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Abstract: Medicago truncatula (barrel medic) and Pisum sativum subsp. elatius (wild pea) accessions
originating from variable environmental conditions in the Mediterranean basin were used to study
physical seed dormancy (PY) release. The effect of soil burial on PY release was tested on 112 accessions
of medic and 46 accessions of pea over the period of 3 months in situ at three common gardens
(Hungary, Spain and Greece) from 2017 through 2019. PY release after soil exhumation followed by
experimental laboratory germination of remaining dormant seeds (wet, 25 °C, 21 days) were related
to the environmental conditions of the common garden and macroclimatic variables of the site of
origin of the accessions. Higher PY release was observed in buried seeds under humid rather than
under dry and hot environments. Exposure of remaining dormant seeds to experimental laboratory
conditions increased total PY release up to 70% and 80% in barrel medic and wild pea, respectively.
Wild pea showed higher phenotypic plasticity on PY release than barrel medic, which had higher
bet-hedging within-season. Wild pea showed lower bet-hedging among-season (PY < 10%) in relation
to precipitation than barrel medic, which was more conservative (PY =~ 20%). Observed variability
suggests that these species have the capability to cope with ongoing climate change.

Keywords: bet-hedging; germination; Medicago; pea; plasticity; seed dormancy; soil seed bank

1. Introduction

Seeds represent a critical stage in the life cycle of plants because they ensure dispersal and
recruitment of new seedlings. Seedling emergence is an especially vulnerable window affecting
population and community dynamics [1]. Germination timing impacts survival by regulating when to
release a vulnerable embryo, which was previously protected inside of the seed, into a variable and
often unpredictable environment. Various blocks to seed germination (seed dormancy) have evolved
in order to control this process [2,3]. The most studied is physiological dormancy using the Arabidopsis
model [4,5], while release from physical dormancy (PY) is less understood. Physical dormancy is
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frequent in legumes, where it is controlled by an impermeable seed coat [6], and commonly found in
species occurring in arid and semi-arid regions [2,7].

Environmental variance has both a predictable and stochastic character [8]. Phenotypic plasticity [9,10]
and bet-hedging [11] are two principal classes of adaptation to environmental change: each can alter the
range of phenotypes expressed in a population as the environment changes [12].

Phenotypic plasticity of seed germination occurs only when environmental cues are perceived by
seeds, and if these cues reliably predict germination conditions that lead to successful establishment [10,13].
Phenotypic plasticity is thus mostly expected when changes in environmental conditions are at least
partially predictable within an organism’s lifespan. Consequently, plasticity maximizes fitness across
environments [14]. In unpredictable environments where temporal variation is high, however, the imperfect
control of germination timing may account for negative population growth, and in extreme cases a
population may die out in a year with unsuitable conditions. Long-term fitness variance may be reduced
by avoiding risky investments (conservative or among season bet-hedging strategy) or, alternatively,
by spreading risk among offspring (diversified or within season bet-hedging strategy) [11,15,16].
Concerning germination, the bet-hedging strategy acts to spread establishment risk for the seed produced
by an individual plant by spreading germination across the growing season or among several years.
A strategy in which only a fraction of seeds germinates, leaving the remaining seeds alive and dormant,
tends to maximize fitness in environments where the probability of successful growth is low and varies at
random [11]. This reduces short-term reproductive success in favor of longer-term risk reduction [15].

Dormancy release and timing of germination is a trait in which the evolution of both phenotypic
plasticity and bet-hedging is expected [8], especially under partially predictable conditions [17].
The proportion of dormant seeds and dormancy releasing environmental cues are known to vary
between and among individuals of given species [18], resulting in different seasonal patterns of
germination. Breaking of PY in natural conditions is proposed to be caused by the softening of the seed
coat, mediated through alternating temperatures [19-24], which are typical in soils of Mediterranean
and sub-tropical climates [2,25,26]. Such climates with seasonality seem to evolutionarily select for
seed dormancy [7] as shown by Rubio de Casas et al. [27]. Therefore, seed dormancy is likely the
major driver of species distribution as seeds must first be able to germinate in a habitat in order for
post-germination traits (including flowering and seed set) to occur [28].

