Conservation Genetics (2018) 19:827-838
https://doi.org/10.1007/5s10592-018-1057-8

RESEARCH ARTICLE

@ CrossMark

Genetic structure of Leucojum aestivum L. in the Po Valley (N-Italy)
drives conservation management actions

Rodolfo Gentili' - Thomas Abeli>® - Gilberto Parolo? - Silvia Ciappetta’ - Chiara Montagnani' - Jonas V. Miiller* -
Graziano Rossi? - Sandra Citterio'

Received: 22 November 2017 / Accepted: 19 February 2018 / Published online: 24 February 2018
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract

The aim of this study was to assess the genetic variation and population structure of the geophyte Leucojum aestivum L.
across the Po river valley (N-Italy), to inform conservation management actions with the selection of most suitable source
populations for translocation purposes. L. aestivum is self-incompatible and occurs in S-Europe in fragmented wetlands
and lowland forests along rivers. The species is particularly interesting for habitat restoration practices for its simplicity
of ex situ conservation and cultivation. AFLP analyses were carried out on 16 fragmented populations, using four primer
combinations. Correlations between genetic variation and demographic and ecological traits were tested. AFLP produced
a total of 202 bands, 95.5% of which were polymorphic. Our results suggest that L. aestivum holds low to moderate levels
of genetic diversity (mean Nei’s genetic diversity: H=0.125), mostly within-population. We found a gradient of two main
biogeographic groups along western and eastern populations, while the STRUCTURE analysis found that the most likely
number of clusters was K =3, shaping a partially consistent pattern. We explain the unusual negative correlation between
genetic variation and population size with the high rate of vegetative reproduction. The levels of population differentiation
suggest that fragmentation in L. aestivum populations has occurred, but that an active gene flow between fragmented popu-
lations still exists, maintained by flooding events or pollinators. Conservation management actions should improve habitat
connectivity, especially for pollinators that vehicle upstream gene flow. Moreover, the west—east structure due to the litho-
logical composition of the gravel and sand forming the alluvial plain of the Po river, should be considered when selecting
source populations for translocation purposes.

Keywords Restoration ecology - Habitat fragmentation - Landscape genetics - Lowland forests - Hydrochorous dispersal -
Reintroduction

Introduction

Over the last centuries, habitat modifications and fragmen-
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However, historical and current gene flow should be con-
sidered separately. Indeed, Reisch et al. (2017) showed
that current levels of genetic diversity may depend more
on the historical landscape structure than on present frag-
mentation. Consequently, fragmented populations hold
(or reach in time) low levels of genetic diversity and are
subjected to high risks of inbreeding depression and/or
genetic drift (Reed and Frankham 2003). In addition, they
often have diminished evolutionary potential and chances
of survival, due to higher effects of stochastic events in
small than in large populations (Frankham 2005; Ortego
et al. 2015). Effects of fragmentation are essentially spe-
cies-specific, depending on factors such as the spatial
structure of a population, the population size, the spe-
cies dispersal ability (i.e. gene flow), the mating system,
and the initial population genetic diversity (Luoy et al.
2007; Dixo et al. 2009). On the other hand, these intrinsic
factors often change with both, local environmental and
landscape characteristics (Mable and Adam 2007; Eckert
et al. 2010). Ecosystem modifications related to fragmen-
tation (i.e. edge effect, connectivity, spatial redistribution
of pollinator and/or predators, etc.) may induce the shift of
several reproductive traits and a change in the population
dynamics (Jacquemyn et al. 2012; Gargano et al. 2017). It
is well known how local environmental factors can exert a
selective pressure on plant life traits, affecting individual
survival under the new environment and/or promoting
local adaptation (Ellis and Weis 2006).

Plant populations growing in different forest habitats can
be exposed to different demographic and gene flow patterns
(Shao et al. 2015). Populations located in old forest patches
tend to have higher levels of genetic diversity than popu-
lations located in young forest patches (Jacquemyn et al.
2004). At the landscape level, species growing in riparian
forests along rivers may be subject to unidirectional (down-
stream) dispersal and gene flow (Pollux et al. 2007). On the
other hand, the individual age of the plants may be more
important for the level of genetic diversity than the age of
the habitat (Powolny et al. 2016).

