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ABSTRACT

The common cord moss Funaria hygrometrica has a worldwide distribution and
thrives in a wide variety of environments. Here, we studied the genetic diversity in
F. hygrometrica along an abiotic gradient in the Mediterranean high mountain of
Sierra Nevada (Spain) using a genome scan method. Eighty-four samples from 17 loca-
tions from 24 to 2700 m were fingerprinted based on their amplified fragment length
polymorphism (AFLP) banding pattern. Using PCA and Bayesian inference we found
that the genetic diversity was structured in three or four clusters, respectively. Using a
genome scan method we identified 13 outlier loci, which showed a signature of posi-
tive selection. Partial Mantel tests were performed between the Euclidean distance
matrices of geographic and climatic variables, versus the pair-wise genetic distance of
the AFLP dataset and AFLP-positive outliers dataset. AFLP-positive outlier data were
significantly correlated with the gradient of the climatic variables, suggesting adaptive
variation among populations of F. hygrometrica along the Sierra Nevada Mountains.
We highlight the additional analyses necessary to identify the nature of these loci, and
their biological role in the adaptation process.

INTRODUCTION

Funaria hygrometrica Hedw. (Funariaceae) is a cosmopolitan,
hermaphroditic moss, common in disturbed habitats (Parihar
1961; Crum 1972; Shaw 1991; Hallingb€ack & Hodgetts 2000).
F. hygrometrica produces abundant sporophytes per population
and large quantities of small spores that are easily airborne,
two traits that are characteristic of a fugitive life strategy (Dur-
ing 1979). The high dispersal ability and fugitive characteristics
make F. hygrometrica a suitable model to study the genetic
variability and its correlation to changes in environmental fac-
tors (e.g. climate), especially to test the hypothesis of Baas-
Becking (1934), reviewed in Fontaneto (2011), ‘Everything is
everywhere, but the environment selects’, whereby local adaption
occurs within a widely distributed species with high dispersal
capacity. We sought to test this hypothesis using amplified
fragment length polymorphism (AFLP) within and between
populations of F. hygrometrica in the Sierra Nevada of Spain.
The AFLP technique (Vos et al. 1995) has been widely used

to characterise genetic diversity within and among populations,
particularly in non-model organisms for which no prior DNA
sequence information is available. Such wide multi-locus
screening (also known as a genome scan) also allows for the
identification of so-called outlier loci for which alleles are
highly differentiated among populations, and hence potentially
linked to adaptive divergence (Black et al. 2001; Luikart et al.
2003; Storz 2005). Those outlier loci, if involved in adaptation

to local environmental conditions, would indeed be expected
to exhibit increased differentiation among populations and
decreased diversity within populations. AFLP-based genome
scans revealed outlier loci linked to adaptation to altitude
(Bonin et al. 2006; Poncet et al. 2010), host plants (Conord
et al. 2006; Egan et al. 2008; Nosil et al. 2008; Manel et al.
2010), floral divergence (Herrera & Bazaga 2008), insecticide
resistance (Paris et al. 2010), selection during domestication
(Rossi et al. 2009) or ecotype divergence (Wilding et al. 2001;
Campbell & Bernatchez 2004; Savolainen et al. 2006; Meyer
et al. 2009). Overall, about 5% of loci show potential signatures
of selection (Nosil et al. 2009), suggesting that the distribution
of their allelic diversity is not random.

We tested for local adaptation in populations of F. hygromet-
rica sampled along an altitudinal gradient in the Sierra Nevada
Mountains of Spain, one of highest mountain ranges of the
Mediterranean region. The altitudinal range, southern latitude
in the context of the European continent and complex topog-
raphy account for the large climate diversity in the Sierra
Nevada and the surrounding areas. Near the Mediterranean
coast, subtropical plants like avocado (Persea americana Mill.)
and cherimoya (Anone cherimola Mill.) are cultivated, whereas
the summits are in some years covered with snow until July.
The Sierra Nevada is located in the southern part of the Iberian
Peninsula in the Mediterranean zone. Rainfall is minimal
between May and October, and above 2000 m a.s.l., precipita-
tion occurs mostly in the form of snow (Blanca et al. 2009).
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Parts of the mountains were declared a natural park in 1989
and national park in 1999. F. hygrometrica was reported to be
very common along the mountain range between 410–2861 m
a.s.l. (Rams et al. 2014) and is also found frequently in coastal
areas outside the protected area of Sierra Nevada.