Barrel medic (Medicago truncatula) is a representative species adapted to a Mediterranean climate
characterized by strong seasonality with hot and dry summers often with large diurnal temperature
oscillations followed by main rainfall in the autumn-winter [29]. Likewise, Pisum sativum subsp.
elatius (wild pea) offers an excellent model to study legume seed physical dormancy in an ecological
context [30] due to its wide-ranging native distribution, spanning from the western Mediterranean,
through south-eastern Europe to the Middle East [31,32]. We have previously analyzed variation in
dormancy release of Pisum sativum subsp. elatius [30] and M. truncatula [33] seeds to temperature
alternations, tested in water-saturated conditions in the laboratory. Barrel medic seed dormancy
release plasticity correlated with increased aridity of the environment of origin, suggesting that plastic
responses provide seeds with a bet-hedging capacity [33]. In wild pea, dormant genotypes are found
in the environment with smaller temperature variation, seasonality and milder winter. Genotypes
responsive to temperature oscillations originate from environments with lower annual temperatures,
colder winters and higher temperature fluctuations [30]. However, there is scarce knowledge about the
degree of PY variability, both among and within accessions, under natural soil conditions, where both
temperature and moisture conditions vary in a complex manner [34,35]. Given the limited knowledge
on the regulation of legume seed dormancy under natural conditions [6], this study addresses the gap
in knowledge on the association between the PY release and environmental factors using experimental
burial of seeds of accessions of both legume species originating from various climatic environments
into natural soils of three common gardens covering climatic conditions within the ranges of both
studied species. After the exposition of seeds to natural soil, the remaining seeds were excavated and
non-germinated seeds were tested in the laboratory for dormancy release.
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The following questions were addressed. (1) What is the physical seed dormancy release pattern
among accessions in barrel medic and wild pea under soil seed burial environments? (2) How
much difference is there between seed dormancy release under laboratory conditions and soil burial
environment? (3) What is the dormancy release strategy potentially driving adaptation among
accessions of barrel medic and wild pea originating from different climatic conditions?

2. Materials and Methods

2.1. Plant Material

Corresponding to the study by Renzi et al. [33], a set of 112 M. truncatula accessions originated
from INRA Montpellier (http://www1l.montpellier.inra.fr) and from the University of Minnesota,
USA (http://www.medicagohapmap.org). Forty-six wild pea (Pisum sativum subsp. elatius) accessions
were selected from previous studies [30,31]. Accessions of both studied species were selected with the
aim to cover geographical species range and diverse ecological conditions.

To obtain sufficient seed stock for the experiments and to minimize environmentally induced
maternal effects, obtained seeds were planted and cultivated in glasshouse conditions at the Department
of Botany, Palacky University, Olomouc, Czechia from September to May (2017, 2018, and 2019) in
either 3 litre (barrel medic) or 5 litre (wild pea) pots with sand peat substrate (1:9) mixture (Florcom
Profi, BB Com Ltd., Letovice, Czechia), watered daily and fertilized weekly (Kristalon Plod a Kvét,
Agro Ltd., Rikov, Czechia). Supplementary light (Sylvania Grolux 600 W, Hortilux Schreder, Holland)
was provided to extend the photoperiod to 14 h. The mature pods were collected, packed in paper bags,
dried at room temperature (22-24 °C), 30% air humidity and seeds were manually cleaned [30,31,33].
After that, the randomly selected seeds of each accession were packed into permeable nylon bags
within 2 to 3 weeks from the harvest and prepared for soil burial experiments. During the 2016,
2017 and 2018 periods, at the onset of the summer season, batches of 50 seeds were placed inside
permeable nylon mesh bags (mesh size = 200 um, KD Filter, Usti nad Labem, Czechia). A portion of
the same seed batches was tested in laboratory conditions as previously [30,31,33].