For these reasons, investigating species biology, ecology
and genetic patterns of fragmented populations may help
envisage their fate and implement proper in situ species
conservation and habitat management actions, including
the development of conservation action plans at the global
(e.g. for steno-endemic taxa) or regional levels. Specifically,
restoration practices aiming to re-establish effective popula-
tion sizes, adequate levels of genetic diversity and gene flow
in fragmented populations and species contribute to their
long-term survival (Menges 2008). It follows that source
material for reinforcement/reintroduction should contain
levels of genetic diversity similar to that of wild popula-
tions (Menges 2008; Godefroid et al. 2011; ITUCN 2013). In
addition, re-establishing natural levels of intra-population
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genetic diversity usually requires the restoration of habitat
connectivity (McKay et al. 2005; Di Battista 2008).

In the Po Valley (Italy) the C-S-European/W-Asiatic
geophyte Leucojum aestivum L. subsp. aestivum (Amaryl-
lidaceae) grows in fragmented floodplain habitats such as
riparian forests with Alnus glutinosa and Salix alba, sedge
banks, reed communities and wet grasslands. As a result
of anthropogenic habitat fragmentation and degradation, L.
aestivum is facing a strong population decline across Europe
and an increased fragmentation of its range. Although not
globally threatened (Lansdown 2014), the species is pro-
tected in many European regions and countries (Parolo et al.
2011) and vulnerable in Italy (Orsenigo S., in verbis). Thus,
this species is particularly important for the restoration of
lowland riparian habitats, because of its high conservation
value and because it is relatively easy to reproduce ex situ
and to reintroduce in the wild (Abeli et al. 2016). How-
ever, any reintroduction or reinforcement activities should
select suitable source material, of known origin and with
adequate levels of genetic diversity (Godefroid et al. 2011)
and considering the species-specific reproductive traits that
might affect the reproductive performance in reinforced/
reintroduced populations. L. aestivum is self-incompatible
and insect pollinated. Reproductive performance is density-
dependent, with dense populations usually producing higher
fruit-set and seed-set than less dense stands due to higher
pollinator visitation rates (Abeli et al. 2016). Fruits ripen
between May and June and are often dispersed at long dis-
tances by river flooding events. The plant also exhibits veg-
etative reproduction through secondary bulbs developing
from main bulbs, resulting in clumps of several shoots grow-
ing very close to each other (Parolo et al. 2011). Despite
many aspects of the biology and the ecology of L. aestivum
being well-known, the lack of information on the popula-
tion genetic structure and patterns of gene flow make safe
translocations difficult.

Amplified fragment length polymorphism (AFLP) molec-
ular markers have been successfully used to estimate the
genetic diversity of species belonging to the Amaryllidaceae
family (Medrano et al. 2014) and of other endangered or
fragmented species in the Po Valley (e.g. Bruni et al. 2013;
Orsenigo et al. 2016). In the case of L. aestivum AFLP may
provide valuable information for its conservation manage-
ment (Zaya et al. 2017).

The aim of this study was to assess the genetic structure
and the level of genetic diversity within and between natural
populations of L. aestivum growing in the Po Valley. This
information will favour the conservation management of this
species (e.g. development of a science-based action plan and
to assess which populations are best suitable as source popu-
lations for reinforcement or reintroduction). Specific aims of
this study were: (1) to investigate the relationship between
population genetic variation, demography and reproductive
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traits; (2) to investigate the relationship between population
genetic diversity and the ecological characteristics of the
sites of occurrence (i.e. soil physical and chemical traits; see
below). We expect to find: (i) a positive relationship between
genetic diversity and population size; (ii) higher genetic
variation in downstream populations due to water-mediated
unidirectional dispersal; (iii) low between-population dif-
ferentiation, basically coinciding with the main forest types
of the Po Valley, due to recent fragmentation and supposed
continuous gene flow due to the dispersal strategy of the
species.

Materials and methods
Sampling and population parameters

In May 2009 we collected seeds of L. aestivum from 16 wild
populations in the Po Valley (Italy; Fig. 1; Table 1). A single
fruit from 15 to 25 clumps per populations was collected
and the seeds of each fruit were cultivated as different seed
families from each population at the Botanical Garden of the
University of Pavia. This collection method was designed to
avoid the sampling of clones. Young fresh leaves used for
AFLP analyses were sampled from these ex situ cultivated
plants. A total of 226 accessions for the AFLP analysis were
obtained.

