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Abstract: The ex situ conservation and sustainable exploitation of neglected or underutilized plant
species (NUPs) is urgent and paramount. To this end, we focused on Petromarula pinnata
(Campanulaceae), a vulnerable local endemic of Crete (Greece) garnering interest for its agro-
alimentary, medicinal, and ornamental value. A GIS ecological profile was established herein based
on its natural distribution in Crete containing detailed information on the climatic conditions
(minimum, maximum, mean temperature, and precipitation) as well as information on 19
bioclimatic variables shaping its natural adaptation. This profiling contributed to better
understanding of the species' ecological requirements and facilitated the germination trials
employing stored seeds from four distinct populations (two from lowlands and two from semi-
mountainous areas) tested at four temperatures (10, 15, 20 and 25°C) and two light condition
treatments. The results herein showed that both temperatures and population as well as their
interaction significantly affected seed germination rates. Incubation temperatures of 10 and 15°C
were the most appropriate for the successful seed germination of this species (> 81.25% for both
temperatures in three out of four populations), with light conditions not affecting seed germination
(86% in light and 80% in darkness). The successful germination protocol of P. pinnata seeds opens
avenues for further sustainable exploitation of this valuable yet vulnerable NUP as a new Greek
native crop.

Keywords: agro-alimentary; medicinal; ornamental interest; neglected and underutilized plants;
phytogenetic resources; sustainable exploitation; Campanulaceae

1. Introduction

Several members of Campanulaceae are commonly appreciated as ornamental plants
worldwide and many of them are praised for their attractive flowers which can vary in color from
deep violet to the palest milky blue [1]. Consequently, many members of Campanulaceae are often
used as garden plants, potted plants, and potentially as cut flowers, thus representing a growing
trend in the development of new ornamental plants [2,3]. Within Campanulaceae, some genera

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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and/or species are unique such as the monotypic genus Petromarula, with P. pinnata (L.) A. DC. being
exclusively found on the island of Crete, Greece [4,5].

Besides ornamental appreciation, many Campanulaceae species have traditionally been used as
a source of food by residents worldwide [6,7]. For example, French residents or Italian and Spanish
inhabitants are reported to consume raw roots of Campanula rapunculus L. in salads or in hot soups,
while Chinese traditionally use dried roots of Codonopsis pilosula (Franch.) Nannf. in soups, all
sourced directly from the wild due to their nutritional benefits [6,7]. The roots are not the only
exploitable part of such plants, as previous studies have shown that the aerial parts (mainly leaf
rosettes) of several Campanula spp. sourced from the wild are also used as edible greens in salads, i.e.,
C. rapunculus in Spain [8,9] or C. pelviformis L. in Crete [10] and P. pinnata in Crete [11,12]. Current
research has shown that such ethnobotanically used wild food sources can also provide a particular
nutritional value combined with medicinal properties as illustrated for example in the case of C.
pelviformis [10] or P. pinnata [12,13]. The latter local Cretan species is often among the basic ingredients
of traditional ‘kaltsounia” which are small halfmoon-shaped pastry filled with a mixture of wild
edible greens directly sourced from the wild and cultivated vegetables (e.g. spinach and fresh green
onions) along with a mixture of local cheeses (tiromalama or malaka and pungent mizithra) [11].
These pastries locally calles ‘kaltsounia’ in western Crete or ‘chortopitakia’ in central and eastern
Crete, are prepared in local houses or in Cretan bakeries and are almost daily consumed as a snack.
Most importantly, the consumption of only two pieces of Cretan ‘kaltsounia’ with wild and cultivated
greens and cheese correspond to 100 g of food covering almost 40% of the estimated daily intake of
strong antioxidants (flavonols and flavones) benefiting from the local version of the Mediterranean
diet of the Cretan population [11].

