification of pubes-
cence of the progeny in F1 and F2 followed the procedure 
described above. Plants were classified provisionally at first 
when they had reached a minimum age of 1 year, but the 
final classification of all plants was performed on adults 
when the crossing programme was completed.

Testing inheritance of pubescence

Widén (2015) showed that inheritance of pubescence was 
governed by a Mendelian gene with two alleles in H. num‑
mularium. I posed the same ‘a priori’ hypothesis that the 
inheritance of a dense cover of stellate hairs on the abaxial 
surface of the leaves is determined by a recessive allele of 
a Mendelian gene in H. oelandicum var. canescens. I used 
plants from two homogeneous populations: four plants from 
population 11, where most plants had a dense cover of stel-
late hairs on the abaxial surface of the leaves, and three 
plants from population 1, where all plants lacked the dense 
cover of stellate hairs. Five additional plants were used in the 
crossing programme—three from two monomorphic popula-
tions (nos. 112 and 115) for the hairy plants and two plants 
without a dense cover of stellate hairs from two polymorphic 
populations (nos. 109 and 133). See Table 1.

To test the ‘a priori’ hypothesis, the following four types 
of crosses between morphs within and between populations 
were performed:

1. Crosses between plants with a dense cover of stellate 
hairs on the abaxial surface of the leaves (for simplicity, 
referred to as ‘stellated plants’). All plants were from 
monomorphic populations (nos. 11, 112 and 115), and 

Table 1  Identity and 
characteristics of H. oelandicum 
var. canescens plants used in 
crosses

Population Type of population Plant Hair score Phenotype Assumed genotype

1 Monomorphic 6331 0 Bristled Brist/Brist
1 Monomorphic 4991 0 Bristled Brist/Brist
1 Monomorphic 4992 1 Bristled Brist/Brist
11 Monomorphic 4978 3 Stellated can/can
11 Monomorphic 6359 3 Stellated can/can
11 Monomorphic 9364 3 Stellated can/can
11 Monomorphic 6390 3 Stellated can/can
112 Monomorphic 10,640 3 Stellated can/can
112 Monomorphic 9380 3 Stellated can/can
115 Monomorphic 3609 3 Stellated can/can
109 Polymonomorphic 3874 0 Bristled Brist/Brist
133 Polymonomorphic 9331 1 Bristled Brist/can
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they were assumed to be homozygous for the recessive 
allele determining the dense cover of stellate hairs.

2. Crosses between plants from a monomorphic population 
(no. 1) with plants without a dense cover of stellate hairs 
on the abaxial surface of the leaves (for simplicity, ‘bris-
tled plants’). All plants were assumed to be homozygous 
for the dominant allele determining the lack of a dense 
cover of stellate hairs.

3. Crosses between plants from one monomorphic popu-
lation (no. 1) of bristled plants and two monomorphic 
populations (nos. 11 and 112) of stellated plants. The 
plants were assumed to be homozygous for the dominant 
and recessive alleles, respectively.

4. Crosses between plants from four monomorphic popula-
tions (nos. 1, 11, 112 and 115) and bristled plants from 
two polymorphic populations (nos. 109 and 133). Plants 
from the monomorphic populations were assumed to 
be homozygous for the dominant and recessive alleles, 
respectively (see above), while plants from the polymor-
phic populations could be either homo- or heterozygous 
for the dominant allele (cf. Table 1).

Allele frequencies in natural populations

Variation in hairs was translated to allele frequencies in dif-
ferent samples. The allele frequencies [q = √ (number of 
stellate plants/n)] were estimated assuming Hardy–Weinberg 
equilibrium (H. oelandicum is self-incompatible, see below). 
Samples within and between populations were compared. 
The allele frequencies in sample 1 for different sites were 
displayed on a map (Fig. 1d).

Statistical tests

Differences in the distribution of hair scores among samples 
within sites, as well as among crosses, were tested using a 
nonparametric test, the Kruskal–Wallis test, while pairwise 
comparisons were done using a Mann–Whitney U test. The 
results of experimental crosses were evaluated by testing 
the goodness of fit of observed frequencies of the two hair 
morphs according to the ‘a priori’ hypothesis described 
above.