Sampled populations could be assigned to two distinct
biogeographic districts characterized by two main European
forest types which meet in the Po Valley (EEA 2006; Blasi
2010; Table 1), (a) forests on neutral-acidic soils belonging
to the phytosociological alliance Carpinion betuli, which
include mesophyllous hornbeam forests of western Europe
(and the western parts of the Po Valley); (b) forests on
basic soils belonging to the alliance Erythronio-Carpinion,
which include mesophyllous oak-hornbeam forests of east-
ern Europe (and the eastern parts of the Po Valley; Adorni
2016).

Demographic data and germination tests

Demographic and ecological data were collected by the
University of Pavia (TA, GP, GR) in April 2009. For each
population, the total area occupied, and the perimeter of
the population were determined with a differential GPS
(Leica™ GX1230) with sub-metric precision. The total
number of flowering ramets (reproductive population size)
in each population was estimated by counting the number
of flowering stems in 3-8 rectangular plots (1 X 0.5 m?),
multiplied by the total area. For three very small popula-
tions, the total number of flowering individuals was counted.
Flowering stem density was estimated by dividing the repro-
ductive population size by the area occupied. In May 2009

Fig. 1 a single individuals (blue arrow) and clumps (yellow arrow) of
Leucojum aestivum in the wild; b vegetative reproduction of L. aes-
tivum with later bulbs developing from the main bulb. (Color figure
online)

when fruits were ripe and ready to disperse the seeds, 20-70
fruiting stems per population were collected. The number of
flowers and fruits were counted, and the fruit set estimated
as the ratio between the number of developed fruits and the
total number of produced flowers (as those flowers which do
not develop into fruits were still visible on fruiting stems).
Developed fruits were opened and the seed set estimated as
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ratio between the number of developed seeds and the total
number of ovules per fruit.

Germination tests were performed sowing seeds in three
replicates of 30 seeds each into 90 mm Petri dishes filled
with 1% distilled water-Agar. The Petri dishes were placed
in temperature and light-controlled incubators (LMS Ltd,
Sevenoaks, UK) with a 12 h daily photoperiod. A tem-
perature move-along experiment was chosen to simulate
the seasonal conditions to which seeds of L. aestivum are
exposed in the wild after dispersal (for further details see
Parolo et al. 2011). The tests started with 20 °C for 21 weeks
(=summer conditions). At monthly intervals, the tempera-
ture was then reduced to 15, 10 and 4 °C (= autumn and
winter conditions) and increased again to 10, 15, 20 and
25 °C at a 4-week interval (=spring and late spring condi-
tions of a second year) and finally decreased to again 20 °C
for 11 weeks (=summer conditions of a second year). Ger-
mination events were recorded weekly until the end of the
test, 60 weeks after sowing. Seed germination could not be
tested in populations D and UP due to low seed availability.
Additionally, one soil sample per plot was collected in each
population and analysed for the following variables: pH,
sand, silt, clay, total calcium carbonate (CaCO;), organic
carbon (C), organic matter, total nitrogen (N) and available
phosphorous (P,0;) following the MIPAAF (2000) standard
protocol (for further detail on the methodology see Parolo
et al. 2011). A total of 76 soil samples was collected by
removing the upper layer containing undissolved organic
matter and up to — 10 cm depth.

Germi-
nation
(%)

n.r.

n.r.

1.835

ing individuals per
0.009

m2)
29.0
42.3

67.9
83.8

individuals
217.5

(ma.s.l.)
13

Biogeographic district Elevation Flowering Fruit-set (%) Seed set (%) Density (n. flower-
71