The objectives of this study were to (i) characterise the
genetic variation within and among populations of F. hygro-
metrica along broad ecological gradients, and (ii) test whether
allelic differentiation can be correlated to, and hence be
explained by, selection by climatic factors using the genome
scan method.

MATERIAL AND METHODS

Material

A total of 84 samples from 17 locations were collected and
ordered by their altitude above sea level in meters in the Sierra
Nevada Mountains of Spain. Based on both altitude and geo-
graphic coordinates, the 17 locations were separated into four
altitudinal groups (Table 1). Group 1 (G1) comprises seven
lowland locations distributed between 27–657 m a.s.l. and
between 36°430–36°550 N and 03°110–03°280 W; group 2 (G2)
is four mid-land locations between 755–1328 m a.s.l. and
between 37°080–37°090 N and 03°290–03°320 W; group 3 (G3)
is two high mid-land locations between 1650–1667 m a.s.l. at
approximately 37°070 N and 03°260 W; and group 4 (G4) is
four highland locations between 2180–2700 m a.s.l. and situ-
ated between 37°040–37°060 N and 03°230–03°250 W.

In vitro cultivation

Spores were isolated from mature capsules and cultured
in vitro under axenic conditions. Resulting protonemata were
used for DNA extraction. The capsules of samples from loca-
tions 14, 15, 16 and 17 did not have viable spores, and DNA
was extracted from the cleaned upper part of sterilised gameto-
phytes. Samples were cultivated on Murashige and Skoog (MS;
Murashige & Skoog 1962) nutrient media or solid Knop med-
ium (KM; Knop 1884). Capsules and green gametophytes were
surface-sterilised for 5 min using 0.5% sodium dichloroisocya-
nuric acid (C3Cl2N3NaO3). All cultures were kept in an incuba-
tor (Binder KB 720, Tuttlingen, Germany) at 22 � 3 °C, and
16/8 h light/dark, supplied by cool-white fluorescent tubes at a
photon fluency rate of 33.5–55 lmol m2�s�1 (Sabovljevi�c et al.
2003).

Extraction of DNA

The DNA extractions were carried out using GenEluteTM Plant
Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO,
USA, Cat# G2N350) following the manufacturer’s manual.
DNA was quantified using an Eppendorf spectrophotometer.

Amplified fragment length polymorphism analysis

The protocol follows Vos et al. (1995), with the primers fluo-
rescently rather than radioactively labelled. All primers and
adaptors were synthesised by Eurofins, Hamburg, Germany
(Table 2). Twelve different selective PCR combinations (3
Eco+NNN fluorescently labelled forward primers 9 4

Mse+NNN reverse primers) selected from Kamisugi et al.
(2008) were tested using the original PCR programme (Vos
et al. 1995). Amplified products were visualised by Secugen,
S.L. sequencing service (Madrid, Spain), with an ABI3730
DNA analyser (Applied Biosystems, Carlsbad, CA, USA). A size
standard (RoxGeneScan500) was added to the samples in order
to estimate the size of the amplified fragments.

Data analysis

Loci scoring
The treatment of AFLP data is very sensitive to factors like
small bands, stutter bands, dimers and background noise. To
minimise the influence of such factors an automated AFLP
scoring was performed using Peakscanner (Applied Biosys-
tems) for peak analysis, and Rawgeno version 2 for band scor-
ing and quality tests. Analysis of the AFLP data was based on
the band-binary criterion (i.e. coding the locus as 1 when a
band is present and 0 when it is absent) and processed accord-
ing to Bonin et al. (2007). Bands with a frequency of more than
95% or <5% are often uninformative or misleading when
included in the analyses (Cavers et al. 2005; Bonin et al. 2007)
and were therefore excluded from further analysis using FAMD
software (Schl€uter & Harris 2006).