Results

Quantification of pubescence

When I tested the repeatability of the classification of hairs 
by measuring the same branch on 60 plants on two differ-
ent occasions, the hair score was the same in 71.2% of the 
cases. The differences between the two classifications were 
0.5 in 27.1% of the cases. The corresponding proportions 

were 61.0 and 33.1% when two different branches on a plant 
were classified (n = 60). Consequently, the probability was 
high (p ≈ 0.95) that repeated measures of an individual were 
the same or within ±0.5 scores.

The distribution of hair scores for the six populations 
used in the crossing programme is illustrated in Fig. 4. Three 
populations represented areas with the most pubescent plants 
(nos. 11, 112 and 115) and one population (no. 1) repre-
sented areas with the least hairy plants. These populations 
are classified as monomorphic (Table 1). Two populations 
(nos. 109 and 133) had a mixture of plants with respect 
to hairiness and were therefore classified as polymorphic 
(Table 1). In population 1—with only bristled plants—the 
distribution of hair scores ranged from 0 to 1.5. Population 
112 had only stellated plants; here the distribution of hair 
scores ranged from 2 to 3. Most plants had a hair score in the 
range 2–3 in the two other populations dominated by stel-
lated plants (nos. 11 and 115). The hair scores ranged from 0 
to 3 in the two polymorphic populations (nos. 109 and 133).

Hairiness of plants in several samples from the same site 
(100 × 100 m) could be compared in three of the popula-
tions in Fig. 4. The distribution of hair scores for plants in 
the common garden sample did not differ significantly from 
that of the field sample 1 (the seed source of the cultivated 
plants) in population 1 (Mann–Whitney U test = 176.0, 
p = 0.869), but the difference was marginally significant in 
population 11 (Mann–Whitney U test = 247.0, p = 0.046). 
When the three field samples within populations were com-
pared, samples in population 1 differed marginally signifi-
cantly (Kruskal–Wallis test = 6.3, df = 2, p = 0.043), but 
not the samples in populations 11 and 115 (Kruskal–Wallis 
test = 3.18, df = 2, p = 0.204 and Kruskal–Wallis test = 5.12, 
df = 2, p = 0.077, respectively).

Crosses

Self‑incompatibility

No replicate of the parental plants isolated in the cultiva-
tion chamber as control of autogamous self-fertilisation set 
seed. Very rarely one or a few seeds developed in a capsule 
on control inflorescences of parental plants and F1 progeny 
used in a cross.

Segregation in crosses

The reciprocals set seeds in most crosses between parental 
plants, but crosses among progeny in F1 were sometimes 
unsuccessful and had to be repeated in alternative combina-
tions among the progeny. Different cohorts of a given cross 
were sometimes raised in different environments (outdoors 
or indoors), which could have influenced the hair score given 
to individual plants. However, when several vouchers of a 
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plant were preserved, their hair score did not differ more 
than ±0.5. If possible, vouchers of plants raised indoors were 
used in the classification of hairs (most vouchers were sam-
pled from progeny raised indoors).

The distribution of hair scores of offspring in crosses 
among plants within morphs did not differ between F1 and 
F2 (cross types 1 and 2; Tables 2, 3; Fig. 5a), confirming 
the assumption that mother plants were homozygotes for 
the dominant and the recessive alleles, accordingly. The 

distribution of hair scores of offspring in F1s of crosses 
between the two morphs from different monomorphic 
populations was the same among crosses (cross type 3; 
Table 4) and did not differ from the distribution of hair 
scores of F1 progeny in crosses among bristled plants (cross 
type 2; Fig. 5b, Mann–Whitney U test = 9799.5, n = 333, 
p = 0.959). Genes that determine hairiness of bristled plants 
are dominant over genes that determine hairiness of stellated 
plants.

