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Abstract

Helianthemum oelandicum var. oelandicum is an endemic taxon on the Baltic island of Oland, SE Sweden. Plants can be
classified into two morphs: the bristled morph (with bristles and with or without scattered stellate hairs) and the glabrous
morph (without bristles and stellate hairs). In crosses between plants assumed to be homozygous for the trait that characterises
the phenotypes of the two morphs, offspring in F1 could not be distinguished from the bristled morph. Segregation in F2
did not deviate from the expected 3:1 ratio (bristled morphs/glabrous morphs), indicating one major gene with a dominant
allele for the phenotype of the bristled morph and a recessive allele for the phenotype of the glabrous morph. Besides the
Mendelian inheritance of presence/absence of hairs, the density of hairs appeared to be further modified by quantitative
genes. The frequency of the recessive allele for the phenotype of the glabrous morph varied among local populations and
showed a geographical structure, both on local and regional scales. Possible mechanisms behind the spatial variation in

indumentum are discussed.

Keywords Allele frequency - Helianthemum - Major gene - Mendelian inheritance - Natural population - Periodical
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Introduction

Helianthemum is a young genus (Guzméan and Vargas 2009;
Aparicio et al. 2017) with several variable species complexes
(Widén 2015, 2017). Recent phylogenetic studies (Apari-
cio et al. 2017) have indicated a burst of Plio—Pleistocene
diversification of the genus coinciding with the Messinian
Salinity Crisis, the onset of a Mediterranean climate and the
Quaternary glaciations (Suc 1984; Hewitt 2000; Fiz-Palacios
and Valcarcel 2013). Three well-supported clades contained
branches with unresolved polytomies towards the tip of the
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consensus trees, which were ascribed to rapid speciation and
reticulate evolution in the Pleistocene (Aparicio et al. 2017).

Common to many of the species complexes is an intricate
differentiation in pubescence (Janchen 1907; Proctor and
Heywood 1968). The most frequent kinds of hairs found in
Helianthemum are bristles, stellate hairs and glandular hairs
on leaf, peduncle and calyx (Grosser 1903). The presence or
absence of hairs on different parts of the plant has been used
as diagnostic characters in the taxonomy of many species
groups (Janchen 1907; Proctor and Heywood 1968).

One of the most important diagnostic characters is the
presence or absence of a dense cover of stellate hairs on
the abaxial surface of the leaves. Widén (2015, 2017) has
recently shown that the density of stellate hairs on the abax-
ial surface of the leaves is determined by quantitative genes
and that the threshold density of stellate hairs used as a key
character is governed by a recessive allele of a Mendelian
gene in two species, H. nummularium (L.) Mill. and H.
oelandicum (L.) Dum.Cours., belonging to different well-
defined sections of the genus (cf. Aparicio et al. 2017).

Helianthemum nummularium and H. oelandicum are
the two most widespread species in the genus and are both
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distributed from lowland to high alpine habitats. They show
parallel trends in diversification of hairs, and both have
centres of diversity in and around areas that have gone
through cycles of glaciations (Janchen 1907; Proctor and
Heywood 1968; Svendsen et al. 2004; Soubani et al. 2014;
Volkova et al. 2016). Based on the similar inheritance of
a key character, stellate hairs on the abaxial surface of the
leaves, Widén (2017) suggested that natural selection acting
on pubescence has moulded parallel adaptation in the two
species (cf. Wood et al. 2005). Besides the common key
character—a whitish cover of stellate hairs on the abaxial
surface of the leaves—both species have developed morphs
with glabrous or almost glabrous leaves in alpine habitats: H.
nummularium subsp. glabrum (Koch) Wilczek and morphs
of H. oelandicum subsp. alpestre (Jacq.) Breistr, respec-
tively. Both species have also developed especially hairy
morphs in alpine habitats: H. nummularium subsp. tomento-
sum (Scop.) Schinz. & Thell. and morphs of H. oelandicum
subsp. incanum (Willk.) G.Lépez (cf. Janchen 1907, 1909).
To understand the evolutionary mechanisms behind the rapid
radiation in the Pleistocene (Aparicio et al. 2017), a closer
examination of local differentiation of pubescence is moti-
vated in an area where the timeframe of differentiation can
be established.

Helianthemum oelandicum has been divided into several
taxa in Europe, North Africa and the Caucasus (Janchen
1907; Proctor and Heywood 1968; Widén 2010). In addition
to hairs, the most important diagnostic characters used to
circumscribe taxa in the complex are size/shape of leaves,
size of flowers and flowering phenology (Proctor and Hey-
wood 1968; Widén 2017). The H. oelandicum complex is
represented by the endemic subspecies oelandicum, with
two varieties in a very restricted geographical area (about
1350 km?) on the Baltic island of Oland (Fig. 1, Widén
2010). The subspecies oelandicum on Oland is important for
understanding the evolution of traits in the complex, since
its morphological variation covers most of the whole range
of variation found in the main diagnostic characters in the
rest of the complex.

Helianthemum oelandicum subsp. oelandicum var. oelan-
dicum can be identified by a short period of concentrated
flowering (CF) in early summer and the lack of a dense cover
of stellate hairs on the abaxial surface of the leaves (with
or without bristles), while H. oelandicum subsp. oelan-
dicum var. canescens (Hartm.) Fr. consists of plants with
protracted flowering (PF) during the summer and with or
without a dense cover of stellate hairs on the abaxial surface
of the leaves (but always with bristles). The two varieties
have allopatric distributions (Widén 2010) in the area of
steppe-like ‘alvar’ grasslands on Oland; 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).
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Fig. 1 a The Baltic area. b The distribution of H. oelandicum (black)
on the Baltic island of Oland (Sterner 1936b). The Great Alvar coin-
cides with the continuous distribution of H. oelandicum on the third
half of Oland. ¢ The distribution of H. oelandicum on the south-
ernmost part of Oland. Black indicates the area where >90% of the
plants belong to var. canescens and stripes indicate the distribution
of var. oelandicum. The area marked with black in the southernmost
part of Oland represents the outer border of several small more or less
isolated patches of var. canescens

Widén (1988) described, in detail, variation in the density
of hairs and the correlation between types of hairs in differ-
ent parts of the plant. Density of hairs showed a continuous
variation from glabrous plants in var. oelandicum to plants
with a whitish cover of stellate hairs on the abaxial surface
of leaves in var. canescens. Both varieties on Oland dem-
onstrated a significant geographical structure in pubescence
that, according to Widén (1980, 1988, 2010, 2017), reflects
the heterogeneity of habitats in the grasslands; hairy plants
were more frequent in dry, well-drained habitats, whereas
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less hairy plants were more common in poorly drained, peri-
odically inundated habitats with freezing and thawing during
winter (cf. Sterner 1936a).

The morphological diversity and geographical distribu-
tion of morphs on Oland, covered by the ice during LGM
(Svendsen et al. 2004), have developed over a period of
approximately 10,000 years (Konigsson 1968). This is in
sharp contrast to the diversity in the rest of the complex,
which has a more complicated glacial and postglacial history
starting in the early Pleistocene (Svendsen et al. 2004). H.
oelandicum subsp. oelandicum on Oland is therefore a suit-
able model for studies of the mechanism governing character
evolution of the whole H. oelandicum complex, as well as
the Pleistocene radiation of several species complexes in
Helianthemum in general (Aparicio et al. 2017).