Sustainable exploitation of neglected and underutilized plant species (NUPs) into agricultural
settings [14] may alleviate the over-harvesting pressure to wild populations of threatened local
endemic plants [3,15,16]. In response to this need, propagation, and cultivation practices for NUPs
ought to be developed and established, respectively, in the first place prior to sustainable exploitation
[3,15,16]. To this end, sexual propagation constitutes a highly effective and low-cost solution in plant
production for many plant species [17] as well as an appropriate propagation method for
conservation-oriented research due to maintenance of high genetic diversity of the species in concern
[18-22]. Seed germination tests provide detailed and species-specific information on the range of
environmental conditions required for the germination of fresh or stored mature seeds, thus
shedding light on how target species adapt to their natural environment during this critical phase of
their life cycle [3,20-23].

In support of seed germination studies, species-specific ecological profiles provide
comprehensive information on the autoecology of the species in concern, including insight into the
prevailing climatic conditions at the natural distribution sites of the species throughout the year
which may facilitate the design of seed germination experiments [24]. In this direction, identifying
and confirming through experimentation the favorable temperature range for high rates of seed
germination in a certain species can effectively enhance their reproduction potential, thus facilitating
conservation actions or ensuring the production of seedlings for further development of cultivation
protocols with the aim to create new value chains even for rare and/or threatened NUPs
[3,20,21,23,25]. Moreover, the species-specific germination protocols derived from such studies are
also very useful for massive production of newly introduced plant species by commercial nurseries,
thus representing basic know-how that can be exploited in the ornamental-floriculture sector or the
medicinal and agro-alimentary industries [3,26].

In this context, targeted research has confirmed the presence of various isolated compounds
with notable pharmaceutical properties in C. pelviformis [10], a threatened, range-restricted, local
Cretan endemic NUP with ornamental, medicinal, and agro-alimentary interest [3,15,16]; the latter
coupled with analytical seed germination protocol developed [25] which has recently paved the way
for the sustainable exploitation of this NUP in the frame of newly launched national research project
employing pilot cultivation in Crete (N. Krigas, pers. comm.). Following up on this framework,
similar research lines are triggered to date aiming to investigate other Cretan species of the
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Campanulaceae family sharing similar characteristics with biological and economic importance.
Species-wise, this study is focused on Petromarula pinnata (L.) A.DC. which ranks high among other
Mediterranean NUPs, thus indicating a highly valuable potential for sustainable exploitation. With
limited data on its seed germination [27,28] and building up on previous studies showing significant
value in different economic sectors namely ornamental [3], agro-alimentary [16] and medicinal-
cosmetic [15], as well as in parallel with undertaken pharmacognostic investigations [12], D. Lazari,
pers. comm. and manuscript in preparation), the present investigation aimed to achieve the following
objectives: (i) Using Geographical Information System (GIS), to unveil the climate range and the ideal
conditions for seed germination in P. pinnata based on the ecological profiles of the natural sites where
P. pinnata wild-growing populations naturally grow, and (ii) To exploit this knowledge in testing
seed germination of stored seeds from four populations collected at different altitudes under different
temperature levels and light conditions. Such applied research can also contribute to the conservation
of this vulnerable species through targeted collections in the natural environment allowing for
enhanced ex situ conservation in seed banks and species-specific propagation and cultivation, thus
enabling know-how either for re-introduction purposes when needed or pilot production of plant
material for novel cultivations as for example [19-22,29,30].

2. Materials and Methods

2.1. Characteristics of the focal plant species

Petromarula pinnata (Figure 1) belongs to the monotypic genus Petromarula of Campanulaceae,
and it is exclusively found on the island of Crete, Greece [4,5]. P. pinnata thrives as chasmophyte in
many crevices of limestone cliffs, usually in semi-shade places across the island of Crete, and it may
also be found frequently on stonewalls of old buildings and fortresses [5]. Its distribution ranges from
sea level up to 800 or even up to 1300 m occasionally, being in flower during April and May or later,
depending on altitude and slope [5]. Hence, P. pinnata is considered as a widely scattered
hemicryptophyte in Crete [4,5]. It is a local single-island endemic plant which is currently assessed
as “Vulnerable’ [31].
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Figure 1. Wild-growing individual of Petromarula pinnata in full flowering during spring in its natural
rocky habitat in Crete (A), bearing ripe fruits during summer months (B) with mature seeds (C) able
to germinate upon evident radicle protrusion (D).

