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Abstract

Populations of Anthyllis vulneraria ssp. vulneraria and A. vulneraria ssp. vallesiaca are found in close vicinity in Val Piora, where the
geological situation changes abruptly between basic and acidic substrates. At three sites with populations of A. vulneraria s. lato, one in
basic soil, one in acidic soil, and one in a mixed area, three samples of a total of sixty plants were collected, and flower morphology and
physiological activity was determined. Of each population, the number of plants using Braun-Blanquet squares was determined. The
frequency and indication values showed that the two subspecies are adapted to different pH values. A. v. ssp. vallesiaca and A. v. ssp.
vulneraria are clearly well separated by the red striped keel, the flag dimension, and flower size. In areas where the two species overlap,
introgression occurs. The hybrid population consisted of yellow hybrid plants with red keel, yellow plants, and white plants with a red
keel. The hybrids are present at a pH value between the ones of the two subspecies. The rapid increase in chlorophyll fluorescence also
clearly showed that the two subspecies differed in their kinetics. The values of the hybrid plants (yellow with red keel) were between
those of the populations of the two subspecies.
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1. Introduction

Anthyllis vulneraria L. is a highly variable, complex, and het-
erogeneous species that is found in very different habitats of
Europe and North Africa. Approximately 45 subspecies have been
described for Europe [1], and six have been described for Switzer-
land [2]. Our study addresses the subspecies vallesiaca (Beck)
Guyot, which is found on acidic substrates, and subspecies vul-
neraria L., which is found on basic substrates, as well as their
hybrids. The geology of the Piora Valley is specified by abrupt
changes in the chemical conditions of the underlying rock [3]. The
northern and southern parts are characterized mainly by Gneiss,
which is responsible for the acidic conditions. The central part
contains a deep dolomitic band, which leads to basic soil condi-
tions. Such changes are often found within quite short distances.
In the contact zone between the two substrates, hybrids of the two
subspecies were found. The occurrence of intraspecific hybrids in
A.vulneraria in general, has been mentioned before, e.g., by Jalas
[4], Puidet [5], and Rola [6]. However, natural hybrids are,
according to experiments by Couderc [7], quite rare. The aim of
thiss to describe the natural variability and differences within and
between the populations of the two subsp. vallesiaca and
vulneraria, as well as between populations containing hybrids.
The investigation is based on morphological, phytosociological,
and physiological features among the three distinct populations,

with one growing within the dolomitic band, one in the acidic area,
and one in the mixed zone.

2. Materials and methods

2.1. Sampling

Three sites of populations of Anthyllis vulneraria s. lato were
chosen in the Val Piora region (Figure 1). Population 1 was
situated near Scopello, 46°32 '48” N/8°42 '11” E, at an altitude of
1915 m and within the dolomitic area; population 2 was located
near Piano Bello, 46°32 '57” N/8°43 '00” E, at 1960 m within the
border of the acidic and basic areas; and population 3 was located
near Piano Corona, 46°32 '52” N/8°44 '08” E, at 2185 m within
the acidic soil.

At every site, two plots of 1 m2 were selected for the eval-
uation of local plant diversity. The plants in the plots were
identified and classified following the phytosociological method
of Braun-Blanquet [8]. Within an area of approximately 10 m
around each plot, 30 flowering plants of Anthyllis were randomly
collected.
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In the laboratory, the number of flowers, the color and length of
the calyx, and the flag for each collected individual were deter-
mined (Table 1). Leaves of the same plants were used on site for
the measurement of fast chlorophyll fluorescence kinetics as a
measure of physiological plant activity under field conditions.

2.2, Floristic investigation

The floristic investigations are based on frequency values after
Braun-Blanquet’s method [8] and the environmental indication R
values are from Landolt et al. [9]. The identified frequency (Freq.)
of the species is given following the cover abundance scale of Braun-
Blanquet and slightly changed to the following values suggested by
McNellie [10]: 0: species missing; 1: rare; 2: up to 10%; 3: 10% to

25%; 4: 25% to 50%; 5: 50% to 75%; and 6: 75% to 100%. The R

value implies the pH reaction on a scale from 1 (species associated
with very acidic soil) to 9 (species associated with strongly alkaline
soil). To evaluate the mean values of R of the different plots, the
frequency of the species was multiplied by the indication value R.
The mean value of R was evaluated by dividing the sum of the Freq
x R value of each plant by the sum of Freq (Table 2).
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2.3. pH measurement

To determine the pH of the soil samples at the three sites, 20 g of
soil, combined from 3 different sites, was strongly mixed with 40
ml of deionized water. The pH was measured after sedimen-
tation of the soil particles after approximately one hour using a
MultimeterSG23 (Mettler Toledo, Greifensee, Switzerland).