The present study is the third in a series examining the
genetics behind variation in pubescence of Helianthemum
(cf. Widén 2015, 2017). Here, I report on (1) the result of a
crossing programme to unravel the genetics of hairlessness
in H. oelandicum var. oelandicum. 1 also (2) translate this
character into allele frequencies in natural populations of
H. oelandicum var. oelandicum and show the geographical
pattern in allele frequencies both at regional (3) and local
(4) scales, based on data in Widén (1988). Allele frequen-
cies in natural populations will be used in further studies of
adaptation of H. oelandicum to the specific environmental
conditions on Oland (B. Widén unpublished data).

Materials and methods
The study area

The geology of the Baltic island of Oland, SE Sweden, com-
prises Cambrian and Ordovician bedrock covered by Qua-
ternary deposits (Konigsson 1968). The island was covered
by the ice during LGM (Bjorck 1995; Svendsen et al. 2004).
As the ice retreated, H. oelandicum was an early immigrant
(Berglund 1966; Konigsson 1968; Iversen 1973; Mortensen
et al. 2011), reaching Oland via south-western and south-
eastern migration routes (Soubani 2010). Pollen diagrams
indicate that H. oelandicum was abundant in the open land-
scape of the early postglacial period, but declined during a
climate regression in the Atlantic period when the area of
forest increased. The Neolithic human impact opened up the
landscape again, which was reflected in increasing frequen-
cies of Helianthemum pollen (Konigsson 1968).

The Great Alvar in the southern third of the island
(Fig. 1b) is a 255-km? horizontal plateau of Ordovician
bedrock with soil-filled fissure systems and shallow ridges
of glaciofluvial deposits moulded by wave action along the
shores at different stages of the postglacial Baltic Sea. The
term ‘alvar’ refers to calcareous grasslands on thin soils

(often less than 20 cm) on Ordovician or Silurian limestone
that are naturally open (Ekstam and Forshed 2002; Reitalu
et al. 2014). The surface of the Great Alvar slopes gently
towards ESE and the north—south ridges of glaciofluvial
deposits often dam the surface water, creating temporary
pools or wet meadows (Konigsson 1968). A mosaic of
dry grassland vegetation types has developed on the Great
Alvar depending on local drainage conditions and soil types;
from acid sand and gravel to base-rich, thin weathered soils
directly on the fissured limestone bedrock (Albertsson 1950;
Rosén 1982; Krahulec et al. 1986; Bengtsson et al. 1988).

Helianthemum oelandicum often occurs in large, virtually
continuous populations (Fig. 2a). It is one of the dominant
species on the Great Alvar (Fig. 2a, b) and in some scattered
alvar areas with weathered soils directly on the bedrock in
middle and northern Oland (Fig. 1; Sterner 1936b).

The island of Oland is situated in the rain shadow of the
Swedish mainland, and annual precipitation is less than
500 mm. The relatively low and unpredictable summer pre-
cipitation and the high number of sunshine hours often cre-
ate drought during summer (Fig. 2c; cf. Widén 1980; Rosén
1982). Heavy rains in autumn combined with snowmelt
often saturate the weathered soils, causing flooding of the
vegetation and considerable frost disturbance during winter
and spring (Fig. 2d, e).

The model system

Widén (1988) classified and quantified hairs on leaf, pedun-
cle and calyx of H. oelandicum on Oland. Variation in den-
sity of hairs (stellate hairs, bristles and glandular hairs, sepa-
rately) was classified into seven scores from 0 (no hairs) to 3
(densely covered with hairs) for each trait (except for glandu-
lar hairs and for bristles on sepals) using templates to obtain
accurate and repeatable measures of pubescence (cf. Widén
2015, 2017). Widén (1988) used the sum of hair scores of
individual plants as a hair index to describe the patterns of
diversity of hairy plants on Oland, with a higher hair index
for H. oelandicum var. canescens than for H. oelandicum
var. oelandicum. The individual hair score for the density of
stellate hairs on the abaxial surface of the leaves was used to
analyse the genetics of hairs in Widén (2015, 2017).

In this study, I focus on bristles on leaves (3rd to 5th
leaves on the shoot), but I also report on stellate hairs on
the abaxial surface of the leaves. Each plant was classified
according to the hair scores described in Widén (1988). To
distinguish between bristles and stellate hairs on leaves, I
denote the scores as hair,;, and hair,, (bristles on leaves
and stellate hairs on the abaxial surface of the leaves,
respectively) in this report. Hairy,,, scores were recently
described and illustrated under the name of hair scores in
Widén (2015, 2017).
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Fig.2 a Helianthemum oelandicum is the dominating species over
large areas of the Great Alvar. This view is taken eastwards from
a point SE of the local population 36 (Vickleby Alvar, cf. Fig 5) in
an area dominated by glabrous plants and close to the area shown
in Fig. 2e, 13 June 2010. Photograph: E. Rosén. b Helianthemum
oelandicum often occurs in species-rich communities in well-drained
habitats (glaciofluvial deposits and soil-filled cracks in the limestone
pavement). This photograph is taken north of the pine plantation
shown at the horizon in Fig. 2a, 2 June 2006. Photograph: M. Widén.
¢ Drought has an impact on different life cycle stages of H. oelan-
dicum. Early drought in spring may reduce reproductive success of
individual plants, and long-lasting summer drought often kill plants

Using a template, the criteria for the hair,, scores were
as follows: 0 =no bristles; 1 =bristles only on the petiole
and sparsely on the midrib on the abaxial surface of the leaf;
2 =bristles on petiole, midrib, leaf margin and scattered on
the adaxial surface of the leaf; 3 =bristles as in (2), but with
a dense cover on the adaxial surface of the leaf (Figs. 3 and
4). Because of the almost continuous variation in density of
hairs, examined specimens often fell between two categories
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over large areas. Photograph taken on 4 August 2018. d Aerial view
of the Great Alvar of the Baltic island of Oland, west of Méckelmos-
sen showing the mosaic of standing water after heavy rain (photo-
graph taken at an altitude of 70 m above sea level, 7 January 2018,
by T. Gunnarsson, with permission from Lantmiteriet Dnr. 601-
2018/396). e Vickleby Alvar after snow melting 19 March 2018. The
substrate is a thin layer of weathered soil (<10 c¢cm) on the horizon-
tal, + impermeable limestone pavement. The extensive root system of
H. oelandicum penetrates narrow fissures in the bedrock and anchors
the plant even during heavy frost heaving. Vegetation is poor in vas-
cular plant species but rather species-rich in cryptogams. Photograph:
M. Widén

in the template, so individual specimens were given one of
the seven scores 0, 0.5, 1, 1.5, 2, 2.5 or 3. The hair scores
were determined using a dissecting microscope in the labo-
ratory or with a hand lens in the field (in the field, a simpli-
fied scale was used: 0, 1, 2 and 3).

Because of the risk of subjectivity in the classification, I
tested the stability of the scores by classifying the hairs more
than once on the same specimen in all local populations
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Fig.3 SEM photographs of leaves with bristles in Helianthemum oelandicum. a, b Abaxial surface of leaves of H. oelandicum var. oelandicum.
¢, d Adaxial surface of leaves of H. oelandicum var. canescens. a Hair ), scores 0, b Hair,, scores 1, ¢ hair,, scores 2, d hair,, scores 3

Fig.4 The density of hairs in different parts of Helianthemum oelan-
dicum is usually strongly correlated, here illustrated with inflores-
cences of var. oelandicum. a Bristles on calyx, peduncle and leaves
with hairg,, score 1. b Calyx, peduncle and leaves with hair,, score

in field sample 3 (n=16, see below); (1) a well-developed
branch of each specimen was first classified and (2) an

alternative branch was classified twice on different occa-
sions. The specimens were given a random code number
to prevent my knowledge of their population identity caus-
ing bias in my classification. Comparison of two classifica-
tions 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.