2.2. Soil Deposition Experiment

Three common garden sites (locations) for the soil burial experiment covered climatic conditions
within the ranges of both studied species: Cordoba, southern Spain (SPN) (37.858933, —4.800390,
180 m a.s.l), Panormo, Crete, Greece (GRC) (354174721, 24.6829471, 132 m) and Villany,
southern Hungary (HUN) (45.8652763, 18.4455547, 133 m). The two former locations corresponded
to arid summer soil environments (SPN and GRC) and the later one to humid soil conditions (HUN)
(Table S1 and Figure S1). Bags (one per accession and site) with seeds were buried in an open place
of each location into the soil at 5 cm depth, covered with a wire cage to prevent predation, and were
exposed from about 15 June (start of the experiment) until the end of September repeatedly in 2017,
2018 and 2019. Thereafter the bags were excavated and within 2 days shipped to the laboratory
at Palacky University, Olomouc, Czechia. Here the bags with seeds were opened and seeds were
classified into three categories depending of their dormancy status: those that germinated in situ,
those that imbibed in situ, and those that were considered dormant in situ. The proportion of buried
seeds (n = 50 per each bag) that either germinated or imbibed in situ was called “PY release ¢”.
In situ dormant seeds were immediately transported (within 24 h of excavation, in paper boxes) to
the laboratory, placed onto wet filter paper in Petri dish and subjected to 25 °C, in the dark under
laboratory conditions. This temperature was selected based on our previous experiments [30,31,33] in
order not to introduce further temperature variables beside the one experienced during burial. In order
to prevent fungal growth (as seeds sterilization would alter seed coat properties), fungicide Maxim XL
035 FS (containing metalaxyl 10 g and fludioxonil 25 g) was applied. Seeds were monitored at 24 h
intervals for a total of 21 days. At the end of the testing period, all germinated and imbibed seeds in
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both in situ (soil) and laboratory conditions were counted and expressed as the proportion of the total
number of buried seeds (PY release il + testing)-

2.3. Meteorological and Environmental Data Acquisition

The WorldClim (http://worldclim.org) version 2.0 database was used to extract information about
the climate (period 1970-2000) for each site of accession’s origin in both species [36]. Data were
extracted using DIVA-GIS software from ESRI grids with a spatial resolution of 30 arc-seconds
(~1 km) in the WGS-84 (EPSG: 4326). The meteorological data for common garden sites (locations)
were obtained using the Weather Underground service. Weather Underground uses professional
stations and observations from members with automated personal weather stations (PWS). Weather
Underground’s WunderMap overlays weather data from personal weather stations and official NWS
stations on a Mapbox Map base and provides many interactive and dynamically updated weather
and environmental layers. The service also provides historical data. For data analysis, we selected
daily data for the selected time period for years 2017, 2018 and 2019. We downloaded temperature
data (high, low and average) and the daily sum of precipitation accumulation (mm) data. For the
soil burial experiment, the closest weather station to each common garden was selected with the aim
of obtaining the best available local data. Where the topography conditions influenced the weather,
we tried to select a most similar but not closest station. Consequently, we selected the following climatic
stations: Cdrdoba, Spain (ICRDOBACS), Szarsomlyo, Hungary (IBARANYA11) and Pantédnassa,
Crete (IU039AUQ7) (see Table S1 for details).