2.4. Chlorophyll fluorescence

A rapid increase in chlorophyll fluorescence after a strong light
pulse is a rapid and noninvasive tool for screening photosynthetic
activity in the field. The shape of the kinetics offers information
on the state of the electron transport chain and the enzymatic
reactions beyond it and may be used as a marker of plant vi- tality.
Chlorophyll fluorescence was analyzed using the portable
fluorometer Pocket PEA (Hansatech, King’s Lynn, UK) [11]. The
detached leaves were fixed in commercial leaf clips and kept in
the dark for 20 min prior to measurement to bring the electron
acceptors of photosystem II into a fully oxidized state [12—15].

-
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Figure 1 - Map of Val Piora with sampling sites (1, 2, 3) of the three populations, net distance 1 km. (swisstopo, 2022).

Table 1 - Floristic parameters of A. vulneraria (mean values and + sd of 30 individuals).

Population 1 Population 2 Population 3
Flower and keel color Yellow/Yellow Yellow/Yellow; Yellow/Red; White/Red White/Red
Presence of red keel - + +
Flower length (mm) 16.97 £1.13 2 16.67 £1.55 2 17.63 £1.35 P
Calyx length (mm) 10.45 + 1.17 2 10.75 £1.31 2 10.75 £1.05 2
Flag length (mm) 6.52 £0.97 2 6.12 £ 0.99 2 6.83 £1.20"
No. of flowers per inflorescence 19.07 £ 6.57 2 18.23 £ 6.71 2 18.70 + 6.25 2
Letters : and b below the mean values and sd indicate significant differences (p < 0.05).
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Table 2 - Floristic composition at the sampled sites and soil pH.

Population 1 Population 2 Population 3

Plot1 Plot 2 Plot1 Plot 2 Plot1 Plot 2
Plant species R  Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq.

x R x R x R x R x R x R

Anthyllis vulneraria 3 4 12 4 12 3 9 3 9 3 9 1 3
Achillea millefolium 3 3 9 - - - - - - 1 3 - -
Agrostis rupestris 2 - - - - - - - - - - 3 6
Anthoxanthum odoratum 3 - - 1 3 - - - - 2 6 1 3
Astragalus penduliflorus 3 - - - - - - - - - - 2 6
Bartsia alpina 3 - - - - - - - - 1 3 - -
Campanula barbata 2 - - - - - - - - 1 2 - -
Campanula scheuchzeri 3 2 6 1 3 3 9 3 9 2 6 - -
Carex ferruginea 4 - - - - 3 12 3 12 2 8 1 4
Carlina acaulis 3 - - - - 1 3 2 6 1 3
Centaurea nervosa 2 - - - - - - - - 3 6 1 2
Chaerophyllum hirsutum 3 - - - - 3 9 3 9 1 3 1 3
Coeloglossum viride 2 - - - - 1 2 1 2
Daphne striata 4 - - - - - - - - 1 4 - -
Euphrasia rostkoviana 3 1 3 1 3 - - - - 1 3 - -
Festuca rubra (R-varia 2 1 2 2 4 3 6 - - 2 4 4 ]
agg.)
Galium pumilum 3 3 9 - - 1 3 1 3
(anisophyllum)
Gentiana punctata 2 - - - - - - - - 1 2 3 6
Geranium sylvaticum 3 - - - - - - 2 6 2 6
Geum montanum 2 - - - - 1 2 - - 1 2 1 2
Gymnadenia conopsea 4 - - - - - - - - 1 4 1 4
Helianthemum alpestris 5 - - - - - - - - 1 5 2 10
Hieracium pilosella 3 - - - - - - - - 1 3 - -
Homogynea alpina 3 - - - - 1 3 - - - - - -
Laserpitium halleri 2 - - - - - - - - 2 4 - -
Laserpitium latifolium 4 - - - - - - - - - - 1 4
Leontodon hirsutum 2 - - - - 3 6 4 8 3 6 - -
(R-helveticus)
Leontodon hispidus 3 3 9 4 12 - - - - - - - -
Leucanthemum adustum 4 - - - - - - - - 1 4 - -
Lotus alpinus 3 2 6 - - - - - - 2 6 - -
Lotus corniculatus 3 - - 4 12 - - - - - - - -
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Table 2 - Cont.