2.2. GIS Ecological Profiling

The ecological profile of P. pinnata was developed in GIS, following the methodology applied
previously to other species with similar characteristics and conservation concern [18,20,21,23]. In
summary, the natural distribution points of P. pinnata (n = 51) as derived from a previous study [32]
were herein linked with climate and precipitation data (minimum, maximum, and average values)
as well as with 19 bioclimatic variables, all based on climate historical data of 30 years (1970-2000)
with  pixel size 30 sec and spatial resolution of 1 km? (https://www.
worldclim.org/data/worldclim21.html, accessed on 15 June 2023).

2.3. Seed Collection and Storage

All mature seeds of P. pinnata were collected on the same day (29 August 2018) from up to five
individuals per accessed wild-growing populations found in different locations in Crete (Table 1).
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The seeds were collected using a special collection permit (182336/879 of 16 May 2019 and 64886/2959
of 6 July 2020) issued by the Greek Ministry of Environment and Energy. Seed storage conditions
(three years storage) were as those mentioned in previous studies [25].

Table 1. Collection data with geographical information and IPEN (International Plant Exchange
Network) accession numbers of the investigated Petromarula pinnata wild-growing populations.

IPEN Accession ) ) Latitude  Longitu  Altitud
Collection Site
number (North) de (East) e (m)
GR-BBGK-1-19,97 Viannos, Heraklion 35.0471 25.4174 632
GR-BBGK-1-19,126 Agios Georgios Selinaris, Lasithi 35.2753 25.5549 225
GR-BBGK-1-19,124 Agia Eirini gorge, Heraklion 35.2844 25.1653 140
GR-BBGK-1-19,130 Tylissos gorge, Heraklion 35.2874 24.9716 395

2.4. Germination Tests

Prior to germination experiments, morphological measurements such as weight of 1000 seeds
and average length/width of 30 seeds were obtained for every population of P. pinnata [25]. The
weight of 1000 seeds was 0.041 g for GR-BBGK-1-19,97; 0,044 g for GR-BBGK-1-19,126; 0,034 g for GR-
BBGK-1-19,124; and 0.0432 g for GR-BBGK-1-19,130. The average length/width ranged from
0.206/0.107 to 0.231/0.114 mm for lowland populations, while semi-mountainous populations had
relatively larger seeds ranging from 0.217/0.117 to 0.258/0.126 mm.

Germination tests were conducted following the germination protocol described in previous
study ([25] and all trials took place at the Laboratory of Floriculture, School of Agriculture, Aristotle
University of Thessaloniki (Thermi, Greece) in April 2022. In brief, seed responses per incubation
temperature were examined at four different temperatures (10, 15, 20 and 25°C) using four
replications of 20 seeds in populations GR-BBGK-1-19,97 and GR-BBGK-1-19,126, and four
replications of 25 seeds in populations GR-BBGK-1-19,124 and GR-BBGK-1-19,130.

The light requirements of P. pinnata were investigated after the end of germination experiments
[25]. Only seeds from population GR-BBGK-1-19,124 were used for this experiment conducted in a
controlled-temperature chamber set at 15°C.

2.5. Statistical Analysis

In the germination tests, the experimental design was a completely randomized factorial design,
with the population and incubation temperature as separate factors. The germination data in
incubation temperature of 25°C was not analyzed, as none of the seeds germinated or the percentages
of germinated seeds were very low (< 3%). Therefore, in the statistical analysis, the levels for the
population factor were four combined with three for the incubation temperature factor (4 x 3 factorial
design). The data was analyzed using the ANOVA method in the frame of the GLM (General Linear
Model) [33]. The germination percentage data was transformed into arc-sine square root values,
before analysis [34]. The transformed data was checked for normality and homogeneity of variances
and then was analyzed by ANOVA, while the comparisons of the means were performed using the
LSD test at a significance level of p < 0.05. In the comparisons between the two light conditions
(alternating light/dark and continuous dark conditions), the T test was used [35]. All statistical
analyses were carried out using SPSS 27.0 (SPSS, IBM, Inc., USA).