1,496,375 5,012,406 W-Po Valley

oy
=
o
[a W)
0
. E DNA extraction
: g ‘
Z “ 3 Genomic DNA from about 0.1 g of frozen young leaves was
. L E isolated using the DNeasy Plant Mini Kit (Qiagen, Hilden,
3 154 . . .
5] % 9 Germany). Quality and quantity of the isolated DNA were
o N - .
m‘? i 2 determined by absorbance measurements. The DNA was
5 stored at —20 °C until used.
< 5 S &
8 .7 EF ‘B
EEEIEZE| S AFLP and data scoring
SEss SEE| S
28 =3 883 o
. 3z S £ 3 H? o] 2 For each sample, genomic DNA (ca. 100 ng) was digested
=
z £ ;g £E3| 2 for 2 h at 37 °C with EcoRI (1 U) and Msel (1 U), and
o T T s ligated using a T4 DNA ligase (1 U; Promega, Madison,
z et = ‘E USA) with Msel-(50 pMol) and EcoRI-adapters (5 pMol).
g MO1 (10 uM) and EO1 (10 uM) were used as primer pairs
o 8 = in the pre-selective PCR reaction (psPCR). The psPCR was
=) E =~ = performed using 5 pl of the restriction and ligation product
S o) 2 8 :g (diluted 1:5) combined with a reaction mix containing 0.5 ul
Q o= =
2lE S ao:l; E of 1.25 mM EcoRI- and Msel preselective primers each,
§ § % g §“ % 200 uM dNTPs (Invirtogen, Carlsbad, USA), 1.5 pul 10 x
== A~ = B PCR buffer (Applied Biosystems, Carlsbad, USA), 0.7 p
% a § AmpliTaq Gold DNA polymerase (Applied Biosystems)
S 18 = 5 = and 9.75 ul H,O. The thermocycler protocol was 2 min at
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72.0 °C followed by 25 cycles of 20 s at 94.0 °C, 30 s at
56.0 °C and 2 min at 72.0 °C and a final extension of 30 min
at 60.0 °C. The product of the psPCR was diluted 1:10.

To detect EcoRI/Msel genomic restriction/ligation frag-
ments, selective PCR reactions were carried out using four
different primer combinations (chosen after a screening of 20
different combinations of Msel/EcoRI primers) having three
selective nucleotides (Online Resource 1). The selective
amplification (se]lPCR) was performed using 2.5 ul of the
psPCR product combined with 1 ul PCRx buffer (Applied
Biosystems), 0.6 ul MgCl, (2.5 mM), 0.25 pl fluorescent
labeled EcoRI (1.25 mM) and 0.30 ul Msel (1.25 mM) selec-
tive primers (Invitrogen; Carlsbad, USA), 0.7 p AmpliTaq
Gold DNA polymerase (Applied Biosystems) and 4.35 ul
H,0. The EcoRI primers were fluorescently labelled 5'-end
with 6-carboxyfluorescein (6-FAM). Amplifications were
performed using a Mastercycler Gradient thermal cycler
(Eppendorf, Hamburg, Germany) with the following cycle
profile, 30 s at 94 °C, 1 min at 65 °C and 1 min at 72 °C.
The annealing temperature of the first cycle (65 °C) was then
reduced by 0.7 °C at each cycle for the subsequent 12 cycles,
and kept at 56 °C for the last 25 cycles.

To detect fluorescently labelled DNA fragments, 1 pl of
PCR product were mixed with 0.2 ul of GeneScan® LIZ
Size Standard (Applied Biosystems, Carlsbad, USA) and
8.8 ul of Hi-Di formamide (Applied Biosystems, Carlsbad,
USA). Fragment analysis was performed on a 3730x1 DNA
Analyzer sequencer (Applied Biosystems, Carlsbad, USA).

The reproducibility of the analysis (from DNA extrac-
tion to capillary electrophoresis) was assessed repeating the
protocol for 25 samples (10% of the total). The error rate of
the analyses was estimated as the total number of loci differ-
ences relative to the total number of loci comparisons, and
subsequently averaged over the four combinations (Bonin
et al. 2007). AFLP electropherograms were analysed and
scored with the internal size standard using the RawGeno
package, an R CRAN library (Arrigo et al. 2009), following
the parameter setting suggested by Arrigo et al. (2012). Only
peaks in the 100-800 bp size range were scored. All scoring
data were then validated by visual peak inspection.