Population 1 Population 2 Population 3

Plot1 Plot 2 Plot1 Plot 2 Plot1 Plot 2
Plant species R  Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq. Freq.

x R x R x R x R x R x R

Luzula sylvatica 2 - - 1 2 - - - - - - - -
Nardus stricta 2 - - - - 2 4 2 4 2 4 - -
Paradisea liliastrum 3 - - - - - - - - - - 1 3
Parnassia palustris 4 - - - - - - 1 4 - - - -
Phleum alpinum 3 1 3 - - - - - - 1 3 - -
Phyteuma scheuchzeri 3 - - - - - - 1 3 - -
Poa alpina 3 - - - - - - 2 6 - -
Polygala alpestris 4 - - - - 1 4 - - - -
Polygonum viviparum 3 - - - - - - 1 3 1 3
Potentilla alpina 2 - - - - 2 4 - - 1 1 2
(R-grandiflora)
Potentilla erecta 1 - - - - 1 1 - - 1 1 - -
Prunella vulgaris 3 - - - - 1 3 - - - - - -
Pulsatilla apiifolia 2 - - - - - - - - - - 3 6
Rhinanthus glacialis 4 1 4 - - 2 8 4 16 2 8 1 4
Rumex scutatus 3 - - 1 3 1 3 - - - - - -
Scabiosa lucida 4 - - - - - - 1 4 - - - _
Selaginella selaginoides 3 - - - - 1 3 - - - - - -
Silene cucubalus 3 - - 1 3 1 3 - - - - - -
(R-vulgaris)
Silene nutans 3 1 3 1 3 - - - - - - - -
Soldanella alpina 3 - - - - 1 3 - - - - - -
Thesium alpinum 3 - - 1 3 - - - - 1 3 - -
Thymus serpyllum 4 - - - - - - 1 4 - - - -
Thymus vulgaris 4 - - - - 1 4 - - - -
(R-polytrichus)
Trifolium pratense 3 3 9 2 6 1 3 2 6 1 3 1 3
(R-nivale)
Tussilago farfara 4 1 4 2 8 - - - - - - - -
Vaccinium uliginosum 1 - - - - 2 2 - - - - - _
>3 23 70 29 86 39 106 31 97 50 138 32 88
Mean of R value 3.04 2.97 2.71 3.13 2.76 2.75
Sum of plants 12 15 23 13 34 21
Soil pH 6.42 6.09 5.55
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The excitation intensity was 3500 umol photons m=2 s~ with red
light at 650 nm for 3 s. From the fluorescence induction signal
with high temporal resolution from 10 ps to 3 s, the instrument
determined the initial (F,) and maximum (Fn) fluorescence and
the variable fluorescence (F,) at specified time intervals and calcu-
lated specific parameters such as the potential quantum yield of PS
II (Fy/Fm) and the performance index (PI). Further calculations
and visualization of the experimental data were performed after
the data was transferred to Excel. Fast chlorophyll fluorescence
has been widely used to describe the effects of environmental
stress on plants [16—18]. For statistical analyses, the software
MaxStat (3.6) was used. All data points presented are based on
the measurements of 30 leaves from each plot.

2.5. Plant morphometry and statistical analyses

In the laboratory, the following morphometric parameters were
determined: the color of the flowers, the size of the calyx, the
length of the flag, and the number of flowers per inflorescence
(Table 1). Descriptive statistical analyses and graphical creation
were carried out using Microsoft Excel 2013. To evaluate varia-
tions in morphological and chlorophyll fluorescence parameters
across different localities, a t test in Excel 2013 and an analysis of
variance (ANOVA) with Tukey’s post hoc test were used. An
ANOVA was performed using PAST software, version 4.13, for
Windows.

2.6. Discriminant analysis

Discriminant analyses were performed using PAST software, ver-
sion 4.13 [19], to assess whether photosynthetic parameters could
distinguish between the two subspecies (vulneraria and valle-
siaca) and their hybrid. Photosynthetic parameters, including
Fv/Fm, PI, and fluorescence induction values measured at points
0, J, I, and P, were used as independent variables, while the
subspecies (vulneraria and vallesiaca) and their hybrid served as
the grouping variable.

3. Results

3.1. Characteristics of flowers of A. vulneraria

The two subsp. vulneraria and vallesiaca differed only concern-
ing the characteristics of the flower, as illustrated in Figure 2

»

and Table 1, while the hybrid shows a combination of the two
subspecies.