Fig. 4  Distribution of hair 
scores at sites (100 × 100 m) 
used for crosses between plants 
in Helianthemum olandicum 
var. canescens. a Three sites 
with several samples per site 
(nos. 1, 11 and 115). b Three 
sites with one sample per site 
(nos. 109, 112 and 133)
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F2 progeny in crosses between bristled plants and stel-
lated plants from monomorphic populations segregated the 
whole range of hair scores (cross type 3; Table 4; Fig. 5b). 
The distribution of hair scores among the six crosses was 
significantly different (Table 4). By comparing the distribu-
tion of hair scores in crosses within morphs (cross types 1 
and 2; Fig. 5a) with that of crosses between morphs (cross 
type 3; Fig. 5b), I classified plants with hair scores ≤1.5 as 
bristled plants and plants with hair scores ≥2 as stellated 
plants. The number of bristled F2 plants was 314, and the 
number of stellated F2 plants was 116 in the six F2 fami-
lies of cross type 3; the segregation did not differ from the 
expected 3:1 ratio according to the ‘a priori’ hypothesis 
(X2 = 0.90, ns). The segregations in separate crosses did not 
differ from the expected 3:1 ratio (Tables 5). The phenotype 
of bristled plants (hair scores ≤1.5) is determined by a domi-
nant allele, and the phenotype of stellated plants (hair scores 
≥2) is determined by a recessive allele.

Table 2  Crosses among 
stellated plants derived from 
monomorphic populations 
(cross type 1)

The difference in distribution of hair scores for F1 and F2 in each cross was tested with Mann–Whitney U 
test

Hair score Cross 10 Cross 50 Cross 63 Cross 96

F1 F2 F1 F2 F1 F2 F1 F2

0 0 0 0 0 0 0 0 0
0.5 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
1.5 0 0 0 0 0 0 0 0
2 0 0 0 0 0 1 1 0
2.5 13 0 3 5 1 4 15 20
3 22 2 39 19 24 33 86 54
Sum 35 2 42 24 25 37 102 74
Mann–Whitney U 

test p
0.104 0.224 0.073

Table 3  Crosses among 
bristled plants derived from 
monomorphic populations 
(cross type 2)

The distribution of hair scores 
is the same across the four cat-
egories (F1 and F2 of the two 
crosses). Kruskal–Wallis test, 
p = 0.323

Hair score Cross 
16

Cross 45

F1 F2 F1 F2

0 15 16 24 26
0.5 16 32 18 21
1 0 0 3 2
1.5 0 0 0 0
2 0 0 0 0
2.5 0 0 0 0
3 0 0 0 0
Sum 31 48 45 49

Crosses within morphs

Fr
eq

ue
nc

y

Hair score

1

1.5

F1 bristled (n = 76)
F2 bristled (n = 97)

F1 stellated (n = 204)
F2 stellated (n = 137)

0
0 0.5 2 2.5 31

Crosses between morphs

Fr
eq

ue
nc

y

Hair score

1

0.5
0

F1 (n = 257)
F2 (n = 430)

1.50 2.51 32

a

b

Fig. 5  Summary of hair scores in crosses in Helianthemum olandi‑
cum var. canescens between plants from monomorphic populations. 
a Crosses among bristled and stellated plants, respectively. b Crosses 
between bristled and stellated plants
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In cross no. 95, between a bristled plant (no. 3874 in 
Table 5) from the polymorphic population 109 and a bris-
tled plant from the monomorphic population 1, neither 
F1 nor F2 segregated. When plant no. 3874 was crossed 
with two stellated plants (cross nos. 94 and 97 in Table 5), 
the progeny in F1 was all bristled plants (Table 6) and 
the segregation in F2 did not deviate from the expected 
3:1 ratio (Table 5). Plant no. 3874 from the polymorphic 
population 109 was homozygous for the dominant allele. 
When the bristled plant no. 9331 from the polymorphic 
population 133 was crossed with the stellated plant no. 
9364 from the monomorphic population 11 (cross no. 70), 
progeny in F1 segregated and the segregation did not devi-
ate from 1:1, indicating that the bristled plant no. 9331 
was heterozygous (Table 5). F2 progeny in cross no. 70 
was produced by crossing a heterogeneous cohort of F1 
plants, so segregation in F2 could not be tested against the 
‘a priori’ hypothesis.

The inferred genotypes of an assumed major locus for 
the two hair phenotypes, bristled plants (Brist/Brist or Brist/
can) and stellated plants (can/can), respectively, used in the 
crossing programme are shown in Table 1. Segregation in 
all crosses was in accordance with the inferred genotypes 
(Tables 1, 5).