Sampling design for population survey

The study system was established in the early 1970s, and the
sampling of plants was performed in three steps (described
in more detail in Widén 1980, 1988, 2017). Firstly, sites
(100 x 100 m) were selected to cover the full distribution
area of H. oelandicum var. oelandicum on Oland (Figs. 1 and
5). These sites are considered as local populations. Secondly,
one or three squares (10X 10 m) were located within each
site (in 1973-1975). Thirdly, within each square, a number
of selected plots (1 X 1 m) were used to sample adult plants
(flowering plants). The samples were taken at random by
determining the coordinates of the NW corners of squares
and plots from a list of random digits.

Four types of samples were used for the morphometric
analysis. Field sample I: from each plant (n=20) in one
10x 10 m square in all sites (n =106, Fig. 5), a branch with
a leaf rosette and inflorescences was preserved in FAA. In a
few cases, a larger part of the plant was dried and pressed.
A preliminary survey of the morphological variation in field
sample 1 indicated great variation in pubescence among
local populations. In order to establish if field sample 1
reflected variation in hairs within the local population, rep-
resentative sites (n=16) were selected for sampling addi-
tional squares (10X 10 m). Field sample 2: 20 plants from
one square were preserved in FAA. Field sample 3: 20 plants
from another square within the site were preserved as dried
and pressed material (whole plants or a part of large plants).

@ Springer
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Fig.5 The distribution of sites in field sample 1 of Helianthemum to the diagram, the x- and y-axes show the coordinate in the Swedish
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allele for glabrous plants are shown by red; population identity next
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Common garden sample: a branch of each of up to 20 plants
per local population (n=10) raised in a common garden at
Lund University was preserved in FAA. The plants were
derived from seeds collected in permanent plots in field sam-
ple 1 (for further details, see Widén 2017).

Sampling design for studies of local population
differentiation

Two regions were selected for detailed mapping of local
population structure and spatial distribution of plants with
different hair scores (see Fig. 5). These alvar areas repre-
sented the habitats occupied by H. oelandicum in terms of
drainage; from well-drained glaciofluvial deposits or virtu-
ally bare limestone bedrock with wide, soil-filled cracks to
flat, periodically inundated, weathered soil directly on the
bedrock (Fig. 2a, b). The presence or absence of H. oelandi-
cum was recorded within a radius of 10 m at each 50-m point
along transects extending from the edge of the alvar, perpen-
dicular to the north—south ridges of glaciofluvial deposits
on the Great Alvar. The orientation of a W-E transect was
determined with a compass, and a 50-m measuring-tape was
fixed between two observation points.

If the density of H. oelandicum was at least five mature
plants per m?, the number of mature plants (flowering/
fruiting) and hair scores of five plants in one or two 1-m?
plots was recorded (cf. Widén 1988). The frequency of H.
oelandicum at each 50-m interval along a transect or part
of a transect was used as a rough measure of the population
structure; the higher the figure, the more continuous was the
population. Habitat characteristics, such as topography, soil
type and vegetation (Albertsson 1950), were estimated and
recorded using a tape recorder according to a standardised
protocol at each 50-m interval with H. oelandicum (referred
to in the text as plots) (cf. Widén 1980, 1988). These esti-
mates were all different aspects of drainage and showed
significant correlations (Widén 1988). Here, I only use the
estimation of topography by giving each plot a value from
1 to 4 where 1 means low ridges of glaciofluvial deposits
and 4 means an even alvar plain without depressions in the
bedrock (see Widén 1988 for more details).

Vickleby alvar (Fig. 5)

This region was selected to reveal the mosaic of Helian-
themum populations in relation to the damming effect of
the north—south glaciofluvial ridges on the Great Alvar.
The alvar area SE of the village Vickleby has two larger
wetlands with moist grassland communities or temporary
pools in shallow depressions in the bedrock or dammed by
low glaciofluvial ridges: Nedre Lindskérr (NL), approxi-
mately 0.5 km east of the alvar edge, and Ovre Lindskiirr,
approximately 1 km east of the alvar edge. The ridges and

accompanying wetlands create gradients of vegetation types
with a north—south distribution. Measurements were taken
in mid-July 1975, a dry summer without surface water in
the two wetlands.

Three W-E transects were made from the western edge
of the alvar starting at site 36 (Fig. 5), just west of NL. The
transects were approximately 200 m apart. H. oelandicum
was recorded in two independently selected plots at each
50-m interval along the transects, by first recording one plot
when moving from west to east and then recording another
plot on the way back.

Storasen region (Fig. 5)

This region was selected to illustrate the differences between
western and eastern parts of the Great Alvar north of the
villages Gettlinge-Ovre Segerstad. The eastern part of
the Great Alvar (between the villages Ovre Segerstad and
Hulterstad) is characterised by large areas of flat bedrock,
covered with weathered soils and almost no glacial deposits
(see the physiognomic map of the Great Alvar of Oland in
Konigsson (1968). Konigsson (1968) identified this part of
the Great Alvar as one of the areas that has never been cov-
ered by closed forests since Oland rose above sea level in the
postglacial Baltic Sea.

In the middle of the Great Alvar in this area, a north—south
ridge of glacial deposits, less than one km wide and several
km long, divides the Great Alvar in two halves—the east-
ern part described above and the western part with a more
uneven topography. The ridge (Storéasen) is partly covered
by closed vegetation that excludes habitats suitable for Heli-
anthemum. In its western and southern parts, the Storasen
ridge becomes more diffuse, dividing into narrow and shal-
low ridges of glacial deposits. This creates a mosaic of habi-
tats in the west, some suitable for Helianthemum and others
not, giving rise to a more fragmented population structure
of Helianthemum than in the area east of Storasen. A nar-
row arm (approximately 100 m wide, easily seen on aerial
photographs, e.g. in Google Earth) of the Stordsen ridge
continues several km in a southerly direction.

Five W-E transects across the alvar were made in the
southern part of the Stenasen ridge, and H. oelandicum was
recorded in one plot at each 50-m interval. The distance
between transects was approximately 400 m. The two north-
ern transects (nos. 1 and 2) covered the entire width of the
Great Alvar (approximately 6 km in this part of the Great
Alvar), but the others were restricted to a few km on each
side of the Stordsen arm.

Sampling of plants for genetic analysis

The analysis of the genetics behind hairs in the present
study was mainly based on plants derived from two sites

@ Springer
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representing the extremes in the range of variation of pubes-
cence. Site 36 was situated at the western margin of Vick-
leby alvar (Fig. 5), and site 27 was situated just east of the
Storasen arm (see above, Fig. 5). Most plants at site 27 were
glabrous, while most plants at site 36 were hairy. The sam-
pling at site 36 was extended beyond the site to represent
patches of H. oelandicum var. oelandicum dominated by gla-
brous plant (A), hairy plants (C) and a mixture of glabrous
and hairy plants (B), cf. Table 1. A few plants derived from
three additional sites with hairiness between sites 27 and 36
were included in the genetic study in order to validate the
results of crosses within and between sites 27 and 36 (one
plant from site 26, two plants from site 113 and three plants
from site 95, see Fig. 5).

Cuttings were transplanted from natural populations to
the research garden at Lund University in the early 1990s.
Plants surviving transplantation were multiplied during the
following years to produce as many as ten replicates of each
original plant (for further details see Widén 2017). These
replicates were used in the experimental crosses (see below).