3. Results

3.1. Ecological profiling

The ecological profile of P. pinnata was generated in GIS based on its natural distribution
occurrences in Crete to illustrate the favorable climate conditions of its wild-growing populations
(Figure 2). According to historical climate data, the lowest average temperatures were recorded
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during the first annual quarter (9.49+1.11°C, 9.52+1.12°C, 10.95+1.08°C in January, February, and
March, respectively). When such data were combined with the mean temperature of coldest quarter
(9.9841.10°C) and minimum temperature of coldest month (6.48+1.06°C), it was concluded that P.
pinnata wild-growing populations thrive in areas with mild winters. From April (14.05+1.03°C) to
June (22.25+0.93°C), the average temperature in these areas gradually rose until July (24.28+0.94°C)
and August (24.09+0.94°C), showing the highest average temperatures. This period coincides with
the natural flowering and fruiting of P. pinnata wild-growing populations. Despite the latter being
the warmest period for P. pinnata, the average temperature was shown to remain around 25°C
(maximum temperature of warmest month = 28.39+0.87°C). After the summer season, the average
temperature in these areas were shown to decrease from September (21.64+0.97°C) to December
(11.05+1.10°C). Considering all the above-mentioned data as well as the lowest and highest
temperature limits (Tmin 0f Tmin = 4.15°C in February, Tmax of Tmax = 29.90°C in July) and the mean
diurnal range (7.22+0.13°C), it seems that P. pinnata wild-growing populations thrive in environments
with no extreme climate conditions. These temperature limits may showcase the natural adaptation
of the wild-growing populations of P. pinnata.