Allele frequencies in natural populations

Using plants with hair scores ≥2 as an estimation of the 
recessive homozygotes, I calculated the frequency of the 
recessive (can) allele in the field samples and the common 
garden sample (Table 7). There was a significant correlation 
(r = 0.877, p < 0.01) between the estimated frequency of 
the can allele in natural populations based on field sample 1 
and on the offspring in the common garden sample (Fig. 6). 
The correlations of allele frequencies among the three field 
samples within sites were highly significant (Table 8).

Estimation of the frequency of the can allele in field 
sample 1 differed among populations (Fig. 1; Table 7). The 
distribution of the can allele is geographically structured 
(Fig. 1d). The frequency of the recessive allele was equal 
to or greater than 50% in 65% of the populations. High fre-
quency of the can allele was found especially in the northern 
part of the distribution area of H. oelandicum var. canescens 
(population nos. 11, 112 and 115). Population nos. 1 and 
145 were the most extreme sites with a low frequency of 
the can allele (zero). In this isolated, southernmost alvar 
area, the can allele could be found in higher frequencies only 
at the margin of the area (populations nos. 144 and 149). 
Population no. 136, located very close to the transition zone 
between var. canescens and var. oelandicum, also showed a 
low frequency of the recessive allele. The marginal site no. 
142 showed a remarkably high frequency of the can allele 
compared with more central sites in the same area.

Discussion

Local botanists have long recognised the morphological 
variation of H. oelandicum on the Baltic island of Öland. 
Sterner (1936b) pointed out that the late flowering morph 
(PF) consisted of two hair morphs, one with a dense cover 
of stellate hairs on the abaxial surface of the leaves and one 
without (see also Sjöstrand 1850). According to the species 
concept of that time, Sterner (1936b) suggested that three 
species occurred in the restricted area of Öland: the common 
H. oelandicum (L.) Willd. with the CF phenology and the 
two more restricted taxa with the PF phenology, H. italicum 
(L.) Pers. subsp. rupifragum (Kern.) Beger without a dense 
cover of stellate hairs on the abaxial surface of the leaves 
and H. canum (L.) Baumg. with that character. Widén (1980) 
emphasised the allopatric distributions of the two flowering 
morphs, and he surveyed the geographical pattern in pubes-
cence of H. oelandicum on Öland. He also abandoned the 

Table 4  Crosses between 
bristled and stellated morphs 
derived from monomorphic 
population (cross type 3)

The distribution of hair scores is the same across the seven F1 families (Kruskal–Wallis test statis-
tics = 5856, p = 0.323), while the distribution of hair scores differs among the six F2 families (Kruskal–
Wallis test statistics = 30,145, p = 0.000)

Hair score Cross 2 Cross 11 Cross 18 Cross 20 Cross 44 Cross 93 Cross 98

F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2

0 36 30 16 – 20 1 24 26 11 14 3 20 23 34
0.5 30 24 18 – 14 12 20 27 7 23 2 9 29 20
1 1 6 1 – 2 11 5 14 2 15 0 4 1 1
1.5 0 1 0 – 0 7 0 6 2 10 0 0 0 0
2 0 6 0 – 0 3 0 8 0 5 0 1 0 7
2.5 0 8 0 – 0 4 0 5 0 11 0 6 0 12
3 0 13 0 – 0 5 0 4 0 12 0 6 0 0
Sum 57 88 35 – 36 43 49 90 22 90 5 46 53 74
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long tradition in the taxonomy of Helianthemum to use the 
dense cover of stellate hairs on the abaxial surface of the 
leaves as an important diagnostic character for the taxonomy 
of the Öland morphs.

Widén (1988) described variation in pubescence of H. 
oelandicum by using a hair index, which was the sum of hair 
scores describing the density of bristles and stellate hairs on 
leaves, peduncles and sepals. The high and significant cor-
relation between hair scores on different parts of the plant 
(Widén 1988) implies that the hair score for the density of 
stellate hairs on the abaxial surface of the leaves used in 
the present study is representative of the total hairiness of 
a plant. The use of a template for the classification of the 
density of hairs, measured with a 95% probability interval of 
±0.5 scores, makes it possible to survey the pubescence of 
thousands of plants within a reasonable time. Widén (1988) 
discussed the repeatability and reliability of the use of hairs 
scores to describe variation in pubescence of Helianthemum.