Population structure
To infer the pattern of population structure of the genetic
diversity, we used a non-spatial Bayesian clustering method
(i.e. Structure version 2.2; Pritchard et al. 2000; Hubisz et al.
2009). To determine the best number of clusters, three inde-
pendent simulations were performed per number of sub-popu-
lations K (30 runs of K = 1–10). The optimal K number is
determined based on the highest average of the estimated ln
probability score that shows the lowest variance for each run. A
burn-in period of 10,000 out of 100,000 Markov chain Monte
Carlo (MCMC) iterations was chosen, and an admixture ances-
try model with correlated allele frequencies was invoked. The
bar plot of the Structure output was plotted in coloured groups
according to the K number of sub-populations with the highest
likelihood log. Fingerprint analysis with missing data (FAMD)
software was used to perform principle components analyses
(PCA), applying the default settings. The output graph was edi-
ted using Microsoft Excel 2013, and adjacent samples were
defined as a cluster.

Outlier loci detection
Loci exhibiting FST values outside the 0.995 confidence interval
were identified as positive outliers using the software Mcheza
(Antao & Beaumont 2011), by performing 16 pair-wise analy-
ses between the four altitudinal groups. Under the default
parameters, Mcheza was run five times with 500,000 simula-
tions. For each locus, Mcheza plots the estimated FST value
against its heterozygosity (He) value. Positive outlier loci (i.e.
those over the 99.5% limit) extracted from each run were com-
pared with each other. Loci that constantly appeared to be out-
liers were included in further analyses.

Genetic differentiation and gene flow
Arlequin version 3.5 (Excoffier & Lischer 2010) was used to
test the population genetic differentiation by performing an
analysis of molecular variance (AMOVA). Fixation index FST
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was used to estimate the part of the observed variance that
corresponds to the variability within populations, even
though for two populations only one individual was avail-
able (locations 1 and 17, unique samples). The significance
of FST was tested with 10,000 permutations for both the
complete data set and the detected AFLP outlier loci. Gene

flow (Nm) based on FST value was estimated for both using
AFLP-Surv (Vekemans et al. 2002).

Environmental variables
Climate variables of the Sierra Nevada and surrounding areas
were estimated based on data gathered from meteorological

Table 1. Locations sampled in the Sierra Nevada Mountains of Spain and surroundings.

Groups

Location

no. Altitude

Geographic

coordinates Description

Collected

samples

(Sample no.)

G1 Loc_1 24 m 36°430 57.4″ N;
03°310 00.9″ W

Road N-340 km 330, direction to Motril coming from Granada. The sample was found

in a shady corner on the roadside, near an artificial small water canal

1 (1)

Loc_2 58 m 36°430 47.4″ N;
03°300 30.8″ W

Road N-340 km 334, direction to Motril coming from Granada. Samples were found in

a palm nursery with highly moist soil

3 (2–4)

Loc_3 58 m 36°4504.6″ N;
03°110 59.6″ W

Road N-340 km 370, direction to Motril coming from Granada. Samples were found

on the roadsides of 30-m length

2 (5–6)

Loc_4 287 m 36°510 56.5″ N;
03°280 59.6″ W

Road A-346 km 9, direction to �Orgiva coming from Granada. Samples were collected

on asphalt and soil slope on the edge of the road

3 (7–9)

Loc_5 382 m 36°520 19.8″ N;
03°280 24.3″ W

Road A-346 km 7, direction to �Orgiva coming from Granada. Samples were collected

around the edge of the road

8 (10–17)

Loc_6 630 m 36°5501.60″ N;
03°28047.9″ W

Lanjar�on city. Samples were found on a soil slope on the edge of the road, at the

entrance to the city, the slope was nitrified

4 (18–21)

Loc_7 657 m 36°5501.40″ N;
03°28017.0″ W

Out of Lanjar�on city, road A-348, direction to �Orgiva coming from Lanjar�on. Samples

were found on a soil slope on the edge of the road out of the city, the slope was

nitrified and moist

3 (22–24)

G2 Loc_8 755 m 37°09017.4″ N;
03°32046.2″ W

Cen�es de la Vega surroundings. Samples were found along the road and cliff edge in

front of a restaurant

9 (25–33)

Loc_9 757 m 37°090 41.9″ N;
03°31027.2″ W

Road GR-420 km 1, direction to Pinos Genil coming from Cen�es de la Vega. Samples

were collected from the edge of the road in the proximity of a restaurant and farms