Genetic diversity and population structure

The binary matrix generated after the scoring was analysed
to calculate genetic diversity parameters. The number and
proportion of polymorphic loci (P%) were calculated using
AFLP-SURV version 1.0 (Vekemans 2002). The parame-
ters, Hy (gene diversity in the overall sample), Ggy (genetic
differentiation among populations) and gene flow (Nm)
were calculated to estimate genetic variation using Nei’s
statistics (Nei 1973, 1977), with the software POPGENE v.
1.31. The H Nei’s (gene diversity) and the effective allele
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number (ne) were determined using GenAlEx 6.5 (Peakall
and Smouse 20006).

In order to investigate population structure and degree
of genetic differentiation within populations, among pop-
ulations and among biogeographic districts, analysis of
molecular variance (AMOVA) was performed using the
GenAIEXx version 6.5 software (Peakall and Smouse 2006).
The significance of the estimates was tested through 999
data replications. To visualize the spatial relationships
among populations the AFLP binary matrix was also sub-
jected to principal coordinates analyses (PCoA) in PAST
software, version 3.09.

The population structure of L. aestivum at the regional
level was inferred and individuals assigned to supposed
ancestral populations by using the software STRUCTURE
v. 2.3.4. which allows the use of dominant markers such
as AFLP (Pritchard et al. 2000; Falush et al. 2007). Allele
frequencies of the L. aestivum populations were supposed
to be correlated, which is a representative model for
populations that are expected to be similar due to shared
migration events and/or ancestry. To calculate the num-
ber of clusters, 20 independent runs of K (K=1-16) were
performed with an admixture model (LOCPRIOR option;
estimate A) at 50,000 runs of burn-in period and 500,000
Markov chain Monte Carlo iterations. To determine the
number of clusters we used AK, the second-order rate of
change in InP(X1K) for successive values of K (Evanno
et al. 2005).

GenAIEx software allowed the calculation of the ®gy
values, an estimation of Fg for dominant data (Peakall
and Smouse 2006).

To assess possible multivariate relationships between
geographic, genetic and demographic distances among
populations, we calculated pairwise correlations between
the correspondent distance matrixes, applying Mantel
tests (Mantel 1967) with 999 permutations in ARLEQUIN
version 3.5 (Excoffier and Lischer 2010). In particular, to
investigate demographic variation across populations, we
used demographic data (number of flowering individuals,
flowering stem density and seed germination; see Table 1)
to generate a distance matrix between population pairs,
calculating the Euclidean distance.

To investigate univariate relationships between genetic
(H Nei, P%, Na), demographic (population size, density,
germination) and ecological (soil) variables linear regres-
sion analyses were performed. In addition, to test our
second hypothesis a linear regression was performed to
identify a relationship between Nei’s genetic variation and
population position (i.e. longitude). Finally, t-test was used
to investigate differences in ecological variables between
the two biogeographic districts (eastern and western Po
Valley). Non-normal variables were log-transformed.



Conservation Genetics (2018) 19:827-838

833

Results
Demographic data and germination tests

The reproductive population sizes of the 16 studied popula-
tions ranged from 34 to more than 77,000 flowering stems,
and density ranged from 0.04 to 35.63 flowering stems/m>
(Table 1). Fruit set and seed set were moderately high rang-
ing from 29 to 86% (mean+ SD: 56+ 18.03%) and from
22 to 57% (33.75 +£9.37%), respectively (Table 1), while
mean seed weight varied slightly among populations and
ranged from 0.07 to 0.15 g (0.09 +0.02 g; Table 1). Final
germination percentages were high in most populations
(86.28 +10.76%), being higher than 80% in all but popula-
tions O, Q and S and reaching 100% in populations C and L.

AFLP

The four AFLP primer combinations produced a total of
202 reproducible bands ranging from 100 to 700 bp, 193
of which were polymorphic (error-rate of 3.1% across all
replicated samples). The most informative AFLP primer pair
was E32/M40 (E-ACC/M-AGC) with the production of 56
polymorphic bands (96.55%; Online Resource 1). At the
population level, the percentages of polymorphic loci ranged

from 25.25% in population C to 84.65% in population R; the
number of observed alleles scored the same trend. Popula-
tions T exhibited the highest genetic diversity (H=0.217)
(Fig. 2; Table 2). The mean value of H Nei across the 16
populations was 0.125, while the overall genetic diversity
(Ht) and gene flow were 0.163 and 1.762, respectively.