2.4. Data Analysis

2.4.1. PY Release of Barrel Medic and Wild Pea Accessions in Natural Soil Condition

To test if the accessions differed in the proportion of PY release, a linear mixed model (LMM) was
performed using the accessions and localities as fixed factors and year as a random factor nested within
a locality. One hundred and twelve barrel medic accessions (Table S2) and 46 wild pea accessions were
evaluated (Table S3). The LMM was performed with R version 3.6.1 (R Development Core Team 2019)
using the packages MASS, nlme and GLM in Infostat [37] and its interface to R (R 3.6.1, R Development
Core Team 2019), using a significance threshold of p < 0.05. For analyses, the PY data were arcsin-square
root transformed, and the untransformed data are presented in the Figures for clarity. The PY release
mean of each environment was plotted as a function of local climatic condition, (3 locations X 3 years,
excluding Greece in 2019, in which the seeds did not arrive on the proper date to be buried), of the
respective environment (mean daily temperature (°C), degrees day (°Cd) and precipitation (n° of
events and mm)) during burial trial (15 June to 30 September). Degree days were the sum of the mean
daily temperature (threshold temperature = 0 °C) for the duration of the soil deposition experiment for
each year. A linear regression analysis was performed using GraphPad Prism Software version 6.0
(GraphPad, San Diego, California, USA). Pearson’s correlation coefficient was calculated between the
environmental variable of the site of origin in each accession, in both species, and the proportion of PY
release il + testing Using the InfoStat software (Tables 54 and S5).

2.4.2. Association between PY Release under Laboratory Condition and Soil Burial Environment

The data generated in this study were contrasted to the previous results of dormancy release
tests under laboratory conditions for wild pea and barrel medic [31,34] (Tables S2 and S3). For each
accession of barrel medic and wild pea with available data from both previous and present experiments,
Pearson’s correlation coefficient was calculated between the final PY release separately for each
temperature treatments (alternating temperatures of 35/15 °C and 25/15 °C in a 14 h/10 h regime onto
water-saturated filter papers) during one month in laboratory vs the PY release under soil conditions
of the present study.
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2.4.3. Relationship between Environment of Origin and PY Release under in Situ (Soil) Condition

The barrel medic and wild pea accessions were grouped into four environmental clusters to
improve ecological interpretation between the environment of origin and the PY release of each
accession in common gardens. Several bioclimatic variables related to aptitude for seedling survival
during summer and growth performance during the autumn-winter were selected [34]. In addition,
to avoid over-parameterization among the bioclimatic variables, Pearson correlation coefficients
were used to measure pairwise correlations among the variables (R, Version 3.5.1); one of the two
paired variables with r > 0.7 was eliminated (Table S4). The bioclimatic variables were selected
to represent summer and winter trends and extreme conditions of temperature and precipitation.
The matrix of reduced-set of WordClim variables (maximum temperature of the warmest month
(BIO5), mean temperature of warmest quarter (BIO10), annual precipitation (BIO12), precipitation
of wettest quarter (BIO16), and precipitation of warmest quarter (BIO18)) [36] was analysed by
principal component analysis (PCA) using Infostat software [37]. Accessions were grouped into four
macroclimatic clusters based on Euclidean distance of environmental variables used for calculations of
PCA [38]. Agglomeration was performed using Ward’s minimum-variance linkage algorithm.

Four environmental clusters resulted: (i) Dry-dry (red): corresponds to accessions originating
from dry conditions (high temperature and low rainfall) both during the dormancy release (summer)
and growth (autumn-winter); (ii) Dry-humid (green): corresponds to accessions originating from dry
conditions (high temperature and low rainfall) during the dormancy release but humid conditions
during the growth season; (iii) Humid-dry (yellow): corresponds to accessions originating from humid
conditions (medium temperature and high rainfall) during the dormancy release but dry conditions
during the growing season; and (iv) Humid-humid (blue): corresponds to accessions originating from
humid conditions (medium temperature and high rainfall) both during the dormancy release and
during the growing season.

In all cases, reaction norms for each macroclimatic cluster were estimated as follows:
each regression line represents mean PY release g of the accessions of the respective macroclimatic
cluster to the effect of soil moisture condition (n° of events and total precipitation) of each environment
(combinations of common garden location and year of seed burial experiment) [39]. Precipitation was
chosen because it was the main triggering factor for PY dormancy release (see Section 3.1). In order
to focus on the change of the trait (slope and proportion of PY) in response to soil condition the PY
dormancy means between each cluster were analyzed by ANOVA, and were compared by Fisher’s
least significant difference test using the InfoStat software [37].