3.2. Morphometric measurements

Table 1 summarizes the results of the measurements of the se-
lected characteristics. The mean values for each population are
presented, derived from 60 samples per population, except for the
flowers of the inflorescences, where 20 per population were
measured. The 60 samples from population 2 exhibited three
different phenotypes, namely yellow, 16; white, 21; and hybrid,
38. The statistical analyses did not reveal significant differences
between population 1 and population 2 for any of the tested
morphological parameters. Neither population (1 or 2) exhibited
significant differences within population 3 regarding calyx length
or the number of flowers per inflorescence. However, there were
significant differences in flower length and flag length within
population 3 (Table 1).

3.3. Biodiversity, presence, and frequency of
accompanying plants at three sampling sites

The floristic quantification was based on the methods of Braun-
Blanquet [8] and Landolt et al. [9]. In the three plots selected for
the different Anthyllis populations, 57 plant species were recorded
(Table 2). The number of species varied among the populations
and even among the plots. The richest population with plant
species was population 3, with 34 recorded species in plot 1 and
21 in plot 2, followed by population 2, with 23 species in plots
1 and 13 in plot 2. The population with the fewest species was
population 1, with 12 species in plot 1 and 15 species in plot 2
(Table 2).

3.4. Soil pH and indicator values of three populations

Additionally, Table 2 shows the frequencies of each species per
plot, as well as the reaction value number R and soil pH. The soil
pH differed among the populations: it was 6.42 for the first
population, 6.09 for the second population, and 5.55 for the third
population. The pH values clearly differed within the three plots
and followed the changes in the reaction number R between the
plots.

i

Figure 2 - Description of the three phenotypes of A. vulneraria. (a) Population 1: A. vulneraria subsp. vulneraria (keel yellow), (b)
Population 2: Hybrid yellow (keel red) and (c) Population 3: A. vulneraria subsp. vallesiaca (keel red).
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3.5. Fluorescence measurements

Fast chlorophyll fluorescence, the so-called OJIP test [14], was
selected as a measure of plant physiological activity. All the An-
thyllis vulneraria samples from the three sites showed the typical
multistep induction kinetics of fast fluorescence increase observed
in the higher plants with two distinct steps J and I between start O
and maximum P (Figure 3). The maximum Fm is reached after
approximately 0.3 s, and the J and I steps are present at 0.003 and
0.03 s, respectively. Step O > J indicates the reduction in acceptor
QA, step J > I the reduction in QB, and step I > P the reduction in
the electron carriers between photosystem 2 and photosystem 1
and beyond.

To eliminate differences in fluorescence intensity between the
leaves due to variable chlorophyll content and other factors deter-
mining the absolute fluorescence intensity, the data were normal-
ized by setting F, = 0 and Fiax = 1. The increase in the fluorescence
of leaves from 30 different yellow A. vulneraria plants sampled
from an area of approximately 100 m2 resulted in a broad band

of single traces (Figure 3). Although the plants had grown within
short distances, the environmental micro-conditions differed con-
siderably. Even broader distributions were found for populations
2 and 3. The greatest differences between the single traces are
observed for Fy after 0.003 s.

For a statistical evaluation, several typical parameters were exam-
ined, and they are presented in Table 3. The quantum efficiencies
of PSII (Fv/Fm), which has been widely used in plant physiology
research in recent decades, were close to the maximum observed
for healthy plants for all three populations. A significant difference
(p < 0.05) between populations 1, 2a, 2b, and 3 was observed,
while population 2¢ did not differ from populations 1 to 2b or
from population 3. A similar distribution was found for the more
variable PIs, which cover more parameters beyond the primary
processes in photosystem II. Fj, the relative position of shoulder
J at 3 ms, fits well with the parameters above; in this case, pop-
ulation 2c is combined with population 3 and is separated from
populations 1 to 2b.
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0.800

o
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0.000 4 -
0.00001 0.001

time (s)
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Figure 3 - Fluorescence induction scans from 10 ps to 3 s of 30 different yellow A. vulneraria. individual leaves from population 1 after
normalization (F, = 0, Fmax at 300 ms = 1). The J and I steps are at 0.003 and 0.03 s, respectively. Step O > J indicates the reduction in
acceptor QA, step J > I the reduction in QB, and step I > P the reduction in the electron carriers between photosystem 2 and photosystem

1 and beyond.

Table 3 - Maximum quantum efficiency of photosystem II (Fv/Fm), Fj, and the photosynthetic performance index (PI) among different

populations of A. vulneraria.