9 (34–42)

Loc_10 1295 m 37°080 34.1″ N;
03°29014.5″ W

Road A-395 km 15, up to Sierra Nevada crests. Samples were collected from the edge

of the road, on soil slopes in the vicinity of La Higuera restaurant

10 (43–52)

Loc_11 1328 m 37°08022.7″ N;
03°29003.5″ W

Road A-395 km 16, up to Sierra Nevada crests. Samples were collected from the edge

of the road, on soil slopes in the vicinity of Los Puentes restaurant

10 (53–62)

G3 Loc_12 1650 m 37°07058.0″ N;
03°26020.6″ W

Road A-395, barranco de Las V�ıboras, up to Sierra Nevada crests. Samples were

collected from the edge of the road, on soil slopes in the vicinity of Los Jamones

restaurant

8 (63–70)

Loc_13 1667 m 37°07057.9″ N;
03°26006.2″ W

Road A-395, centre for nature interpretation El Dornajo. Samples were collected on

soils in proximity to the centre

6 (71–76)

G4 Loc_14 2180 m 37°050 35.7″ N;
03°23054.5″ W

Ski resort Pradollano. Samples were collected on soils at the base of a chairlift machine

and surrounding sites

2 (77–78)

Loc_15 2220 m 37°06047.9″ N;
03°25010.0″ W

Road A-395, military mountain hostel. Samples were collected from soil slopes around

the hostel

2 (79–80)

Loc_16 2622 m 37°04022.3″ N;
03°23028.2″ W

Artificial lake at the base of the ski resort Borreguiles. Soil on rocks around the lake. 3 (81–83)

Loc_17 2700 m 37°04016.4″ N;
03°23014.6″ W

Ski resort Borreguiles. The sample was collected on soil surrounding a chairlift machine 1 (84)

Locations are ordered by altitude, along with their description, positioning in geographic coordinates and number of collected samples.

Table 2. Sequence (50–30) of primers and adaptors used in the current study.

Primer/Adaptor 50 - sequence - 30 Primer/Adaptor 50 - sequence - 30

MseI-A1 GACGATGAGTCCTGAG EcoRI-A1 CTCGTAGACTGCGTACC

MseI-A2 TACTCAGGACTCAT EcoRI-A2 AATTGGTACGCAGTC

Mse-C GATGAGTCCTGAGTAAC Eco-A GACTGCGTACCAATTCA

Mse-CAA GATGAGTCCTGAGTAACAA Eco-ACA FAM-GACTGCGTACCAATTCACA

Mse-CTC GATGAGTCCTGAGTAACTC Eco-AGG HEX-GACTGCGTACCAATTCAGG

Mse-CAT GATGAGTCCTGAGTAACAT Eco-ATA CY3-GACTGCGTACCAATTCATA

Mse-CTA GATGAGTCCTGAGTAACTA

Selective nucleotides and fluorescent labels are in bold.
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stations and then processed statistically to be more applicable
in environmental studies. Worldclim is one of the basic inter-
national sources for such variables on a global scale (Hijmans
et al. 2005). However, Benito et al. (2011) performed a more
precise study, and estimated minimum and maximum temper-
ature and precipitation values of different resolution specifi-
cally for the Sierra Nevada Mountains and surrounding areas.
The climate variables were obtained from Dr. B. Benito
(Granada University) as generic grids at 10-m resolution and
extracted using DIVA-GIS version 7.4.0.1 (Hijmans et al.
2001). Geographic distance in kilometres was estimated with a
distance calculator built in DIVA-GIS. Each variable was stan-
dardised using principal coordinates analysis PCO3 (Anderson
2003) by subtracting each value from the sample mean and
dividing the result by the sample SD, a procedure known as
z-score transformation. PCO3 was finally used to generate the
Euclidean distance between the 17 sampled locations based on
each environmental variable.

Correlation tests
The population genetic diversity of F. hygrometrica in the
Sierra Nevada Mountains was subjected to correlation tests
with spatial patterning of climatic variation (i.e. isolation by
adaptation, IBA). Partial Mantel tests (to measure the associa-
tion between two matrices while avoiding any correlation to a
third matrix) were performed using GenAlEx version 6 (Peakall
& Smouse 2006). The genetic distance matrices calculated with
PCO3 using the Jaccard dissimilarity method of the scored
bands, for the AFLP-neutral and AFLP-positive outlier loci
datasets separately, were tested against the Euclidean distance
of the climate variables while controlling of the geographic dis-
tance matrix. A Mantel test was then performed using the
default preset values and parameters (9999 permutation steps)
according to the software manual.