3. Results

3.1. PY Release of Barrel Medic and Wild Pea Accessions in Natural Soil Condition

PY release 4, between accessions ranged from 18 to 82% with mean 44% (SD = 11) in barrel medic,
and from 7 to 96% with mean 24% (SD = 14) in wild pea, considering all localities. After testing under
controlled conditions, mean PY release soil + testing increased to 69% (SD = 13) in barrel medic (Figure 1),
and to 79% (SD = 12) in wild pea (Figure 2), respectively. In the studied species, PY release sy + testing
was significantly higher than PY release 4 (Figure S2).

In both species HUN location showed a trend of higher PY release 4 (Figure 3), associated with
more mesic conditions than SPN and GRC (Table S1, Figure S1). In barrel medic, the frequency of
rainfall events was associated with PY release 4,; more than the total (mm), unlike wild pea that
showed significant positive relationships with both environmental variables (Figure 4). In both species,
lower mean temperature and degree days were associated with PY release (Figure 4).
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** Indicates significance at p < 0.01 and "’ at p < 0.05. ‘ns’, not significant.

3.2. Correlations between PY Release under Laboratory Condition and Soil Burial Environment

There were positive correlations between PY release tested both under soil condition (present
paper; PY release ) and the experimental testing in laboratory (25/15 °C and 35/15 °C oscillating
temperatures [30,33]. Laboratory conditions at 25/15 °C oscillating temperatures were better in
predicting the behavior of PY release 4, than those at 35/15 °C oscillating temperatures in both species
(Tables S5 and S6).

3.3. Relationship between Environment of Origin and PY Dormancy Release Under Soil Conditions

Pearson correlations between PY release and eco-climatic conditions of the accession origin in
barrel medic was variable between the environments (common garden location x year). In contrast
to the lack of association in an arid environment (soil), there was a significant positive correlation
between PY release (both soil and soil + testing) and temperature seasonality (BIO 4) of the accession’s
origin under humid soil environment (Table S7). PY release of wild pea accessions were related more
to the eco-climatic conditions of the site of accession’s origin, and higher PY release was associated
with higher temperatures of the warmest quarter (soil; BIO5 and BIO10) and precipitation during the
growing season (soil + testing; BIO16 and 19) (Table S8).

The PCA of reduced WorldClim data set (Figures 5 and 6) revealed four clusters in relation to
the macroclimatic conditions of sites of accession’s origin, differing predominantly by summer and
autumn-winter time conditions. PC1 explained 56.2% (barrel medic) and 59.8% (wild pea) of the total
variation and can be interpreted as a gradient of summer aridity. PC2 explained 34.6% (barrel medic)
and 22.9% (wild pea) of the total variation, and can be interpreted as a gradient of winter aridity.
The dry-dry cluster corresponded to the most restrictive condition for the survival and growth of
plants. This cluster contained the largest number of accessions, with 54% in medic and 41% in wild
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pea, respectively (Figure 5). The extent of PY release 4o; change (slope of regression line) in response to
soil moisture condition (n° of events and total precipitation) showed the phenotypic plasticity, and this
was higher in wild pea in relation to barrel medic (F 1147 = 57.7, p < 0.0001), although no differences
in slopes of regression lines were found among clusters within each species (Figure 7). The residual
variance around the linear regression in the case of wild pea was lower than in barrel medic (Figure 7).
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Figure 5. Principal component analyses (PCA) of selected bioclimatic variables of sites of origin of
barrel medic (a) and wild pea accessions (b). Four different macroclimatic clusters were defined and
visualised in the diagrams, based on the cluster analysis of Wordclim data (see Section 2.4.3).
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Figure 6. Geographic distribution of studied barrel medic (a) and wild pea (b) accessions classified in
four clusters based on selected bioclimatic variables of sites of origin using Ward’s minimum-variance
linkage of Euclidean distance. The black triangles show soil burial locations.