Plot 1 2a

Flowers yellow yellow
Fv/Fm 0.82+0.022 0.83+0.022
Fj 0.45+0.052 0.47 £0.03 2
PI 4.44 £1.712 3.84+0.932

2b 2¢ 3

yellow/red white/red white
0.83+0.03% 0.81+0.04 2 0.80 £ 0.047b
0.47 +£0.052 0.54+0.12b 0.59+0.08P
4.40 £1.54 2 3.10 £1.31 2.10 £1.26 b

Letters 2 and b between different groups indicate significant differences among the populations, according to Tukey’s test.
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The mean values for each population are derived from the average
of 30 samples. According to Tukey’s test, different letters (a and b)
between different groups indicate significant differences among
the populations presented in Figure 4. The mean values of the
fluorescence induction scans from 10 ms to 3 s of populations 1, 2,
and 3 after normalization (F, = 0, Fmax at 300 ms = 1) (average of
30 samples) show that population 3 clearly separated from
populations 1 and 2, as expected from the data in Table 3.

3.6. Discriminant analyses

Discriminant analysis (DA) was used to evaluate the differences
between the two subspecies (vulneraria and vallesiaca), as well
as their hybrids. The populations were used as grouping variables

to classify or discriminate based on the analyzed photosynthetic
parameters (Fv/Fm, PI, and fluorescence induction values mea-
sured at points O, J, I, and P) as independent variables. The first
discriminant function (F1) explained 83% of the total variance,
while F2 explained 17% of the total variance, as illustrated in
Figure 5. The DA scatter plot supports the results obtained from
the ANOVA. The analyzed individuals of subsp. vulneraria were
separated from the individuals of subsp. vallesiaca. However, a
few individuals of subsp. vallesiaca showed similarities and were
grouped with samples of subsp. vulneraria. The hybrid individ-
uals were distributed among individuals of both subspecies, with
more similarities to subsp. vulneraria. The scatter plot indicated
high variability among individuals within all three populations.

1.200

1.000

0.800

0.600

rel. fluorescence

—&— plot 3, white

—8— plot 1, yellow
—&— plot 2, hybrid

0.400

0.200

0.000 T
0.00001 0.0001 0.001

time (s)

0.01 0.1 1

Figure 4 - Mean values (30 measurements per population) of fluorescence induction scans from 10 us to 3 s after normalization (F, =
0, Fmax at 300 ms = 1). Letters indicate significant differences (p < 0.05).

A. vulneraria
ssp. vulneraria

Axis 2

A villneraria
ssp. vallesiaca

W

A. vulneraria

hybrid )
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Figure 5 - Scatter plot of discriminate analyses. Axis 1: morphometric measurements, axis 2: relative fluorescence.
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4. Discussion

In reviewing numerous publications on Anthyllis vulneraria s.l.,
we have noticed that only a limited number of them address
the occurrence of intraspecific hybrids (e.g., [6]). Our study re-
vealed that hybrids between subspecies vulneraria and subspecies
vallesiaca occur under special conditions, such as those found in
the Val Piora. Here, we observe abrupt changes in the geological
conditions and, consequently, in the pH of the soil. These changes
enable the two subspecies to meet and hybridize within quite
small patches at the border of the geologically different substrata.
The analysis of floristic characteristics and pH measurements
show that the different subspecies are adapted to different pH
values [2, 20]. Anthyllis vulneraria subsp. vulneraria is found on
soil with a relatively high pH (influenced by dolomitic or
limestone substrates), while A.v. vallesiaca grows at a relatively
low pH influenced by an acidic, hardly buffered (gneissic, granitic)
substate. In Val Piora, the distribution area of the two subspecies
overlaps, and introgression occurs.

Morphologically, the flower color and the presence or absence of
ared stripe on the hypanthium differ between the two subspecies.
Hybrids are characterized by the presence of a red stripe on the
hypanthium and yellow flowers. The number of flowers and the
size of the calyx did not differ between the two subspecies (plots 1
and 3) and the mixed population (plot 2). In contrast, the flag size
and flower length of the plants in plot 3 were significantly different
from those of the plants in plots 1 and 2.

A similar separation as for the morphological data was also found
for the photosynthetic parameters; populations 1, 2a, and 2b were
clearly different from population 3. In contrast, Fj in population
2¢ does not differ from that in population 3. For the other param-
eters, population 2c¢ did not differ from populations 1 to 2b or from
population 3.

Fast chlorophyll fluorescence indicates the potential for distin-
guishing between individuals of Anthyllis subspecies and assess-
ing the vitality of individual plants within a population. It has
been widely used to evaluate the vitality of single plants within
a population. Local environmental differences result in variable
kinetics of the fluorescence signal, providing evidence for local en-
vironmental variations within short distances [17, 21]. In Norway
spruce, various ecotypes have been distinguished [22], and tree
diversity has been described in boreal forests [16].
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