Population genetic structure

The genetic relationships among the L. aestivum populations
were assessed by a PCoA analysis (based on Nei’s distance)
and performed at the individual level. In the PCoA the first
three coordinates explained about 30% of the molecular vari-
ance. This analysis allowed us to identify a gradient of the
two main biogeographic groups (populations in the western
and eastern Po Valley) along axis 3 of the 3D-scatterplot
(Fig. 3).

The STRUCTURE analysis found that the most likely
number of clusters was K =3 [highest mean log likelihood:
In P(D) (-24,769.79)], indicating that populations of L.
aestivum are subdivided into three different genetic clusters
(Fig. 2). The results of STRUCTURE were set on an admix-
ture model which admits that individuals may have mixed
ancestry. The analysis showed a modest degree of structure
in L. aestivum populations in the main geographic groups.
A slight west/east cline is observable in a higher frequency

50 km

Fig.2 A Spatial genetic structure and population clusters of L. aesti-
vum inferred by Bayesian clustering implemented in STRUCTURE.
At each location, pie charts in the map indicate mean proportion of
membership of individuals for K=3 genetic groups; B results of the

AK calculation (see "Materials and methods" for details); C in the
bar diagram different colours (q values) represent the proportion of
ancestry in each of the K populations. (Color figure online)
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Table 2 Genetic diversity parameters of 16 populations of L. aesti-
vum

Population P (%) Na H Nei
A 45.05 0.985 0.116
B 50.00 1.089 0.102
C 25.25 0.599 0.081
D 36.14 0.792 0.086
E 31.19 0.678 0.087
FG 39.11 0.891 0.092
H 48.51 1.030 0.114
1 38.12 0.842 0.095
L 37.62 0.802 0.106
MN 37.13 0.822 0.096
(¢} 31.68 0.718 0.090
Q 70.79 1.455 0.151
R 84.65 1.723 0.187
S 82.67 1.683 0.197
T 78.71 1.599 0.217
UP 75.25 1.554 0.186
Mean 50.74 1.079 0.125

P (%) proportion of polymorphic loci, Na Observed number of
alleles, H Nei Nei’s gene diversity

Legend
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of the green colour in the eastern Po Valley (pop C, D, E,
L, O, S, and T). Assuming a K value =2, such a cline is still
present (Online Resource 2).

The overall genetic differentiation among populations
according to Nei’s statistics was Ggp=0.221. The genetic
differentiation according to the ®gr value (analogous to
Fgr) estimated with AMOVA was 0.216. The ®g pairwise
comparisons between populations ranged from 0.024 (B
vs. FG) and 0.628 (T vs. FG). AMOVA analyses indicated
that 78% (estimated variance = 15.45; p<0.001) of the total
genetic variation is ascribed to individuals within popula-
tions, while 13% (estimated variance=2.61; p<0.001) and
9% (estimated variance=1.69; p <0.001) are ascribed to dif-
ferences among populations and between regions, respec-
tively (Table 3).

The Mantel test revealed a significant correlation between
the genetic and geographical pairwise distance matrixes
(rxy=0.197; p <0.05); the same test detected a statistically
not significant relation between the population differentia-
tion (according to ®4r) and geographical pairwise distance
matrixes (rxy =—-0.045; p>0.05).

Westerp, Po Valley

Fig.3 PCoA 3D-scatterplot resulting from the pairwise genetic distance matrix according to Nei’s (AFLP markers) for L. aestivum populations,
represented with different symbols. Eigenvalues of the first three axes accounted for 30% of variability

Table3 AMOVA analysis with

. Nt Source df SS MS Est. var. % P

genetic variations of AFLP

mafkersb Pargtiongfi into the . Among regions 1 242.398 242.398 1.689 9% 0.001

groups based on biogeographic

subdivision of the Po Valley Among pops 14 731.232 52231 2613 13% 0.001
Within pops 210 3235.021 15.405 15.405 78% 0.001
Total 225 4208.650 19.707 100%
g =0.216
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Correlation between @, genetic, demographic
and geographic data