Crosses for test of inheritance of pubescence

The flowers of H. oelandicum do not produce nectar and
are open in full sunshine, exposing numerous stamens. The
filaments are sensitive to touch and bend outwards. The dry
pollen is released successively in a few days in un-pollinated
flowers (B. Widén personal observation). Several pollen-col-
lecting visitors have been observed in the common garden,
but wind pollination seems to prevail in the open and windy
alvar habitats of Oland (Widén 2010; but see Janzon 1983).
Crosses were performed in a heated, insect-free chamber
of a greenhouse, and offspring were raised in the common
garden at Lund University. A pilot study in the 1970s used
emasculated flowers and inflorescences isolated in paper
bags, but the abortion rate was too high (B. Widén unpub-
lished data). Since the species is self-incompatible (Her-
rera 1992; Widén 2017), the crosses in the present study
were made without emasculation. Reciprocal crosses were
obtained by gently rubbing together the two parental flowers.
Precautions were taken to prevent contamination with
illegitimate pollen in the crosses. First, the plants were
transferred from the outdoor common garden in late Mars
or early April in order to flower indoors before the insect
season. Secondly, all plants were replanted with fresh soil
to remove any soil infected with insect eggs or pupae dur-
ing the outdoor period. Thirdly, parental plants in a cross
were spatially separated in the greenhouse from plants in
other crosses by several metres to avoid contamination by
air-borne pollen. The parental plants were used simultane-
ously in several crosses with the help of replicates (cuttings),
individual crosses being separated from each other.

@ Springer

Offspring of each F1 family were kept together (5-6 indi-
viduals if possible) and separated from other F1 families
with a few metres. F1 plants were usually crossed in pair-
wise combinations to produce F2 progeny. If the F1 plant
was crossed in several combinations, inflorescences used in
separate crosses were located on different parts of the plant
to avoid contamination among F1 progeny. Inflorescences
on individual plants not used for crosses were cut before
flowering, but a few were left as control of autogamous self-
fertilisation/contamination (both on parental and F1 plants).
The experimental design in the crossing programme did not
exclude contamination, although contamination between
parental crosses was unlikely, since the plants in different
crosses were separated by several metres in the insect-free
greenhouse. Crosses within F1 families, on the other hand,
did not exclude contamination by mistake among F1 prog-
eny, since the individual F1 progeny were kept together and
the individual F1 plants were often crossed in more than
one combination.

Cohorts of seeds of individual crosses had to be sown
repeatedly over the years because of the high death rate of
seedlings (for details of the treatments see Widén 2017).
Helianthemum is known for its mycorrhizal association
(Boursnell 1950), which has been suggested to be neces-
sary for germination (Arrington and Kubitzki 2003; see also
Proctor 1956) (seed germination and establishment of seed-
lings in general will be considered elsewhere). Some pilot
crosses in the 1970s indicated that crosses between glabrous
plants gave non-segregating Fls, while crosses between
hairy plants gave various results. Analogous with results
in Widén (2015, 2017) I formulate the ‘a priori’ hypothesis
that the inheritance of glabrous plants is determined by a
recessive allele of a Mendelian gene in H. oelandicum var.
oelandicum.

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

1. Crosses between glabrous plants assumed to be homozy-
gous for the recessive allele (glab) determining the lack
of bristles and stellate hairs; (a) within-population
crosses (population 27 and 36), (b) crosses between
plants derived from different populations (27, 36 and
113).

2. Crosses between bristled plants within populations (nos.
36 and 95); the plants can be either homozygous or het-
erozygous for the dominant allele (Brist), determining
the presence of hairs.

3. Crosses between glabrous plants and hairy plants; (a)
within populations (nos. 36 and 113), or (b) between
populations (nos. 26, 27, 36, 113). The glabrous plants
were assumed to be homozygous for the recessive allele
determining the lack of bristles and stellate hairs. Hairy
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plants could be either homozygous or heterozygous for
the dominant allele determining the presence of hairs.

Replicates of most plants used in the crossing programme
(n=25) were crossed in several combinations (mean=2.3,
range 1-7), which allowed the genotype of parental plants
to be determined (Table 1).

Allele frequencies in local populations

Variation in hairs was translated to allele frequencies in dif-
ferent samples. The allele frequencies (g= \/ (number of
glabrous plants/n)) were estimated assuming Hardy—Wein-
berg equilibrium (Helianthemum has a strong gametophytic
self-incompatibility system, see above). Samples within and
between populations were compared. The allele frequen-
cies in field sample 1 for all populations were shown on a
map, and allele frequencies along transects were shown in
diagrams.

Statistical tests

Differences in hair scores among samples within populations
were analysed using a nonparametric test, the Kruskal-Wal-
lis test, while a Mann—Whitney U test was used for differ-
ences between pairwise samples. The results of experimen-
tal 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. The differences
in allele frequencies along transects were tested by ANOVA
(SPSS 22).

Results
Hair scores

Hair g, and hair,,, scores in field sample 1 are shown in
Fig. 6. Most plants (84%) had no stellate hairs on the abaxial
surface of the leaves, while a few plants (1.5%) had a dense
cover of stellate hairs (hair g, scores 2.0-2.5). Most plants
with hair g, scores > 2 were found in a restricted area (pop-
ulations 35 and 235, see below), but scattered individuals

Table 1 Identity and

o . Population Plant identity Hair score Number of crosses Phenotype Assumed genotype

charactfsrlstlcs of Helzar'zthemum involved in

oelandicum var. oelandicum

plants used in crosses 26 9709 1 1 Bristled Brist/Brist
27 3928 0 2 Glabrous glab/glab
27 4987 0 1 Glabrous glab/glab
27 4988 0 1 Glabrous glab/glab
27 6333 0 2 Glabrous glab/glab
27 6380 0 7 Glabrous glab/glab
27 9470 0 2 Glabrous glab/glab
36 6353 1.5 2 Bristled Brist/glab
36 6355 1.5 4 Bristled Brist/glab
36 6398 1.5 6 Bristled Brist/Brist?
36 A2 0 4 Glabrous glab/glab
36 A3 0 1 Glabrous glab/glab
36 A4 0 2 Glabrous glab/glab
36 A5 0 4 Glabrous glab/glab
36 B2 0 1 Glabrous glab/glab
36 B4 0 3 Glabrous glab/glab
36 B5 1 1 Bristled Brist/Brist
36 C2 1.5 2 Bristled Brist/Brist
36 C4 1.5 1 Bristled Brist/glab
36 C5 1.5 2 Bristled Brist/glab
95 1 1 2 Bristled Brist/Brist
95 2 1 1 Bristled Brist/Brist
95 3 1 1 Brist/Brist
113 189 1 2 Bristled Brist/glab
113 193 0 2 Glabrous glab/glab

4See the text
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Fig.6 The proportion of hair scores for bristles (red) and stellate
hairs (black) in field sample 1 of Helianthemum oelandicum on Oland

were found elsewhere. Plants with hair ), score =0 did not
have any stellate hairs, i.e. they were glabrous. Glabrous
plants were found in 25% of field sample 1. Among hairy
plants, hair,, score=1.5 was the most common and few
plants (3.4%) had hair,;, score >2.5 (Fig. 6).

The estimates of hair,,, scores in the repeated samples
of local populations used in the crossing programme are
illustrated in Fig. 7. (Data on hair g, scores are not shown,
because few plants had stellate hairs on the abaxial surface
of the leaf.) The distributions of hair,;, and hair g, scores
among the different samples within populations were com-
pared, and no statistically significant differences were found
for populations 26, 27 and 113 (p > 0.38, Kruskal-Wallis
test). However, hair,,;, and hair g, scores differed among
samples in population 36 (p <0.05, Kruskal-Wallis test).