Phenotypic plasticity

Young leaves are usually more hairy than older leaves, and 
fast-growing leaves on stellated plants in cultivation are less 
hairy than plants in more stressful environments in natural 
populations. Cultivated bristled plants, on the other hand, 
tend to have a denser cover of hairs than plants in natural 
populations (B. Widén, personal observation). However, this 
variation is subtle and difficult to quantify with the meth-
ods used in the present study. When individual plants were 
classified in different environments (cultivated indoors or 
outdoors), their hair scores sometimes differed, but the dif-
ferences rarely exceeded 0.5. Consequently, the phenotypic 
plasticity of hair density is not large enough to bias the clas-
sification of individuals into bristled and stellated plants.

Inheritance

Helianthemum oelandicum var. canescens is self-incom-
patible, and no emasculation is needed in crosses between 
plants. The few seeds that occasionally developed in 

capsules on control inflorescences of experimental plants 
were probably the result of contamination of pollen from the 
crosses. However, the experimental set-up with well-spaced 
groups of plants (individual crosses) minimised the risk of 
contamination between crosses.

Several genes determine the inheritance of pubescence 
in Helianthemum. The presence/absence of a dense cover 
of stellate hairs on the abaxial surface of the leaves in H. 
oelandicum var. canesens is determined by one major gene 
with two alleles, and the density of hairs seems to be quan-
titative or involves several genes of small effect. The inherit-
ance of hair density is complex; different crosses between 
bristled and stellated plants tended to give F2 progeny with 
a significantly different distribution of hair scores. The exact 
mechanism of the gene(s) determining the density of hairs, 
however, needs further studies. The major Mendelian gene 
with two alleles (or alleles with the same phenotypic expres-
sion) is widespread in Helianthemum (Widén 2015; unpub-
lished). The distribution of hair scores in crosses between 
H. nummularium subsp. nummularium and subsp. obscurum 
(Fig. 3 in Widén 2015) is very similar to the distribution of 
hair scores in crosses between bristled and stellated plants 
in the present study. The tradition in the taxonomy of Heli‑
anthemum has long considered the phenotypes of the domi-
nant and the recessive alleles to be diagnostically important 
(Janchen 1907; Proctor and Heywood 1968). The results in 
the present study support the conclusions in Widén (2015) 
and in Soubani et al. (2015) that the genetic variation in 
pubescence should be considered in an adaptive and post-
glacial migration context, and not primarily in a taxonomical 
context (see also Volkova et al. 2016).

Geographical pattern in allele frequencies

Widén (1988) pointed out the distinct geographical pattern 
in the distribution of plants with different kinds of hairs in 
H. oelandicum on the Baltic island of Öland. Here I have 
translated variation in stellate hairs into allele frequencies of 
a Mendelian gene in H. oelandicum var. canesens. The result 
shows that the recessive allele (can) is virtually exclusive in 

Table 6  Crosses between plants 
derived from monomorphic 
population and plants derived 
from polymorphic populations 
(cross type 4)

Hair score Cross 70 Cross 94 Cross 95 Cross 97

F1 F2 F1 F2 F1 F2 F1 F2

0 14 0 17 3 3 7 65 26
0.5 13 10 39 11 15 78 56 28
1 3 4 4 2 16 12 7 3
1.5 0 15 0 0 3 0 0 0
2 7 20 0 4 0 0 0 1
2.5 9 26 0 1 0 0 0 9
3 24 27 0 1 0 0 1 8
Sum 70 102 60 22 37 97 129 75
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the northernmost part of the distribution area of var. canes‑
ens—an area about 1 km2. The frequency of the can allele 
varies around 50% in most other parts of the distribution 
area of this variety, except for one of the southernmost alvar 
fragments, where the can allele is virtually lacking in thou-
sands of  m2 of flat, homogenous alvar habitats.