Applying a Mantel test to @gr, genetic demographic and
geographic distance matrixes, we investigated possible
patterns of correlation and isolation by distance between
all population pairs (n=16) of L. aestivum. In particular:
(a) genetic distance according to Nei and geographic dis-
tance matrixes between population were correlated (Mantel
R,,=0.197; p<0.044); (b) demographic and geographic
distance matrix between populations were negatively corre-
lated (Mantel ny —0.403; p<0.018). Distance matrixes are
reported in Online Resource 3. Linear regression between
genetic, demographic and ecological variables showed a
weak significant negative relationship between Nei’s genetic
diversity and the reproductive population size (R*=0.290;
F=5.711;n=16; p=0.031), a significant negative relation-
ship between Nei’s genetic diversity and soil pH (R*=0.504;
F=14.225; n=16; p=0.002) and between the proportion
of polymorphic loci and soil pH (R?=0.639; F=24.731;
n=16; p<0.001). Nei’s genetic variation was not related to
longitude (p=0.213). T test revealed only a small signifi-
cant difference (p=0.055) in soil pH between populations
in the eastern (mean pH =+ st. dev. =7.15 +0.43) and western
(6.52+0.79) Po Valley.

Discussion

Our genetic analyses of fragmented populations of L. aesti-
vum across the Po Valley revealed low to moderate within-
population genetic diversity and significant (medium to
high) levels of between-population differentiation. This
pattern is not entirely consistent with the mating system
of L. aestivum as an outcrossing, self-incompatible plant
species (Parolo et al. 2011; Leimu et al. 2006; Reisch and
Bernhardt-Romermann 2014). Within the Amaryllidaceae
family, similar patterns of genetic diversity have been found
in populations of other species with similar reproductive
and ecological traits; (a) Narcissus section pseudonarcissi
(gene diversity from 0.022 to 0.118; Fg;=0.35) using AFLP
(Medrano et al. 2014); (b) Allium oleraceum (gene diversity
from 0.113 to 0.204; Gg> 0.45) using allozyme (Duchoslav
and Stankova 2015). On the other hand, our results are also
in countertendency with respect to other species belonging
to the Amaryllidaceae family. For instance, Jordan-Pla et al.
(2009) observed high within-population genetic variation
(Nei’s gene diversity from 0.490 to 0.756) and low between-
population differentiation in Leucojum valentinum Pau in
Spain, using RAPD markers. Similarly, Sanaa et al. (2010)
found high within-population genetic variation in Pancra-
tium maritimum L., using isozyme markers, but low popula-
tion differentiation.

The genetic pattern found in L. aestivum (i.e. low to
medium within genetic diversity and medium to high
between-population differentiation) can be attributed to dif-
ferent intrinsic or extrinsic mechanisms. Primarily, habitat
loss, and population isolation and fragmentation may have
had a role in the low values of genetic variability detected in
some populations (e.g. population C, D and E with genetic
diversity values lower than 0.1). Results showed that gene
flow has occurred across populations, however the moder-
ate to high inter-population differentiation suggests that the
transfer of genetic variation likely mediated by rivers, espe-
cially during recurrent flooding events that in the study area
can be severe, was higher in the past and is now reduced
(Genovese et al. 2007; AdBPo 2009). In contrast to our sec-
ond hypothesis, historical/current gene flow of L. aestivum
is not unidirectional and is likely affected by pollinators and
not only by the water as the dispersal agent, because the
observed genetic variation is not higher in downstream pop-
ulations. Another possible explanation for some low values
of within-population genetic diversity can be found in the
ability of the species to reproduce vegetatively. Indeed, our
collecting strategy was designed to avoid sampling clones,
since we sampled individuals originating from seeds. How-
ever, we cannot exclude that some seeds were produced by
mother plants related to each other, which may have con-
tributed to a reduced allelic and genetic diversity in some
populations. It is known that high levels of clonality and
spatial isolation of populations may have a detrimental effect
on genetic diversity within populations and favour genetic
differentiation among populations (Despres et al. 2002). In
northern Italy, about 30% of L. aestivum individuals remain
vegetative (Parolo et al. 2011). A certain degree of clonality
may also explain the observed weak (R>=0.291) negative
relationship between flowering population size and Nei’s
H. This pattern contrasts with our first hypothesis and with
the general observation of a positive relationship between
population size and genetic variation (Ellstrand and Elam
1993), which is generally stronger in self-incompatible spe-
cies (Leimu et al. 2006).