RESULTS

Band scoring quality and DNA polymorphism

The PCR amplification was successful for 12 primer pairs. We
were able to accurately score bands for each primer pair
between 150–600 bp, with up to 195 peaks per primer pair.
Peak analysis and automated band scoring were successful and
quality tests showed adequate quality of band scoring (data not
shown). In total, 3057 loci were scored from all primer pairs
for all 84 samples. Among these, 3056 loci were polymorphic,
only one was monomorphic; 1411 loci were rare, characterised
by band frequencies <5%, and 61 loci had band frequencies
>95% among all samples. Thus, only 1584 loci were used
for further analyses. The mean fragment size was
~321 bp � 121 bp (�SD). The mean number of bands present
per location was ~607 � 93 bands. All samples presented a dif-
ferent multi-locus genotype and no AFLP bands of the final
dataset (after excluding the rare or very frequent bands)
showed the same individual pattern.

Population and genetic structure

The PCA graph (Fig. 1) of all individuals showed a distribution
of the samples into three main clusters. Cluster A contained
the highest number of samples (65), whereas cluster B had 12

samples and cluster C had seven samples. Although individuals
from one locality tend to cluster together, individual locations
harbour individuals that are clearly genetically distinct. For
example, samples from location 12 (numbers 63–70) are scat-
tered among clusters A and B.
By applying the criteria of the highest average estimated ln

probability score and lowest variance, the most probable sub-
population number was K = 4, indicating that the samples are
grouped into four main clusters. Bar plots showed different
extents of admixture among clusters (Fig. 2). Each cluster
contained individuals from different regions. Some individuals
showed a mixed portion of different clusters (inferred by col-
our), which indicates a weak attachment to their assigned
cluster, and that they are assigned to such a cluster only when
the information about the sampling locations was included a
priori in the analysis. Samples that are genetically related are
occasionally from different geographic locations, while sam-
ples from the same location do not always group together
genetically, as observed in the PCA (Fig. 3). Basically, Struc-
ture and PCA results were the same except for cluster A,
which is split into two clusters (red and blue). The most scat-
tered samples within each cluster in the PCA show a clear sig-
nal of mixed portions of different clusters in the Structure
analysis.

Loci under selection

Detection of positive selection signatures
The AFLP data of F. hygrometrica were screened for outlier
loci detection using the Mcheza software on the four altitu-
dinal groups. Across the 16 pair-wise analyses between the
four groups, 13 out of 1584 loci (1.8%) were identified as
outlier loci under directional selection at the 99.5% confi-
dence level (Fig. 4). The 13 loci appeared constantly above
the 99.5% line as outlier loci among the four altitudinal
groups in each run.

Genetic differentiation and gene flow
An AMOVA was used to measure changes in the pair-wise differ-
entiation of the FST for the AFLP neutral loci (abbreviated as
AFLP) dataset in comparison with the FST of AFLP 13 outlier
loci (abbreviated as AFLP-13) dataset. FST changed from 0.23
(P = 0.000) in AFLP dataset to 0.65 (P = 0.000) in AFLP-13
dataset. In the AFLP dataset, FST partitions were 6.56%
between groups, 16.38% among locations between groups and
77.05% within locations. In the AFLP-13 dataset, FST partitions
were 36.77% between groups, 28.99% among locations
between groups and 34.25% within locations (Table 3). The
mean gene flow (Nm) estimated from FST for AFLP and AFLP-
13 datasets was 1.88 and 0.30, respectively.