P. pinnata wild-growing populations thrive in habitats with a notable rainy season, as indicated
by the precipitation-related attributes in Figure 2. The pattern indicated a rainy season starting in
mid-October (73.16+8.88 mm) and lasting until mid-March (86.72+8.63 mm), with January being the
wettest month (142.40+14.44 mm). From April (37.77£5.43 mm) and onwards while P. pinnata
populations are in flower [5], the precipitation values were shown to decrease significantly until June
(5.75+1.63 mm), marking the onset of the dry season (precipitation of driest quarter = 10.81+3.31 mm)
and the fruit setting period during which wild-growing plant individuals are dried. From September
(18.06 + 1.77 mm), rainfall patterns were shown to rise again until the onset of the rainy season. These
precipitation patterns may showcase the natural adaptation of the wild-growing populations of P.
pinnata allowing them to fulfill their biological cycle.
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Petromarula pinnata - Temperature and Precipitation
Minimum Temperature, Tmin (°C) | Maximum Temperature, Tmax (°C) Average Temperature, Tavg (°C) Precipitation, P (mm) Nineteen Bioclimatic Variables
Months | Tmin | Tmax | Tmean | std Tmin | Tmax | Tmean | std Tmin | Tmax | Tmean | std Pmin | Pmax | Pmean | std Min  Max Mean std
Jan 4,36 8,48 6,64 1,05 9,81 14,39 12,35 1,17 7,09 11,44 9,49 1,11 115,73 171,98 142,40 14,44 Annual Mean Temperature (Bio_1) 14,18 18,23 16,45 1,03
Feb 4,15 8,35 6,48 1,06 9,95 14,65 12,58 1,19 6,96 11,46 9,52 1,12 90,25 132,29 110,15 10,92 Mean Diurnal Range (Bio_2) 6,95 7,46 7,22 0,13
Mar 5,29 9,45 7,61 1,06 11,82 16,22 14,30 1,11 8,55 12,83 10,95 1,08 71,02 104,37 86,72 8,63 Isothermality (Bio_3) 31,94 33,82 32,94 047
Apr 8,02 12,00 10,25 1,01 15,47 19,68 17,86 1,07 11,75 15,82 14,05 1,03 28,33 49,76 37,77 5,43 Temperature Seasonality (Bio_4) 550,63 581,52 565,83 7,80
May 11,59 15,53 13,79 1,00 20,00 23,71 22,10 0,94 15,81 19,60 17,95 0,96 12,39 25,33 17,94 3,27 Max Temperature of Warmest Month (Bio_5) 26,45 29,90 28,39 0,87
Jun 15,61 19,55 17,82 1,00 24,72 28,19 26,69 0,88 20,17 23,85 22,25 0,93 3,22 9,55 5,75 1,63 Min Temperature of Coldest Month (Bio_6) 4,15 8,35 6,48 1,06
Jul 17,95 21,94 20,17 1,02 26,45 29,90 28,39 0,87 22,21 25,90 24,28 0,94 1,24 5,22 2,70 1,06 Temperature Annual Range (Bio_7) 21,33 22,44 2192 0,29
Aug 17,89 21,91 20,11 1,02 26,14 29,58 28,06 0,87 22,02 25,72 24,09 0,94 1,25 3,98 2,36 0,72 Mean Temperature of Wettest Quarter (Bio_8) 7,60 11,97 10,02 1,11
Sep 15,48 19,57 17,74 1,04 23,50 27,14 25,54 0,92 19,50 23,33 21,64 0,97 14,80 21,65 18,06 1,77 Mean Temperature of Driest Quarter (Bio_9) 21,47 25,15 23,54 0,94
Oct 12,10 16,24 14,38 1,05 19,23 23,42 21,58 1,06 15,67 19,80 17,98 1,05 57,43 91,25 73,16 8,88 Mean Temperature of Warmest Quarter (Bio_10) 21,57 25,09 23,57 0,90
Nov 8,58 12,76 10,89 1,06 14,81 19,25 17,29 1,12 11,70 16,00 14,09 1,09 75,96 97,71 86,52 5,65 Mean Temperature of Coldest Quarter (Bio_11) 7,56 1191 998 1,10
Dec 5,87 9,98 8,14 1,04 11,41 16,00 13,96 1,16 8,65 12,99 11,05 1,10 97,69 143,00 119,20 11,83 Annual Precipitation (Bio_12) 570,22 852,55 702,71 73,41
Tmin (°C) Tmax (°C) Tavg (°C) Precipitation (mm) Precip.it.atio.n of Wet.test Month (B.io_13) 115,98 171,47 142,38 14,51
Precipitation of Driest Month (Bio_14) 1,08 3,82 2,08 0,76
25 35 30 200 Precipitation Seasonality (Bio_15) 82,55 87,26 8517 1,16
20 30 25 Precipitation of Wettest Quarter (Bio_16) 303,96 446,63 371,73 37,23
25 20 150 Precipitation of Driest Quarter (Bio_17) 571 1875 1081 3,31
15 20 Precipitation of Warmest Quarter (Bio_18) 6,25 19,63 11,63 3,43
0 15 15 100 Precipitation of Coldest Quarter (Bio_19) 279,78 421,43 346,67 36,75
10 10 5 (E)
5
5 5
0 0 0 0
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov
(A) (B) (9] (D)

Figure 2. Ecological profile across the natural distribution range of Petromarula pinnata wild-growing populations in Crete (n =51) linked in GIS with geodatabases (WorldClim version
2.1), providing values for: (A) minimum temperatures per month (°C), (B) maximum temperatures per month (°C), (C) average temperatures per month (°C), (D) precipitation per month
(mm), and (E) calculated values for 19 bioclimatic variables. For (A-E) minimum, maximum, average, and standard deviation is shown based on data from 1970-2000. The colors of the
plotted lines illustrate the minimum (blue), maximum (orange), and mean (grey) monthly values for temperature (°C) and precipitation (mm).
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3.2. Seed Germination Success

3.2.1. Effect of incubation temperature

According to the results of the statistical analysis, both the main effects of population and
temperature incubation as well as their interaction significantly affected the germination of P. pinnata
seeds (Table 2). In detail, the seeds of population GR-BBGK-1-19,97 collected from the highest altitude
exhibited the lowest germination percentage (Figure 3). Furthermore, the germination percentage of
population GR-BBGK-1-19,124 was higher than that of population GR-BBGK-1-19,126 (both collected
at lower altitudes). The germination percentage of seeds incubated at 20°C was the lowest, while no
statistical difference was observed between the germination percentage of seeds incubated at 10 and
15°C (Figure 4).