Two plastid haplotypes have been found in H. oelandicum 
on Öland. The western haplotype occurs in both H. oelandi‑
cum var. oelandicum and var. canescens, whereas the eastern 
plastid haplotype is only found in var. oelandicum (Soubani 
2010). Helianthemum oelandicum arrived early on Öland 
when the ice withdrew after the LGM (Königsson 1968), but 
we do not know the morphology of the postglacial migrants, 
nor do we know which haplotype lineage arrived first (see 
Soubani 2010). Based on the present distribution of taxa in 
the H. oelandicum complex in western and central Europe, 
it is plausible to assume that the western haplotype was 
represented by a morph homozygous for the can allele (B. 
Widén, unpublished). The eastern lineage would then have 
been homozygous for an alternative dominant allele, giving 

rise to bristled leaves, since the can allele is now lacking in 
H. oelandicum var. oelandicum on Öland (Widén unpub-
lished). The problem with the above scenario is that we can-
not translate the present-day taxonomy of H. oelandicum to 
the morphology of the postglacial migrating lineages; taxa 
with the PF phenology of var. canescens and taxa without 
a dense cover of stellate hairs of var. oelandicum cannot be 
found today in continental Europe north of the Alps (Widén 
unpublished).

Habitat heterogeneity

Helianthemum oelandicum is one of the dominant species 
in the dry, open grassland habitats of the alvar vegetation on 
Öland (Sterner 1936a; Bengtsson et al. 1988; Reitalu et al. 
2014). The species occurs in a wide range of plant communi-
ties (Bengtsson et al. 1988), from grasslands in well-drained 
glaciofluvial deposits with dense vegetation and high species 
diversity to species-poor vegetation in flat, poorly drained, 
more or less bare rock surfaces characterised by long periods 
of high water table and freezing and thawing during win-
ter (Widén 1988). Clearly, H. oelandicum must cope with a 
broad spectrum of abiotic stresses related to water regula-
tion, from drought in summer to frost heaving in winter. 
Widén (1988) found a significant correlation between hairi-
ness and environmental factors connected with drainage. 
There are parallel trends in the distribution of hairy plants 
in the two varieties on Öland (cf. Wood et al. 2005). More 
or less one hundred per cent of the plants were glabrous over 
large, flat and poorly drained Alvar areas flooded during 
long periods in the winter in var. oelandicum, whereas hairy 
plants (bristled) dominated well-drained habitats (Sterner 
1936a; Widén 1988). The habitats of var. canescens were 
especially flat and poorly drained in populations 1 and 146 
with a low frequency of the can allel, but well-drained in 
the northern part of the distributional area of var. canes‑
cens with a high frequency of the can allele. This indicates 
that plants of var. canescens with a dense cover of stellate 
hairs on the abaxial surface of the leaves were favoured in 
well-drained habitats and less hairy plants were favoured 
in poorly drained habitats. The mechanism behind this 
indumentum-habitat correlation is obscure; either natural 
selection acts on the hair gene(s) directly or it acts on genes 
linked to hair gene(s).

Hybridisation and introgression

Today, only the plastid haplotype of the western European 
lineage has been found in H. oelandicum var. canesens and 
in var. oelandicum in the southernmost part of Öland (Sou-
bani 2010). Because both varieties are only represented 
by the western plastid haplotype in southern Öland, it is 
plausible to assume extensive (historical and/or current) 
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Fig. 6  Estimation of frequency of the recessive can allele for a dense 
cover of stellate hairs on the abaxial surface of the leaves in Helian‑
themum olandicum var. canescens, based on the field sample 1 and on 
the common garden sample in 9 populations. The correlation between 
the frequencies (0.877) is significant at p < 0.01

Table 8  Correlation of allele frequencies between samples within 
populations (cf. Table 7)

Correlation between r p N

Field sample 1 and common garden sample 0.877 0.002 9
Field sample 1 and field sample 2 0.877 0.002 9
Field sample 1 and field sample 3 0.984 0.000 8
Field sample 2 and field sample 3 0.900 0.002 8
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gene flow between the two taxa. The partial separation of 
flowering time and the allopatric distributions of the two 
varieties (Widén 1980, 1986, unpublished) restrict current 
gene flow. Artificial crosses between the two morphs show 
no crossing barriers (Widén 1986). A plausible hypothesis 
is that the allele(s) for bristled leaves has been introgressed 
from var. oelandicum to var. canesens during the postglacial 
migration and the history of the species on Öland (Widén 
unpublished).