Correlation tests
Estimation of the correlation coefficient (r) through applica-
tion of a partial Mantel test differed, depending on the dataset
used. The correlation coefficient for each dataset was deter-
mined in comparison with the genetic distance. In addition,
environmental variation was spatially structured using a Man-
tel test, in which only the minimum temperature and precipita-
tion values showed a significant correlation to their geographic
location (data not shown). The AFLP neutral loci dataset was
tested separately from the AFLP 13 outlier loci dataset (abbre-
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viated as AFLP-13). The AFLP-13 dataset had a positive signifi-
cant correlation to the gradient of minimum temperature
(r = 0.41, P < 0.0001), to the gradient of maximum tempera-
ture (r = 0.37, P < 0.0001) and to the gradient of precipitation
values (r = 0.42, P < 0.0001). AFLP banding pattern did not
show significant correlation to the tested climate variables
(Table 4).

DISCUSSION

The AFLP technique generally provides a characterisation of
genetic diversity based on a large number of markers scattered
across the genome, enabling the detection of markers linked to
a gene under selection (or potentially loci directly under selec-
tion). Here we characterise the genetic structure of populations

of F. hygrometrica in the Sierra Nevada using ALFP and iden-
tify loci that show a signature for local adaptation.

Although it is possible to generate a large number of infor-
mative and reproducible markers using the AFLP technique, in
comparison with other fingerprinting techniques (Jones et al.
1997), the success of this method may be compromised by sev-
eral factors (Pompanon et al. 2005), such as quality control of
the AFLP procedures, e.g. contamination (ensure the use of
sterile material or in vitro axenic cultures; McDaniel et al.
2007), peak homoplasy, reliability of the method or genotyping
errors (Bonin et al. 2004; Pompanon et al. 2005; Zartman et al.
2006; Paris et al. 2010). Such factors can be minimised using
marker selection algorithms developed to optimise the chal-
lenging step of AFLP marker scoring by discarding biases due
to subjective and unreliable personal procedures (Arrigo et al.
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Fig. 1. PCA of AFLP-generated bands for 84 samples of F. hygrometrica from 17 locations. The variation revealed by two axes, x-axis of 30.48% and y-axis of

8.94%. Cluster A is defined by a red dotted circle in quadrat I, cluster B by an orange dotted circle in quadrat II and cluster C by a green dotted circle in quadrat

II. All samples are coloured according to their altitudinal group (1, 2, 3 and 4).

Fig. 2. AFLP marker-based Structure bar plot graph of K = 4, for 84 samples of F. hygrometrica from 17 locations. Samples are ordered by group assignment

and locations are indicated in parentheses.
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2009, 2012; Herrmann et al. 2010). Rawgeno version 2 (Arrigo
et al. 2009) was built around an optimised and less time-con-
suming algorithm (Arrigo et al. 2012). Our procedure has

taken into account these problems by using axenic cultures and
an adequate protocol for AFLP quality control.
In bryophytes, some reported AFLP marker data show

low to moderate variable numbers of amplified bands using
modifications to the original protocol designed for organ-
isms with small genomes (e.g. mosses; Fernandez et al. 2006;
Mikul�a�skov�a et al. 2012). In contrast, data obtained by Zart-
man et al. (2006) and McDaniel et al. (2007) in the bryo-
phyte genera Radula and Ceratodon suggest that a high
amount of AFLP bands can be obtained with three selective
bases. Similar to the latter studies, in F. hygrometrica a large
number of bands were amplified with three selective bases
at the EcoRI and MseI primers, even though the genome of
F. hygrometrica is small (0.4 pg; 1C; Voglmayr 2000; Beike
et al. 2014), only twice the size of that of Arabidopsis thali-
ana (L.) Heynh. (Schmuths et al. 2004).

Fig. 3. Map of Sierra Nevada showing the 17 sampled locations of F. hygro-

metrica coloured by their assignment to one of the PCA clusters (red: cluster

A, orange: cluster B, green: cluster C).

Fig. 4. Graphical plot produced by Mcheza of FST values against heterozygosity (He) for each of the 1584 AFLP loci scored for 84 samples of F. hygrometrica.

Each dot indicates an AFLP locus; loci with the same value appear as one dot. The lower and higher zones represent the 0.5% and 99.5% confidence intervals,

respectively. Loci in the dark grey zone above the 99.5% are regarded as outlier loci. Because some of the outlier loci overlap, fewer than 13 can be seen.

Table 3. Genetic differentiation inferred from AMOVA of F. hygrometrica

based on the AFLP neutral loci dataset (a) and AFLP outlier loci dataset (b).