Table 2. Significance of separate factors (population, temperature) and their interaction on
germination percentage of Petromarula pinnata seeds from different wild-growing populations as

estimated by ANOVA.
Sum of Mean
Source df F Sig.
Squares Square
Population 2314.13 3 771.38 20.36 0.000
Temperature 1240.85 2 620.43 16.38 0.000
‘Population x
701.35 6 116.89 3.09 0.015
Temperature
100 7 b a ab
LA
80 - . 1 l
3 [ l
ECR
1
E w0
o
20 A
0 T T T 1
GR-1-BBGK- GR-1-BBGK- GR-1-BBGK- GR-1-BBGK-
19,97 19,126 19,124 19,130
Population

Figure 3. Effect of population on germination percentage (o standard deviation) of Petromarula pinnata
seeds regardless the incubation temperature. Columns accompanied by the same letter do not differ
significantly. The comparisons were made using LSD test.
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Figure 4. Effect of incubation temperature on germination percentage (o standard deviation) of
Petromarula pinnata seeds of four wild-growing populations. Columns accompanied by the same letter
do not differ significantly. The comparisons were made using LSD test.

Significant differences were observed among the germination percentage of seeds incubated at
10, 15 and 20°C (Figure 5). Specifically, the seeds of populations GR-1-BBGK-19,126 and GR-1-BBGK-
19,130 which were incubated at 10 and 15°C germinated at higher percentages (81.25% and 85% for
first one and 90% and 89% for the second one, respectively) compared to those incubated at 20°C
(65% and 79%, respectively). In population GR-1-BBGK-19,97, the highest germination percentage
was achieved at 15°C (75%) whereas in population GR-1-BBGK-19,124 the seeds which were
incubated at 10°C germinated at higher percentages (91% and 84 %, respectively) compared to those
incubated at 20°C (79%) (Figure 5, p<0.05). According to Figure 5, in all populations, the seeds
incubated at 15°C germinated earlier than those incubated at 10°C. Specifically, germination of the
seeds was recorded on the 10% day and seed germination completion was achieved on the 30t day.

GR-1-BBGK-19,97

GR-1-BBGK-19,126

(X

100 1 100 1
801 . 80 A
8 a
8 60 A 60
é b
g b
E 40 A 40 A
Q
)

20 1 20 A

0 0
0 10 20 30 40 50 60 0 10
Time (days)
100 - GR-1-BBGK-19,124 100 -

Germination (%)

30
Time (days)

GR-1-BBGK-19,130

30
Time (days)

30
Time (days)

Figure 5. Cumulative germination percentage diagrams (+ standard deviation) of Petromarula pinnata
seeds sourced from four populations incubated at 10 (e), 15 (m) and 20 (o). 'In each population, means
are statistically different at p<0.05, when they do not share a common letter. The comparisons were

made using the LSD test (n=4).
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Furthermore, the incubation temperature showed significant impact on the seed germination of
four wild populations of P. pinnata (Table 3, p<0.05). Specifically, at 10 °C, the seeds from population
GR-1-BBGK-19,97 exhibited the lowest germination percentage (48.75%), while no statistically
significant difference was observed among the remaining three populations. At incubation
temperature of 15°C, the seeds of population GR-1-BBGK-19,130 germinated at higher percentages
(89%) than those of population GR-1-BBGK-19,97 (75%). The incubation temperature of 20°C
generally reduced the seed germination percentages. In general, the seeds of population GR-1-BBGK-
19,97 exhibited the lowest germination percentage (48.75% at 10° C), whereas the seeds of population
GR-1-BBGK-19,124 germinated at higher percentages than those of population GR-1-BBGK-19,126
(Table 3).

Table 3. Effect of three incubation temperatures on the germination percentage of four wild-growing
populations of Petromarula pinnata. Means + standard deviation values are given.