A similar scenario on a larger geographical scale has 
been suggested for H. nummularium in southern Scandi-
navia (Soubani et al. 2015; Volkova et al. 2016). A western 
migration lineage represented by H. nummularium subsp. 
obscurum with a green abaxial surface of the leaves (without 
a dense cover of stellate hairs) has met an eastern lineage 
in form of H. nummularium subsp. nummularium with a 
whitish abaxial surface of the leaves (with a dense cover 
of stellate hairs). The whitish abaxial surface of the leaves 
is controlled by a recessive allele (can) of a major Mende-
lian gene (Widén 2015). The frequency of the can allele 
varies in natural populations of H. nummularium in a wide 
geographical zone in southern Sweden indicating extensive 
hybridization between two postglacial migration lineages 
(Soubani et al. 2015). The similarities between the two spe-
cies, H. oelandicum and H. nummularium, in the genetic 
background of a trait frequently used in the taxonomy of the 
genus Helianthemum suggest that a major Mendelian gene 
influencing pubescence is widespread in the genus.

Evolutionary implications

The genus Helianthemum contains several young species 
complexes (Guzmán and Vargas 2009; Aparicio et  al. 
2017) with a wide Mediterranean and/or temperate/alpine 
distribution (e.g. H. apenninum Mill, H. cinereum Pers., 
H. nummularium, H. marifolium Mill. and H. oelandi‑
cum). Helianthemum oelandicum belongs to a very poly-
morphic group of species/subspecies including, e.g. H. 
cinereum, H. hymettium Boiss. and Heldr. and H. marifo‑
lium that did not show any significant terminal resolution 
in the trees of a recent phylogenetic reconstruction. The 
poor resolution was ascribed to Pleistocene radiation and 
events of reticulate evolution (Aparicio et al. 2017). The 
taxonomic treatment of these species complexes in both 
traditional and recent botanical literature has partly been 
based on diagnostic traits related to the presence and type 
of indumentum (e.g. Janchen 1907; Proctor and Heywood 
1968). The two species complexes H. nummularium and 
H. oelandicum with the widest geographical distribution 
and belonging to different sections of the genus are of 
special interest. Recent studies based on samples covering 
large parts of their distributions have shown poor correla-
tions between indumentum and size of leaves and petals 

(taxon identity) and plastid haplotypes (Soubani 2010; 
Soubani et al. 2014; Volkova et al. 2016), indicating exten-
sive hybridization between taxa/morphs in both species. 
Experimental studies have shown weak crossing barriers 
within the two species (Widén 1986, 2015, unpublished). 
Despite circumstantial evidence of gene flow between 
morphs within the two species complexes, the apparent 
morphological integrity of taxa across their ranges sug-
gests that natural selection plays a significant role in the 
morphological diversity of the species. The mechanisms 
and processes behind the diversity of H. oelandicum on 
Öland can serve as a model for the diversity within the 
whole H. oelandicum complex as well as diversity within 
other species complexes of Helianthemum. The two spe-
cies H. nummularium and H. oelandicum, for example, 
have morphs in lowland and alpine habitats which show 
parallel trends in pubescence; alpine taxa are less hairy 
than lowland taxa (cf. H. nummularium subsp. nummu‑
larium vs subsp. glabrum (Koch) Wilczek and H. oelan‑
dicum subsp. incanum (Willk.) G.López vs subsp. alpestre 
(Jacq.) Breistr. Natural selection acting on a major hair 
gene would be an example of parallel adaptation sensu 
Wood et al. (2005).

This study adds to an increasing number of investiga-
tions that show diagnostic characters used to differentiate 
plant species and subspecies to be governed by single genes 
(Hilu 1983; Gottlieb 1984; Levin 2001). Hairs are present in 
most plant families, and their density and morphology have 
been considered important both in a taxonomic and in an 
adaptive context (cf. Levin 1973). The increasing number 
of studies showing indumentum to be controlled by single 
genes (e.g. Westerberg 1992; Silvestre 2000; Kärkkäinen 
and Ågren 2002; Kivmäki et al. 2007; Yol and Uzun 2011; 
Widén 2015) will contribute to a better understanding of 
the evolutionary significance of hairs and probably influ-
ence how pubescence is used in taxonomy and phylogenetic 
reconstruction in plants.
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