PY release means between each cluster in barrel medic showed no significant difference (PYs;,
PYsoil + testing) (Figure 8a). On the contrary, the dry-humid cluster, followed by dry-dry, of wild pea
had a higher proportion of seeds ready to germinate than the rest of the clusters under common
garden (Figure 8b). While barrel medic showed higher PY release after soil exhumation than wild pea
(F 1786 = 62.8, p < 0.0001), total dormancy release was higher in wild pea than barrel medic because
more in situ ungerminated seeds of wild pea imbibed under laboratory conditions (F 176 = 19.9,

p < 0.0001) (Figure 8).
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Figure 7. Norms of reaction, slopes (representing phenotypic variation), and residual variances
(representing amount of bet-hedging) of PY release 4 in accessions of barrel medic (a) and wild pea
(b) in response to precipitation at common garden sites over three years. Red, green, yellow and blue
lines correspond to dry-dry, dry-humid, humid-dry and humid-humid conditions of the macroclimate,
respectively. **” Indicates significance at p < 0.01 and *’ at p < 0.05. ‘ns’, not significant.

a)
1.0 1.0
F axp =126, P=0.29
0.8- F 340 =120, P=0.31 2 0.8
06l
§ 0.6 3 n.8
- w =
F 2
> g
0.2- & 0.2
0.0 - 0.0- Y
s & o0 & ES N S
) R .\b O 6 > & >
¥ & & & MRS
& ~ i v &
o o
Figure 8. Cont.



Agronomy 2020, 10, 1026 11 of 16

b)
F 3257 = 10.5, P < 0.001
1.0 1.0+
a
F 3253 =18.1, P <0.001 = ab

0.8 2084 b L3
= »
3 3
@ 0.6 s 0.6+
a 3 0.6
] Q
= ]
® 0.4 L3 S 0.4-
2 B e

C C
0.2 T E 0.24
0.0" T T 0.0' T T
O O % :
‘bd O > b’bd \)6\\ 'bd \)6\\6 é'bd 6\\6
& & S & &
s & & & ¢ 3
S &
> AN

Figure 8. PY release after soil exhumation (PY release s, left) and after testing (PY release sy + testing.
right) in barrel medic (a) and wild pea (b) clustered by macroclimatic conditions at accessions’ origin.
Vertical bars indicate + s.e.m. Small letters indicate significantly different means with respect to

macroclimatic clusters (Fisher’s LSD test, o« = 0.05).

4. Discussion

4.1. Association between PY Release under Laboratory Conditions and Soil Burial Environment

Patterns of germination may reflect local adaptation [2]. This has been typically tested by either
common gardens or reciprocal transplantation experiments [28]. In our study, we have grown plants in
single conditions to obtain seed stock that were tested in variable soil environments. Because maternal
effects are an important source of intraspecific trait variation [1], we used fully mature dry seeds
obtained from glasshouse grown plants during three seasons to minimalize the influence of maternal
environment. The comparison between seed response in soil vs. laboratory testing (under saturated
water and selected temperature regimes) [30,33] was used in order to see how similar/different they
are. While in laboratory conditions we are able to test only the effect of temperature while humidity
was kept constant in nature there are much more complex conditions (including soil chemistry and
microbiology) [3,33].

In contrast to more stressed conditions of SPN and GRC common garden sites, seeds of both
barrel medic and wild pea buried in less stressed conditions of HUN site showed a trend of higher
PY release (Figure 3), thus associated with conditions of higher humidity and lower temperature at
the HUN site (Figure 4). High diurnal and seasonal temperature fluctuations have previously been
shown to release seeds of some species from physical dormancy [2], including laboratory experiments
with wild pea [30] and barrel medic [33] with unlimited water availability. The current study, however,
demonstrates that humidity plays an important role in the dormancy release in natural soil conditions.