Source of variance df SS

Variance

components

Percentage of

variation (%)

(a)

Between groups 3 2022.36 15.16 6.56%

Among locations

within groups

13 4601.32 37.85 16.38%

Within locations 67 11927.78 178.02 77.05%

Total 83 18551.46 231.04

(b)

Between groups 3 42.47 0.58 36.77%

Among locations

within groups

13 34.90 0.46 28.99%

Within locations 67 36.46 0.54 34.25%

Total 83 113.84 1.58

The source of variance (between groups and, among and within locations),

the degrees of freedom (df), sum of squares (SS), variance components and

percentage of variation are shown.

FST = 0.23 (P-value < 0.000)

FST = 0.65 (P-value < 0.000)
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We used a Bayesian-based method (Structure) and PCA to
resolve patterns of genetic variation and assess genetic dis-
tances among groups of populations of F. hygrometrica in the
Sierra Nevada. Mating between gametes produced from the
same haploid individual results in complete homozygosity in
a single generation (Hedrick 1987), resulting effectively in
‘cloning’ of the parent. Individual plants of F. hygrometrica
are protandrous, they develop male and female sex organs in
distinct clusters, with the former maturing first. Selfing
reduces the genetic variation within populations through dif-
ferent mechanisms (Charlesworth 2003), yet inbreeding
depression in sporophytes resulting from self-fertilisation has
not been detected (Taylor et al. 2007). Although mechanisms
to avoid selfing to some degree occur in bryophytes, selfing
rates in hermaphroditic mosses are thought to be quite high
(Eppley et al. 2007; McDaniel et al. 2010; Perroud et al.
2011). A model of colonisation where a location is reached by
only one spore of F. hygrometrica and subsequently occupied
only by descendants arising from selfing of this plant can
clearly be excluded from our data, as most (or all) locations
harbour plants that are genetically distinct, considering that
within a range of 50–100 m the genetic diversity in F. hygro-
metrica is very high. Thus, multiple dispersal events and
colonisation events account for the genetic diversity in loca-
tions in the Sierra Nevada Mountains. The data suggest that
dispersal is high, at least at the scale investigated here, and
hence potentially ‘everything could be everywhere’, if not sub-
ject to selection. In a system wherein dispersal is potentially
high, the number of (dia)spores is very high and sexual repro-
duction is frequent (probably even outbreeding; see Perroud
et al. 2011, on the Funariaceae Physcomitrella patens), the con-
ditions are met for high genetic diversity to be subjected to
selection driven by clearly contrasting environmental factors
such as temperature and precipitation.
Local adaptation and directional selection should have

locus-specific effects of reducing genetic diversity within popu-
lations and increasing differentiation between populations.
Therefore, outlier loci characterised by unusually high levels of
population differentiation are candidate loci for adaptation,
and several studies have applied this approach (e.g. Bonin et al.
2006; Nosil et al. 2008; Manel et al. 2010). For example, a study
of the genetic framework of adaptation to a gradient of altitude
in the common frog (Rana temporaria L.) by Bonin et al.
(2006) showed that approximately 2% of the AFLP loci
exhibited altitudinal differentiation between highland, mid-
land and lowland populations.

Whereas other studies detected evidence of selection using
genetic data in mosses (e.g. Jules & Shaw 1994; McDaniel &
Shaw 2005; McDaniel et al. 2008, 2013), the present study is
the first to apply the FST outlier genome scan approach to iden-
tify loci under selection in this group of organisms. The 13 loci
had higher genetic differentiation among locations than the
putative neutral loci (28.99% for the outlier loci as compared
to 16.38% for AFLP neutral loci) and decreased diversity
within locations (from 77.05% for AFLP neutral loci to 34.25%
AFLP 13 outlier loci).

The significant FST value of the neutral markers was 0.23,
which matches the results of Shaw (1990) and Shaw & Bartow
(1992). In contrast, Eppley et al. (2007) estimated a high FST
value of 0.6 from allozyme data for F. hygrometrica samples
from New Zealand, a result that may reflect the difference in
the genetic marker used to estimate population differentiation,
although in studies using allozyme and AFLP data simultane-
ously, neither of these methods results in systematically higher
FST values than the other (P�erez-Collazos & Catal�an 2006 versus
Chung et al. 2004). The mean gene flow (Nm) estimated from
FST for AFLP neutral loci and AFLP 13 outlier loci was 1.88
and 0.30, respectively, resulting in a homogenised pool of AFLP
markers versus strong partitioning of alleles for the AFLP 13
outlier loci.