When I tested the repeatability of the classification of
hairs in field sample 3 (n=314), about one-third of the
plants were classified as glabrous (hair,,, score=0 and
hair,p, scores =0) when measured for the first time. When
the same branch was classified again, only 1.9% of the
plants classified as glabrous when measured for the first
time (n=107) had a hair,,, score >0, probably because a
few inconspicuous bristles occurred on the peduncles. Con-
sequently, glabrous plants can be identified accurately. If
glabrous plants in the first classification were excluded, the
differences between two measurements were <0.5 scores
in around 95% of the plants for hair,, scores and around
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90% for hair g,y scores. The measurements of two differ-
ent branches for the same plants were slightly less accurate
(Table 2).

Crosses
Self-incompatibility/contamination

Inflorescences on parental plants left as controls did not set
seed. Thus, there was no evidence of automatic self-fertilisa-
tion or contamination with illegitimate pollen in the parental
crosses. The number of capsules on control inflorescences of
F1 plants and the number of seeds (1-2) per capsule were so
few that contamination with illegitimate pollen on F1 plants
could be ignored.

Hair scores in crosses

Glabrous plants (n=9) were crossed in nine combinations
involving both within- and between-population crosses.
All progeny in F1 (n=343) were glabrous, so there was no
segregation in F1. All plants in F2 (n=358) were glabrous
except one, so hair ), and hair g, scores were zero (Online
Resource 1). In the following, I assume that the genotype of
glabrous plants is glab/glab.

All F1 plants (n=191) except two were hairy in six
crosses between hairy plants, and ten plants were glabrous
in F2 (n=159) (Online Resource 1). Consequently, 3.4% of
the plants had hair,;, score =0, whereas 98% of the plants
had hair g, score =0 (data not shown). All glabrous plants
in these types of crosses arose in two crosses involving one
parental plant (no 6398). I assume that the plants used in
these types of crosses were homozygous for the dominant
allele Brist. (The deviating crosses will be discussed below.)

Thirteen crosses between glabrous and hairy plants were
performed (six within and seven between populations). The
F1 plants were all hairy in three ‘within-population’ crosses
and in two ‘between-population’ crosses; all other crosses
segregated both glabrous and hairy plants. All crosses seg-
regated in F2 (Online Resource 1). The distribution of hair
scores showed that 99.9% of F1 and F2 plants had hair g,y
score=0 in ‘within-population’ crosses, whereas 68.6% of
the progeny in ‘between-population’ crosses had hair
score =0. Stellate hairs will be ignored in the following since
they are so rare in H. oelandicum var. oelandicum, and hairy
plants will be called bristled plants.

Bristled plants had significantly higher hair,,, scores in
‘between population’ crosses than in ‘within-population’
crosses (Table 3).
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Population 26

common garden (n=17)
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Fig.7 The proportion of hair scores at sites (100X 100 m) used in crosses between plants in Helianthemum oelandicum var. oelandicum. Four
randomly taken samples were compared at three sites (nos. 26, 27 and 36), three samples at site 113, and one sample at site 96 (see the text)
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Table 2. Accura?y in L Score differences between Hair(br,) Hair(stab)
measuring density of hairs in classifications
Helianthemum oelandicum var. The same branch Two different The same branch Two
oelandicum, using repeated branches different
classifications of hair scores in branches
field sample 3 (see the text)
0 0.665 0.567 0.828 0.783
0.5 0.330 0.379 0.111 0.121
1 0.005 0.044 0.061 0.086
1.5 0.000 0.005 0.000 0.010
2 0.000 0.005 0.000 0.000
N 203 203 198 198

Frequency of score differences between two measurements in hairy plants. Hair, =bristles on leaves,
hair g, = stellate hairs on the abaxial surface of the leaves

Table 3 Mean hair,, score of bristled plants in crosses within and
between populations of Helianthemum oelandicum var. oelandicum

F Type of cross Mean hair score SD N

1 Within population 1.06 0.373 404
1 Between population 1.27 0.368 228
2 Within population 1.07 0.350 402
2 Between population 1.34 0.390 527

The differences between ‘within-population’ crosses and ‘between-
population’ crosses were significant for both F1 and F2 (p<0.05,
Mann-Whiney U-test)

Segregation of bristled and glabrous plants in crosses

The five crosses between glabrous and bristled plants in
Table 4 that did not segregate in F1 did segregate in F2. F2
progeny in three of these crosses segregated bristled and
glabrous plants in the expected 3:1 ratio according to the
‘a priori’ hypothesis (X> < 1.7, ns). The assumed genotypes
of parental plants in these crosses were homozygous for
the dominant allele Brist and for the recessive allele glab,
respectively (Table 1). In two of the five crosses, segrega-
tion in F2 deviated from the expected 3:1 ratio (X*> 5.5,
p <0.05). In both these crosses, the same parental plant was
involved (no 6398 derived from population 36, cf. Table 4).

F1 progeny in eight crosses between glabrous and bris-
tled plants segregated (Table 4), indicating that the bristled
parental plants were heterozygous (Brist/glab). All crosses
segregated F1 progeny in the expected 1:1 ratio according to
the ‘a priori’ hypothesis (Table 4). Segregation in the seven
F2 families that were produced cannot be tested directly
on the data in Table 4, since data are based on heterogene-
ous crosses among F1 plants. However, testing is possible
by splitting individual F2 families according to the type of
cross among F1 plants (assuming the genotype of glabrous
progeny to be glab/glab and the genotype of bristled prog-
eny to be Brist/glab according to the ‘a priori’ hypothesis).
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Segregation in most pairwise crosses accorded with the ‘a
priori’ hypothesis (Table 5).

Genotypes of parental plants

The assumed genotypes of parental plants are shown in
Table 1. Most plants (64%) were used in more than one
cross, and the estimation of the genotype is obvious and
accurate in most cases. Only one plant, 6398 derived from
population 36, was problematic. This bristled plant was
assumed to be homozygous for the dominant allele Brist,
and the plant was involved in six crosses, four of which devi-
ated from the expected segregation ratio in F2 (Table 4). By
analysing one of these deviating crosses with a substantial
number of F2 progeny (cross 85), some light can be shed on
the mechanisms behind the deviations. F1 progeny in this
cross between plants A5 and 6398 (the cross assumed to
be glab/glab X Brist/Brist) were all Brist/glab according to
the ‘a priori’ hypothesis (Table 4). We can analyse the two
mother lines separately in F2, since all crosses were recipro-
cal. F2 progeny derived from F1 plants with the mother A5
segregated according to the ‘a priori’ hypothesis (29 bristled
plants and 10 glabrous plants, X*=0.009, ns), whereas F2
progeny in the mother line 6398 did not segregate accord-
ing to the ‘a priori’ hypothesis (58 bristled plants and 34
glabrous plants, X>=7.015, p <0.01). In the other deviat-
ing cross involving plant 6398 assumed to be glab/glab X
Brist/Brist (cross 109) most offspring in F1 belonged to the
6398-mother line (33 of 34 plants). With only one glabrous
offspring, segregation in F2 deviated significantly from the
expected ratio (p <0.01). However, if we pool the 6398
maternal lines in crosses 85 and 109, segregation in F2 did
not deviate from the expected 3:1 (90 bristled plants: 35
glabrous plants, X*>=0.60 ns).
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1212 B. Widén
Table 5 chregation in F2 Original Phenotypes of F1 plants ~ Segregation in F2 X2 P
progeny 1N Crosses between Cross no in pairwise crosses 5
glabrous and bristled F1 plants Glabrous plants Bristled plants
of Helianthemum oelandicum
var. oelandicum with assumed 65 Glabrous X Glabrous 100 0 - -
genotypes glab/glab and Brist/ 67 Glabrous x Glabrous 89 1 - -
glab, respectively (cf. Table 4) 83 Glabrous X Glabrous 51 1 - -
86 Glabrous X Glabrous 50 0 - -
64 Glabrous X Bristled 19 30 2.469 ns
67 Glabrous X Bristled 42 101 24.343 < 0.001
77 Glabrous X Bristled 8 11 0.474 ns
83 Glabrous X Bristled 52 88 9.257 < 0.001
64 Bristled X Bristled 10 36 0.261 ns
65 Bristled X Bristled 27 62 1.352 ns
67 Bristled X Bristled 9 38 0.858 ns
77 Bristled X Bristled 6 24 0.400 ns
86 Bristled X Bristled 27 76 0.081 ns