However, it is possible that this relates to the association between more humid and less fluctuating
temperature environments with lower summer temperatures. In the Liu et al.§ study it was found that
seed hydration is the main factor for breaking seed dormancy [39].

Seed dormancy release in both species varied among accessions and this could potentially act as a
mechanism that favors the persistence of the seed in the soil and helps to distribute genetic diversity
through time [35,40,41]. In wild pea, three accessions (IG52518, 1G52520, 1G52442) with the least
PY dormancy after exhumation might be genetically closest to the cultivated pea or even represent
some escapes from early pea cultivation (Figure 2) [31,42] and the results agree with Hradilova et
al. [30]. However, it seems that the instantaneous soil conditions (water availability) to a greater extent
influence the PY dormancy release in both species, whereas arid soil conditions reduce the potential

for germination.
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If germination-triggering precipitation events are accompanied by prolonged droughts during the
autumn-winter period, the risks and consequences of failed seedling emergence increase [1]. Hence,
the investment in PY is a strategy to ensure persistence. The PY was higher in arid than humid soil
conditions (81 vs. 38%; p < 0.001), but was variable between species depending on soil moisture
conditions and water availability in the laboratory (Figure 3). Under arid conditions (arid soil and
immediately exhumed), the seed dormancy (PY) was higher in wild pea than in barrel medic (96 vs.
68%, p < 0.001), but under the moist conditions (humid soil plus water-saturated in the laboratory) the
seed dormancy was higher in barrel medic than wild pea (20 vs. 8%, p < 0.01).

4.2. Plasticity and Bet-Hedging Strategy

Phenotypic plasticity and bet-hedging within and among-season could enhance fitness under
environmental variation. The relationship between these two modes of response could be a
strategy that buffers species against the unpredictability of a local environment. Seed dormancy
release is ideally suited to the study of such relationship because it exhibits plasticity in relation
to environmental factors (light, temperature, water, etc.), variance in the potential germination
within-season (within-season bet-hedging) and different levels of seed dormancy among growing
seasons (among-season bet-hedging) [8].

Our study analyzed the behavior of dormancy release under natural soil conditions for two
model legume species, for which physical dormancy is the most important regulator of seedling
emergence timing [30,33]. The results of our study support the hypothesis that PY release is associated
with environmental factors at their site of origin (macroclimatic). A higher proportion of seeds with
PY is expected at sites with lower and less predictable precipitation [7,35], and this was indeed
observed in wild pea (Table S8), but not in barrel medic (Table S7). However, in agreement with
the results [43,44], these differences in PY release in relation to precipitation were less marked than
might be expected in view of the substantial precipitation differences among sites of accession origin
(Figure 2). These relationships were similar to those found in previous studies under laboratory
testing conditions and indicated that those differences are genetically determined [30,33]. The current
study found that in addition to large scale (BIOs) environmental factors, there are a number of
environmental variables that could represent intense selective pressures at the local scale that have not
been considered [45-47]. Genome-environment association studies [33,47—49] showed the evidence of
adaptation of in M. fruncatula to climate. As already mentioned in our previous study [33], the analysis
is likely impacted by several factors inherent to studied sets. At first, there is imprecision in the
GPS localization of the origin leading do incorrectly extracted environmental factors. Second there is
geographical bias either towards the western part of the Mediterranean in the case of Medicago, or the
eastern part in the case of Pisum. Finally, the characteristics of WorldClim data (averages in term of
time and space) mask the micro-ecological pattern.

When accessions were grouped according to the macroclimatic conditions (clusters), the regressions
(norm of reaction) of PY release on local precipitation variables of common gardens were significant
in all clusters, except in humid-humid for barrel medic (Figure 7). Despite the fact that both species
showed more PY release under more humid conditions, Pisum showed more rapid PY release with
increasing humidity than Medicago. Therefore, both species showed plasticity in germination potential,
being more strongly pronounced in Pisum. In contrast, Medicago showed no significant difference in PY
release between clusters (Figure 8a), while wild pea of the dry-humid cluster had higher PY release
(Figure 8b), this might be due to the higher occurrence of rainfall after the dry summer under natural
environmental conditions that encourage more germination. This can be considered a highly adaptive
strategy, being the result of strong environmental selection pressure over time. Earlier emergence can
profit from a long growing season and provide a competitive and reproductive advantage for limited
resources [50].