Incubation temperature

Area Population 10°C 15°C 20°C
GR-1-BBGK-19,97 48.75b1+8.54 75.00b +10.80 50.00 c +8.16
Semi-mountainous GR-1-BBGK-
90.00 a +7.66 89.00 a + 6.83 70.00 ab +6.93
19,130
GR-1-BBGK-
81.25a +11.09 85.00 ab +9.13 65.00b +7.07
19,126
Lowland
GR-1-BBGK-
19124 91.00 a +2.00 84.00 ab + 5.66 79.00 a £ 6.83

Values in the same column followed by the same letter are not significantly different (p<0.05)
according to LSD test (n=4).

3.2.2. Effects of light treatments

Regarding the light requirements for germination at 15°C of P. pinnata seeds, no statistically
significant results were observed in terms of mean germination percentage (MGP) between seeds
germinated under alternating light/dark and continuous dark conditions (Table 4). In both
treatments, the germination percentages were high (86% in alternating light/dark conditions and 80%
in continuous dark conditions). Furthermore, the seeds showed similar germination speed under
different light conditions. Specifically, the mean germination time (MGT) was 18.59 days for seeds
exposed to light/dark conditions and 20.05 days for seeds exposed to dark conditions (Table 4).

Table 4. Effect of light conditions on seed germination of Petromarula pinata. Means and standard
deviation values are provided.

Germination percentage (%) Mean Germination Time (Days)
Light/dark 86.00+6.93 a! 18.59a+1.02a
Dark 80.00 +8.64 a 20.06a+1.72 a

!In each column, the means are statistically different at p<0.05 (n=4) when they do not share a common
small letter. The comparisons were made using T-test.

4. Discussion

In general, the development of seed propagation protocols for threatened species is necessary
either for effective either ex situ or in situ conservation actions [3,36,37] or to enable the sustainable
utilization of NUPs due to significant value in different economic sectors namely ornamental [3],
agro-alimentary [16] and medicinal-cosmetic [15].
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Although seed gemination of several Campanulaceae members has been previously
investigated, the seed biology of this large family rather remains understudied [28]. Petromarula
pinnata has been previously subjected to multi-species in vivo [27] and in vitro seed trials [28] with
promising general results. The study herein, however, investigated for the first time the light- and
temperature-dependance of P. pinnata seed germination facilitated by its GIS-derived ecological
profiling, thus furnished insight into the most appropriate treatments in terms of temperature and
light requirements.

In general, several members of the genus Campanula appear to have specific temperature
preferences for their seed germination as suggested by previous studies [28]; this fact has also been
confirmed in the current study dealing with P. pinnata showing a strong temperature effect (p =
0.0001) in its seed germination trials. The incubation temperature of 10 and 15°C presented the highest
impact on seed germination of P. pinnata, except for population GR-1-BBGK-19,97 in which the
highest percentage was observed at 15°C (75%). These temperature levels also improved the
germination of Cretan local endemic members of genus Campanula, i.e., C. saxatilis L. subsp. saxatilis
[23] and C. pelviformis [25]. The incubation temperature of 20°C resulted in relatively high percentages
(>50%), while the temperature level of 25°C dramatically reduced germination percentages (<3%).
However, previous studies have shown that the temperature of 25°C can benefit seed germination
with appropriate pretreatment methods in many members of the Campanulaceae, such as Asyneuma
chinense D.Y.Hong (88%), Cyananthus inflatus Hook f. & Thompson (85%) or Lobelia oahuensis Rock
(95%) [28].

The study herein investigated for the first time the germination of P. pinnata seeds collected from
lowland and semi-mountainous populations of Central and Eastern Crete, Greece. The examination
of the population effect (p = 0.0001) investigated whether different altitudes in conjunction with four
incubation temperatures can affect the seed germination behavior of different P. pinnata wild-
growing populations from two semi-mountainous and two lowlands areas originating from Central
and Eastern Crete. Although previous studies report that some Balkan endemic Campanula species
may have quite different germination responses related to temperatures depending on the altitude
of original collections [38], no significant variation was observed in the seed germination percentages
of P. pinnata populations from different collection altitudes. In particular, the lowland populations
had similar behavior, with the highest germination percentages at 10 and 15°C, while the same was
true for the semi-mountainous populations, achieving their successful germination at 15°C. However,
it is well known that such fluctuations may be expected across different populations of the same
species [24]. Moreover, germination variations have been detected between populations originating
from similar altitudes for C. pelviformis as shown in a recent study [25]. Undoubtedly, conducting
experiments with freshly collected seeds (seeds with no storage) will lead to a more complete picture
of the seed germination behavior and preferences of the focal species in concern, including the
determination of after-ripening effect and possible dormancy type; therefore, further research is
suggested with the aim among others to verify previously published in vivo seed germination results
[27]. In fact, the latter outlines another research line which is aimed to follow shortly.