One cross (no 36) had to be omitted because crosses among F1 plants were not strictly pairwise. The cross-
bristled plants X glabrous plants was assumed to segregate 1:1 and the cross-bristled plants X bristled plants

3:1 (bristled/glabrous)

Table 6 Correlation of allele frequency (glab) between samples
within populations (Online Resource 2)

Correlation between r p N

0.854  0.01 10
0977  0.01 16
0.904  0.01 16
0.898  0.01 16

Field sample 1 and common garden sample
Field sample 1 and field sample 2
Field sample 1 and field sample 3
Field sample 2 and field sample 3

Allele frequencies in local populations

Using glabrous plants as an estimation of the recessive
homozygotes (glab/glab), 1 calculated the frequency of the
recessive (glab) allele in the field samples and the common
garden sample (Online Resource 2). The correlation of esti-
mated frequencies of the glab allele among the three field
samples within sites was significant (Table 6 and Fig. 8).
There was also a highly significant correlation (r=0.854,
p <0.01) between the estimated frequencies in local popula-
tions based on field sample 1 and on offspring in the com-
mon garden sample (Table 6).

The distribution of the glab allele, based on field sample
1, was geographically structured (Fig. 5). A trend was that
the frequency of the glab allele was homogeneous over large
areas. The frequency of the recessive allele was especially
high in an area of approximately 10 km? on the eastern side
of the middle part of the Great Alvar (from population 101 in
the south to population 76 in the north, Fig. 5, the Stenasen
region, see below), and also, for example, in the two small
alvar fragments at the northern margin of the distribution
of H. oelandicum on Oland (Fig. 5). A low frequency of
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y =0.008 + 0.913x

Allele frequency {glab) in field sample 2

Oe
0
Allele frequency (glab) in field sample 1

Fig.8 Estimation of frequency of the recessive glab allele for gla-
brous plants in 16 local populations of Helianthemum oelandicum
var. oelandicum, based on field samples 1 and 2 cf. Table 6)

the glab allele was found particularly on the western part
of the Great Alvar, as well as in an isolated alvar fragment
(south of the village Djupvik) at the northern margin of the
distribution of H. oelandicum (Fig. 5).
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Fig.9 The mean frequency of the recessive (glab) allele of Helian-
themum oelandicum var. oelandicum at the western edge of the Great
Alvar at Vickleby alvar (cf. Fig. 5). The means are based on two sam-
ples of five plants at each 50-m interval (see the text). The transects
were numbered from north to south and were approximately 200 m
apart. Transect 3 started at the local population 36 in Fig. 5. w="Tem-
porary flooded vegetation or wet meadows. The curves are produced
by the option smooth in the Curve Fit of the KaleidaGraph program

Population structure and allele frequencies
in transects across the Great Alvar

Vickleby alvar

The frequency of 50-m intervals with a density of at least
five plants/m* along the three transects was 0.75. When the
frequency of the glab allele was calculated separately for the
two plots at each 50-m distance, the two plots showed a sig-
nificant correlation (r=0.595, p<0.01, n=55). There was a
positive correlation between the mean frequency of the glab
allele at each 50-m interval and topography (Spearman’s
r=0.559, p<0.01, n=55) meaning that glabrous plants
were more common on flat bedrock than on ridges. The fre-
quency of the glab allele changed along the transects, and
the trend was the same for the three transects (Fig. 9). The
frequency of the glab allele was zero at the edge of the alvar
and increased successively to a maximum approaching 1.0
west of a temporary pool or moist grassland communities
without Helianthemum. A dramatic decrease in the allele
frequency occurred east of the wetlands for approximately
200 m along all three transects until the alvar vegetation
changed again to moist grassland without Helianthemum.
The frequency increased again further to the east, but the
transects showed slightly different trends (Fig. 9).

Stenasen region

Plants were found in less than half (0.44) of the 50-m inter-
vals in the western half of the Great Alvar. Two-thirds of
the 50-m intervals in the eastern part (0.68) had at least
five plants/m* of H. oelandicum. The difference between
the two halves of the Great Alvar was significant at p <0.01,
with a trend of fewer differences in the southern transects
(Table 7). The topography of the alvar plain was more even
east of the Stendsen ridge than in the west; on the scale

Eastern part of the Great Alvar

Table7 P Opmaﬁon, structure Transect Western part of the Great Alvar

and allele frequencies of

Helianthemum oelandicum var. Population ~ Frequency of SD N Population ~ Frequency of SD N

oelandicum in the Stendsen structure the glab allele structure the glab allele

region
1 0.30 0.27 0.193 18  0.68 0.91 0.088 41
2 0.38 0.34 0.198 18  0.80 0.90 0.145 36
3 0.48 0.37 0.132 13 0.70 0.86 0.109 23
4 0.50 0.44 0293 15 057 0.87 0.146 17
5 0.56 0.53 0.110 5 071 0.75 0.123 12

The western and eastern parts of the Great Alvar are separated by a narrow, north—-south-directed glaci-
ofluvial ridge (see the text and Fig. 10). Population structure is the proportion of 50-m distances along the

transects that has a density of >5 flowering plants

@ Springer
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Fig. 10 Transect from west to east across the Great Alvar at the »

Stendsen region (see Fig. 5). The transects were numbered from
north to south and were approximately 400 m apart. Transect 2 was
situated approximately 100 m north of permanent plots at site 27. The
frequency of the recessive allele (glab) of Helianthemum oelandicum
var. oelandicum (if present) at each 50-m interval was calculated as
an average of three neighbouring samples (to compensate for the low
number of plants per plot). The eastern edge of the Stenasen ridge is
marked with open circles on the x-axes. The curves are produced by
the option smooth in the Curve Fit of the KaleidaGraph program

from 1 (low glaciofluvial ridges) to 4 (even alvar plain), the
averages were 3.6 and 3.0 for east and west, respectively
(»<0.001, Mann—Whitney U test). The number of plants
per m? did not differ between west and east. The correlation
between the mean frequency of the glab allele at each 50-m
interval and topography is significant (Spearman’s r=0.413,
p<0.01, n=197). The average frequency of the glab allele
in the western half of the Great Alvar increased from 0.27
in the northern transect to 0.53 in the most southern transect
(Table 7). The corresponding changes in the eastern part of
the alvar were from 0.91 to 0.75. The differences in average
allele frequencies between the two halves of the Great Alvar
are significant at p <0.001. From Fig. 10, it can be seen that
the homogeneous eastern populations had a central core of
high frequency of the recessive allele and that the frequency
decreased towards the Stenasen ridge and towards the east-
ern margin of the Great Alvar.

Discussion
Phenotypes

The phenotype of glabrous plants was easy to identify, since
the plant lacks bristles and stellate hairs on all parts, although
<2% of the glabrous plants may have few inconspicuous
bristles that risk being overlooked. The phenotypes of bris-
tled plants vary greatly, and there was substantial overlap in
density of hairs between bristled plants of var. oelandicum
and bristled plants of var. canescens (Widén 2017). Stellate
hairs on the abaxial surface of the leaves were rare and often
inconspicuous in var. oelandicum, and the density of stellate
hairs very seldom overlap with the density in stellated plants
of var. canescens, which had hair g, score=2-3. Given the
probability of finding the correct hair score in the interval of
+0.5 scores used in the present study, the few bristled plants
of var. oelandicum with hair g, score =2-2.5 were hardly
identical to stellated plants of var. canescens.