We evaluated the plasticity through reaction norms methodology [10] and the bet-hedging within
and among seasons with the variance on dormancy release and the level of PY [8]. After seed
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exhumation, mean plasticity on PY was lower in barrel medic compared to wild pea, but barrel
medic showed the higher potential of bet-hedging within-season expressed as residual variances of its
response in PY release to changes in in-situ precipitation (Figure 7). This intra-cluster variability in
barrel medic might reflect a strategy that buffers species against unpredictable local events [36,51,52].
In addition, higher PY dormancy in wild pea can distribute germination across years and acts as a
bet-hedging strategy among seasons [52]. The bet-hedging strategies are thus positively associated
with more arid and unpredictable habitats and provide the potential to cope with high levels of
environmental heterogeneity [34].

Barrel medic had less plastic response than wild pea, which in part could be attributed to
high reproductive efficiency that ensures offspring production despite limitations to plant size [53],
with high fecundity to spread the risk of failure [43]. In addition, species that frequently and reliably
produce seed can afford riskier germination under unfavorable conditions [54]. Under this context,
the bet-hedging within-season seems to be a highly efficient mechanism that favors persistence and
adaptation to different environments. In seeds, dormancy is a key mechanism for drought avoidance
enabling seeds to minimize the risk of drought exposure, yet studies rarely integrate dormancy with
vegetative and reproductive strategies [1] and must be more fully integrated into our understanding of
dormancy expression.

5. Conclusions

The PY dormancy release strategy was different between two studied legume species. In natural
soil conditions, wild pea showed higher phenotypic plasticity than barrel medic, while the latter
had higher bet-hedging within-season. When the soil conditions were arid, both species showed
bet-hedging among-season through PY. On the contrary, higher water availability increased dormancy
release, although wild pea showed lower bet-hedging among-season (PY < 10%) compared to barrel
medic, which was more conservative (PY = 20%). These findings suggest that plasticity and bet-hedging
should be explored as an important component of dormancy release, but other strategies that occur in
different life stages should be integrated into this type of study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/7/1026/s1,
Table S1: Bioclimatic (WorldClim) long term characteristics of the seed burial side and Meteorological records
of the seed burial trial, Table S2: List of tested Medicago accessions with calculated seed dormancy traits and
extracted environmental variables, Table S3: List of tested Pisum sativum subsp. elatius accessions with calculated
seed dormancy traits and extracted environmental variables, Table S4: Pearson coefficients between bioclimatic
variables, Table S5: Correlation between laboratory testing in barrel medic and PY dormant release seeds after
soil exhumation, Table S6: Correlation between laboratory testing in wild pea and PY dormant seeds release
after soil exhumation, Table S7: Correlation (r) between environmental variables of origin for all accessions of
M. truncatula and PY dormant seeds release after soil exhumation and correlation (r) between environmental
variables of origin for all accessions of M. truncatula and PY dormant seeds release after soil exhumation plus seed
testing under controlled condition, Table S8: Correlation (r) between environmental variables of origin for all
accessions in wild pea and PY dormant seeds release after soil exhumation plus seed testing under controlled
condition. Figure S1: Accumulated precipitation (mm) and degrees day (°Cd) in soil seeds burial localities and
years, Figure S2: Relationship between the proportion of physically (PY) dormant seeds seed release (imbibed
plus germinated) after soil exhumation and after laboratory testing condition (25/15 °C 21 days) (soil + testing) in
M. truncatula (a) and Pisum sativum subsp. elatius accessions (b).
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