P. pinnata was shown herein to germinate without any light preference, showing 86%
germination in alternating light/dark conditions and 80% in darkness at 15°C. Our results contrast
with a previous study that observed different behavior of seeds of this species in constant light (76%)
and constant darkness (3%) at 20°C, probably since the above-mentioned trial was conducted with
fresh seeds at 20°C [28] and not with stored seeds at 15°C as the trial herein. However, it is worth
noting that many members of the Campanulaceae family may exhibit light preferences as observed
in other local Greek endemics of genus Campanula such as C. cretica (A.DC.) A.Dietr. (99% in light and
24% in darkness) and C. goulimyi Turrill (96% in light and 0% in darkness) [28]. In terms of seed
dormancy, temperatures above 15°C are known to allow the embryo development in the seeds of
several Campanulaceae members with morphological or morphopysiological dormancy [39].

The GIS-derived ecological profile of P. pinnata indicated the temperature limits and
precipitation patterns of its wild-growing populations. When the ecological profile of P. pinnata was
combined with the germination results obtained herein, it appeared that natural seed germination of
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P. pinnata probably takes place from the last quarter of the year with prevailing mean temperatures
equaling to 17.98, 14.09 and 11.05°C during October, November, and December, respectively. During
this period, temperatures were shown to reach 10 and 15°C in the natural habitats of this species in
Crete and, simultaneously, moisture levels in these periods were shown to increase due to the
augmented precipitation patterns, starting with 73.16 mm in October and peaking at 142.40 mm in
January (Figure 2). Most probably, the appropriate temperatures of April (14.05°C) combined to
decreased precipitation (37.77 mm) in early spring may not favor seed germination (Figure 2).

The knowledge furnished herein for this valuable, yet vulnerable local endemic plant of Crete
can be exploited consecutively either for conservation purposes or to facilitate the sustainable
exploitation of P. pinnata due to its ornamental value [3] and agro-alimentary interest [16] associated
also with medicinal value [12]. Notably, this species is traditionally used across Crete as an ingredient
of the widely consumed ‘kaltsounia’ in western Crete or ‘chortopitakia’ in central and eastern Crete
of the local Mediterranean (Cretan) diet, i.e., the local savory staffed dough with wild-sourced and
cultivated greens associated with a strong antioxidant potential [11]. To this end, a newly launched
research project will readily apply this knowledge to produce enough plant material for a pilot
cultivation to be established in the next growing season in its place of origin, namely Crete (Greece).

5. Conclusions

The development of seed propagation protocols for threatened species is necessary for effective
ex situ conservation and enables their sustainable utilization. The investigation herein furnished for
the first time a detailed profiling of the non-biotic environmental conditions experienced
evolutionary by P. pinnata wild-growing populations based on its natural distribution occurrences in
rocky habitats of Crete, Greece. The GIS ecological profile developed herein may facilitate the
successful ex situ conservation and further cultivation of this vulnerable local endemic species, also
offering guidance for its adaptation in man-made settings for conservation or sustainable exploitation
purposes. The germination trials performed in this investigation using seeds sourced from four wild-
growing populations revealed no significant variation in seed germination but identified the most
appropriate incubation temperature for the effective germination of this species. These results can
pave the way for the successful ex situ conservation of the natural species diversity in seed banks and
may further serve the current attempts undertaken for the sustainable exploitation of this valuable,
yet vulnerable plant with ornamental, medicinal and agro-alimentary potential.
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