However, in perennials with the ability to reproduce veg-
etatively (like L. aestivum), genetic variation due to intrinsic
factors (ecological or life history traits due to biotic fac-
tors) may be a less important cause of differentiation than
ecological clines or biogeographic patterns (geography,
geology, or climatic history; see Jacquemyn et al. 2004;
Papadopoulou and Knowles 2016). Indeed, consistent with
our third hypothesis, Leucojum populations are differenti-
ated along a W-E cline. This last hypothesis is supported
by several results of this study. The correlation between
demographic and geographic distances seems to arise from
the higher values of flowering stems and lower density of
western populations than eastern ones. Moreover, the results
from the AMOVA show that the two biogeographic districts
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(corresponding to the two main forest types occurring in the
Po Valley), accounted for 9% of molecular variance, while
PCoA clearly subdivided the western and the eastern popu-
lations. On the other hand, this trend was less evident in
STRUCTURE for the individuated clusters (best K=3) and
was not evident when deliberately assuming two clusters
(K=2). This last analysis highlighted the fact that admix-
ture between regional populations via gene flow occurs as
the species prominently dispersed its seeds by water (during
flooding events that are frequent along the Po Valley, Parolo
et al. 2011). The W-E genetic cline could also reflect dif-
ferent post-glacial (re-) colonization events from west (cen-
tral and western Europe) and east (Balkans) or a directional
selection in the two areas (Hewitt 1999).

From a geological point of view, the lithological composi-
tion of the gravel and sand forming the alluvial plain of the
Po river are also different. Limestone-dolomitic lithologies
prevail in the eastern Po Valley, magmatic and metamorphic
lithologies prevail in the western Po Valley, as a result of
the complex lithology of the Alpine chain (Ruffo 2002 and
references therein). These differences also result in dissimi-
lar soil patterns (Ruffo 2002). It is known that substrate and
soil types in the Alpine region are among the major driv-
ers shaping genetic structure of plant populations (Alvarez
et al. 2009). In fact, although the differences in soil pH in
populations belonging to the two biogeographic regions is
not statistically significant in our results, we found a clear
negative relationship between soil pH, genetic variation and
percentage of polymorphic loci. This result is in line with
previous studies that demonstrated that a complex network
of factors such as landscape parameters (i.e. isolation and
fragmentation), population history, habitat history and envi-
ronmental characters can drive genetic diversity and genetic
differentiation of species’ populations (Reisch et al. 2017;
Alvarez et al. 2009).

Conservation implications

Knowledge on population genetics is essential to address
adequate and successful conservation actions like reconnect-
ing fragmented populations, population management and
reinforcement or reintroduction of individual plant species.
In this latter respect, two main views dominate the debate.
On one side, it is often suggested to mix different prove-
nances to increase the genetic variation of a new combined
population and reduce the risk of inbreeding depression
(Godefroid et al. 2011; Bupp et al. 2017), while on the other
side a second view is that original population genetic identity
should be maintained (especially in species reinforcement
activities) in order to avoid outbreeding depression (Huff
et al. 2011; Orsenigo et al. 2016). Both approaches are valid,
but applicable under different circumstances. Conservation

@ Springer

genetic studies like the one presented in this paper drive
the choice of the best source populations. In the specific
case of L. aestivum, within-population genetic diversity
is very important as the species is self-incompatible. The
establishment of new populations or reinforcement of exist-
ing populations should consider within-population genetic
diversity, more than a mix between substantially similar pop-
ulations. Nevertheless, the distinction between eastern and
western populations and the relationship between genetic
diversity and soil pH suggests some caution when moving
individuals far from the original source area. In such cases,
ecological similarity other than genetic variation and dif-
ferentiation should be considered to select source material
for reintroduction and reinforcement (Lawrence and Kaye
2011). Importantly, the current gene flow between popula-
tions may also suggest that range connectivity may not be
necessary if pollinators and rivers will continue to vector
inter-population pollen and seed exchanges. It is therefore
crucial that the role of low-impact farming systems and of
suitable ecological corridors for pollinators are maintained
(Paracchini et al. 2015).
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