Accuracy of methods

Crossing experiments in the present study were designed
to avoid contamination with illegitimate pollen in
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self-incompatible, non-emasculated flowers. Although
insect visitors are frequent outdoors in the common garden,
wind pollination prevails in H. oelandicum on Oland, where
insects are rare in windy habitats (B. Widén unpublished
data). Individual pollen grains can be observed (with a hand
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lens) leaving the anthers in weak air currents in the green-
house (B. Widén personal observation). I did not detect any
contamination with illegitimate pollen on control inflores-
cences or isolated parental plants. If all F1 plants in crosses
not expected to segregate in F1 are summed (n=782), only
2 offspring deviated from expectation (0.3%) and both
involved crosses with plant 6398 (see below). Thus, separat-
ing pairs of parental plants by a few meters appears to have
prevented cross-contamination.

Air-born pollen transferred among siblings within F1
families was not fully prevented with the present crossing
design. The few investigated capsules on control inflores-
cences gave a maximum of 5 seeds per plant, which repre-
sented only a small fraction of seeds produced in a legitimate
cross. (A full account of flower biology and seed set will be
presented elsewhere.) In most cases (crosses within homog-
enous F1 families), contamination among siblings had no
meaning for the segregation ratios. Contamination among
siblings can only distort segregation in pairwise crosses in
heterogeneous F1 families.

Progeny in crosses between glabrous and bristled plants
did segregate according to the ‘a priori’ hypothesis of
a Mendelian gene with one dominant and one recessive
allele, except in a few crosses. Some of the deviations from
expected segregation could be caused by the methods used,
because occasional contamination by illegitimate pollen can-
not be excluded (see above). However, one plant derived
from population 36 (plant 6398) was involved in most of
the crosses that deviated from expected segregation ratio,
suggesting that the deviations were unique to this plant. The
mechanism behind this deviation is obscure. First, the num-
ber of offspring deviating from expected segregation is too
large to be explained by accidental contamination by illegiti-
mate pollen. Secondly, several but not all crosses involving
this plant deviated from expected segregation ratios. Thirdly,
when ignoring the paternal plants in the crosses between gla-
brous and bristled plants assumed to be glab/glab and Brist/
Brist, respectively, and pooling offspring of the maternal line
(6398) in the two deviating crosses, segregation in F2 did
not deviate from the expected ratio.

Simple traits such as hair formation can be influenced
by several genes (Scriver and Waters 1999). For instance,
glabrousness is caused by mutations in at least two genes in
Arabidopsis thaliana (Herman and Marks 1989; Sawa 2002).
So far, there is no evidence that several genes per se cause
variation in glabrousness among offspring of the mother
plant 6398. A more plausible explanation for the deviating
segregation in crosses involving this plant has to do with
seed germination and establishment. The mycorrhizal asso-
ciation between fungi and the radicle is an intricate mecha-
nism (Boursnell 1950), and the death rate among seedlings
is high and environmentally influenced (Widén 1987, B.
Widén unpublished data). The young seedlings are difficult

to classify with respect to hairs, and because of logistics
scoring has to wait several months after germination. Thus,
cohorts of seedlings have already been selected when they
are phenotyped. The reason why offspring of plant 6398
survive differently than offspring of other plants is obscure,
but survival of seedlings could be influenced by interactions
between cytoplasmic factors of plant 6398 and the genotypes
of offspring. (A thorough account of seed germination and
establishment of seedlings will be given elsewhere.)

Inheritance

The inheritance of the virtually continuous variation in bris-
tles on leaves in H. oelandicum var. oelandicum showed the
same type of inheritance as variation of stellate hairs on the
abaxial surface of leaves in H. nummularium and H. oelan-
dicum var. canescens (Widén 2015, 2017). The density of
hairs varied between local populations in all taxa. The F2
segregation in crosses within and between populations dif-
fered slightly, in a way suggesting that quantitative genes
are involved in the regulation of hair density. Significant
heritability of hair density has been found in several species
(cf. Kirkkiinen and Agren 2002).

In crosses between plants assumed to be homozygous
for phenotypes above and below a certain threshold of hair
density, segregation in F2s did not deviate from a 3:1 ratio,
suggesting that a Mendelian gene with one dominant allele
and one recessive allele regulates the threshold density.
The threshold density in H. oelandicum var. oelandicum
was hairy plants versus non-hairy plants, and the thresh-
old in the other two taxa of Helianthemum was plants with
hairy,,, score <2 and plants with hair g, score >2 (Widén
2015, 2017). The dominant allele in all three taxa gave rise
to phenotypes with variable density of hairs, and the homo-
and heterozygotes of the dominant allele cannot be distin-
guished. Homo- and heterozygotes in H. oelandicum var.
canescens and H. nummularium have bristles and hairy,,
score < 2. Homo- and heterozygotes of the dominant allele in
H. oelandicum var. oelandicum have bristles and sometimes
a low density of stellate hairs, although they are rare and
inconspicuous. The recessive alleles gave rise to different
phenotypes in the three taxa; glabrous plants in H. oelandi-
cum var. oelandicum and hairy plants with a whitish abaxial
surface of the leaves (hair y,,, score >2) in H. oelandicum
var. canescens and H. nummularium. The two taxa with
stellated morphs (and the same mechanisms of inheritance)
belong to two different, well-defined subgenera of Helian-
themum (Aparicio et al. 2017), whereas var. canescens and
var. oelandicum with different recessive morphs belong to
the same subspecies of H. oelandicum.
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Candidate genes and natural selection

Production and development of hairs are often regulated by
many genes (Larkin et al. 1996; Schwab et al. 2000; Schell-
mann and Hiilskamp 2005; Ishida et al. 2008), although
several studies have shown that the inheritance of glabrous
plants or hairless parts of plants has a simple Mendelian
background involving recessive alleles (e.g. Westerberg
1992; Kirkkidinen and Agren 2002; Yol and Uzun 2011).
The molecular background of hair formation is well studied
in the model organism A. thaliana (L.) Heynh. and a few
other species, e.g. Mimulus guttatus DC and cotton (Ham-
phries et al. 2005; Ishida et al. 2008; Scoville et al. 2011).
A number of genes involved in trichome production have
been identified in A. thaliana (Ishida et al. 2008), some of
which have been shown to have functional homologues in
other unrelated species, e.g. GLABRA?Z in A. thaliana and
GaHOX] in cotton (Guan et al. 2008). Kiviméki et al. (2007)
suggested that independent mutations in the regulatory gene
GLABRA] gave rise to parallel evolution of glabrous plants
in natural populations of Arabidopsis lyrata (L.) O“’Kane and
Al-Shehbaz in northern Europe.

Polymorphism in hairs has often been explained by the
significant advantage of hairs as defence/protection against
biotic and/or abiotic stresses (e.g. Levin 1973; Johnson
1975; Agren and Schemske 1993; Espigares and Peco 1995;
Kivimaiki et al. 2007). Selective grazing on hairless plants
by insects or molluscs has been pointed out as explanation
for polymorphism of hairlessness in natural populations
(e.g. Westerberg and Nyberg 1995; Kivimaéki et al. 2007;
Lge et al. 2007; but see Kawagoe et al. 2011). Herbivory
plays a minor role in H. oelandicum, but the recurrent severe
drought has great impact on reproduction and survival of
this species (Sterner 1936a; B. Widén unpublished data).
The polymorphism in pubescence of H. oelandicum is best
understood in the light of the mosaic of drainage conditions
of the alvar vegetation on Oland (Sterner 1936a; Rosén
1982; Bengtsson et al. 1988; Widén1988). Tyler et al. (2018)
have recently shown that periodical inundation is one of the
most important environmental factors determining the diver-
sity of bryophytes on the Great Alvar.