The Mantel test, which measures the association between
two (simple) or three (partial) matrices, is known to overcome
some of the problems inherent in explaining species–environ-
ment relationships (Mantel 1967; Legendre & Fortin 1989).
The AFLP loci were significantly correlated to the gradient of
minimum and maximum temperature in addition to precipita-
tion (P < 0.0001). The correlation due to geographic distance
was eliminated by the partial Mantel test (comparing the
genetic distance against climatic variation while controlling the
natural correlation between climatic variables and geographic
distance), even if the gradient in maximum temperature
showed no significant correlation to the geographic distance
(data not shown).

In recent studies, apparently neutral DNA sequence markers
(nrITS) showed differentiation along altitudinal gradients in
the Spanish Sierra Nevada among populations of the moss
Bryum argenteum Hedw. (Pisa et al. 2013). Similarly,
microsatellite markers varied along altitudinal gradients in
Hokkaido, Japan, in the mosses Pleurozium schreberi (Willd. ex
Brid.) Mitt. and Racomitrium lanuginosum (Hedw.) Brid.
(Korpelainen et al. 2012). These results might indicate that in
moss species with potentially high dispersal ability, selection
may favour different genotypes in adjacent locations, or fre-
quency dependent selection may favour rare genotypes. The
genetic markers used in the studies of B. argenteum (nrITS),
P. schreberi and R. lanuginosum (microsatellites) are considered
neutral and not affected by selection related to altitudinal gra-
dients. However, in species that only rarely form sporophytes
or that are monoecious and thus typically self-fertilising, the
adaptive and non-adaptive genome regions are mostly linked,
because genetic recombination is absent or less frequent than
in species where sexual reproduction through outcrossing is
typical. F. hygrometrica is monoecious and estimated to fre-
quently undergo selfing (Eppley et al. 2007), so that although it
forms sporophytes with a very high frequency, these may be
mostly strictly homozygous, hence resulting in a spore mass
characterised by a single haplotype. Our data suggest that in

Table 4. Correlation coefficient (r) values and P-values of the partial Mantel

test between Jaccard0s distance-based matrices of different datasets (AFLP

all loci, AFLP 13 positive outliers, AFLP of only neutral loci) and Euclidean

matrices of the gradient of maximum temperature, minimum temperature

and precipitation between 17 sampled location of F. hygrometrica in the

Sierra Nevada.

Climate variable Mantel test AFLP-all AFLP-13 AFLP-neutral

Maximum temperature r 0.15 0.37 0.12

P 0.07 <0.0001 0.14

Minimum temperature r �0.04 0.41 �0.04

P 0.60 <0.0001 0.64

Precipitation r �0.06 0.42 �0.05

P 0.48 <0.0001 0.52
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F. hygrometrica sufficient outcrossing occurs to avoid a strict
linkage between neutral and adaptive genome regions.

By comparing the Mantel test results of the AFLP neutral
dataset with the AFLP 13 outlier loci, the correlation
strength improved positively. This suggests that the detected
outlier loci of F. hygrometrica are genetic regions that could
be under selection and hence be relevant to adaptation to
temperature and precipitation, the two environmental vari-
ables correlated to variation in allelic frequencies. Whether
these are the actual loci under selection or merely linked
and adjacent to the locus under selection is uncertain
(Schl€otterer 2003; Tollenaere et al. 2011). Although it is dif-
ficult to know the location and function of the loci involved
in the adaptation to climatic factors, a genome scan of
F. hygrometrica offers an opportunity to unravel the genetic
basis of moss adaptation without prior knowledge about the
genome sequences. In particular, approaches like RAD-Seq
(Hohenlohe et al. 2012) can be used to generate random
fragments that, unlike the AFLP procedure, contain DNA

sequence tags that can be mapped back to the Physcomitrella
patens genome (Rensing et al. 2008), thereby allowing the
identification of genomic regions that are associated with
local adaptation.
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