Glabrous and bristled plants may be ecotypes in the
sense of Turesson (1922), although they only differ by two
alleles at one locus. We do not know if natural selection
acts directly on these alleles or on linked genes. Pheno-
typic selection can act on any life cycle stage, e.g. the
slow growing seedlings are sensitive to summer drought
and frost heaving during winter (Widén 1987, B. Widén
unpublished data). Glabrous seedlings may be well
adapted to periods of submerging in autumn and winter
by analogy with water plants that often are glabrous. Bris-
tled seedlings, on the other hand, may have an advantage
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during summer if hairs imply protection against drought.
Studies in permanent plots (Widén 1980) have shown that
survival of adults and seed production vary between years
and sites (B. Widén unpublished data). How these life
cycle stages are affected by drought and periodical inun-
dation, and how these environmental factors are related to
allele frequencies for pubescence in H. oelandicum will be
discussed elsewhere (B. Widén unpublished data). How-
ever, further studies are needed to fully understand the
mechanism behind the phenotypic selection on the two
morphs of H. oelandicum var. oelandicum.

Geographical pattern in allele frequencies

The diversity of hairs in H. oelandicum on Oland has long
been observed by local botanists. Ahlquist (1821) recog-
nised glabrous plants as forma denudatum, and several
authors have referred to pubescence in H. oelandicum on
Oland (e.g. Hartman 1820; Fries 1823; Tornblom 1908;
Du Rietz 1923; Sterner 1936b). Widén (1988), using a
hair index, confirmed the geographical structure in hair
diversity suggested by Sterner (1936b), who recognised,
partly based on pubescence, as many as three species on
Oland (cf. Widén 2017). Two of his species, H. canum and
H. italicum subsp. rupifragum, identical to H. oelandicum
var. canescens and restricted to the southernmost part of
Oland (Fig. 1), were also reported from scattered localities
further to the north on the Great Alvar (Sterner 1936b).
His records of H. canum outside the core area of H. oelan-
dicum var. canescens correspond to the scattered bristled
plants with hair g, score >2 found in the present study.
All plants in the present study had the CF phenology, so by
definition cannot belong to H. oelandicum var. canescens.

The sampling design used revealed that the frequency
of the recessive glab allele was often homogeneous over
distances of 100 m, since the correlation of allele fre-
quencies in repeated samples within sites was highly sig-
nificant. Furthermore, allele frequencies in adjacent sites
were usually very similar, but frequencies along transects
revealed both gradual and abrupt changes over distances
of 50-100 m. The most homogeneous sites with a high
frequency of the recessive allele were often found in the
eastern part of the Great Alvar, where the glab allele could
dominate over tens of km?. In the western part of the Great
Alvar, the frequency of the glab allele was often low. The
same trend of spatially restricted high homozygosity was
found of the recessive can allele in H. oelandicum var.
canescens (Widén 2017), but the areas of high homozy-
gosity of the recessive allele in this morph were much
smaller than in H. oelandicum var. oelandicum.
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Habitat heterogeneity

The edaphic and drainage conditions of the dry alvar grass-
lands of Oland create fine-scale habitat variation with a
number of plant communities (Albertsson 1950; Rosén
1982; Bengtsson et al. 1988; Tyler et al. 2018). The het-
erogeneity in depths of neutral to base-rich soils creates
environmental gradients over distances from tens of metres
to tens of centimetres (Sterner 1936a; Prentice et al. 1995,
2015). Helianthemum oelandicum var. oelandicum with a
broad ecological amplitude is found in many of these plant
communities (Bengtsson et al. 1988), and the species often
occurs in large, virtually continuous populations (Sterner
1936a; Widén 1988).

The frequency of the recessive allele was low in well-
drained habitats such as shallow ridges of glacial deposits,
especially at the western margin of the Great Alvar. Low
precipitation and a high number of sunshine hours in spring
(Widén 1980; Rosén 1982) mean that these ridges dry out
earlier than neighbouring poorly drained habitats on weath-
ered soils. These warm, well-drained ridges at the western
margin of the Great Alvar favour early flowering of H. oelan-
dicum (1-2 weeks earlier) compared to flowering in cooler
weathered soils (Sterner 1936a; B. Widén unpublished data).

These local conditions create gradients of change in
population structure and allele frequencies at a finer spatial
scale. For example, site 36 at Vickleby alvar is situated 50 m
east of the alvar edge in well-drained habitats (Fig. 5). This
local population showed a low frequency of the glab allele
both in the field samples and in the transects. The frequency
increased after only 150 m to the east as the habitat became
less well drained (Fig. 9). The frequency of the recessive
allele then drops dramatically about 400 m east of the alvar
edge, just east of a temporary pool dammed by an area of
drier habitats. Local populations characterised by homoge-
neous allele frequencies at Vickleby alvar seem to have a
north—south orientation (at least 400 m covered by the three
transects) and an E-W width of 150-300 m created by the
local mosaic of drainage conditions.

Summer precipitation fluctuates between years (Widén
1980; Rosén 1982), and drought can be an important envi-
ronmental factor causing widespread death of plants with
shallow roots on thin soils in the alvar grasslands (Prentice
et al. 1995). Natural selection can change gene frequen-
cies correlated with gradients of soil depths over distances
of tens of centimetres after severe drought (Prentice et al.
2015). Species like H. oelandicum with an extensive root
system, which reaches down to moisture in fissures in the
calcareous bedrock, are less sensitive and can survive even
severe drought (Sterner 1936a; Widén 1980; Bengtsson
1993). Early drought in spring may affect seed set, but H.
oelandicum var. oelandicum has usually finished seed pro-
duction when the summer drought occurs in July (B. Widén

unpublished data). However, devastating drought that occurs
at irregular intervals, usually at about ten-year intervals
(Prentice et al. 1995), has a significant impact on plant sur-
vival in many communities of the alvar grasslands on Oland,
including H. oelandicum (B. Widén unpublished data).

Future perspectives

No other detailed mapping of diversity of pubescence in nat-
ural populations of Helianthemum has been published, but
the classical taxonomical literature indicates that the patterns
described in the present study and in Widén (2015, 2017)
are not unique for H. oelandicum or H. nummularium. One
source of information is the work of Janchen (1907, 1909).
He addressed variation in pubescence in both the H. num-
mularium and the H. oelandicum complexes and described
many taxa that are now only of historical interest. Common
to many of his higher taxa (species) was parallel evolution of
morphs with different densities of hairs. These morphs were
sometimes allopatric, but often sympatric. For example, he
described morphs with and without a dense cover of stellate
hairs on the adaxial surface of the leaf, traits not currently
used as key characters, e.g. in his H. tomentosum (Scop.)
Spreng. and H. canum (L.) Baumg. The frequency of plants
with or without these traits varies within and between natu-
ral populations in H. oelandicum subsp. incanum (B. Widén
personal observation).

Future analyses of crosses between morphs will reveal if
the genetic background of these and other hair characters in
Helianthemum is the same as that found in the present study
and in the studies of H. nummularium and H. oelandicum
var. canescens (Widén 2015, 2017). Further studies will also
clarify if one or several Mendelian genes are involved in the
regulation of hair phenotypes, and the use of next-generation
sequencing techniques will reveal the molecular background
of variation in pubescence in Helianthemum.
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