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One of the main challenges in molecular ecology and population genetics is 
the detection of genes, or genomic regions, that have been targeted by natural 
selection. The aim of this study was to quantify the relative contribution of 
natural selection in shaping the genetic variation observed among Dalmatian 
sage (Salvia officinalis L.) populations. Genetic diversity of 25 Dalmatian 
sage populations from Croatia and Bosnia and Herzegovina, each consisting of 
20 to 25 plants, was assessed using AFLP markers. Two alternative methods for 
the identification of F -outlier loci have been used: the frequentist methods ST

implemented in Mcheza and the Bayesian method implemented in BayeScan. 
Moreover, the spatial analysis method as implemented in Sambada was used 
to compute multiple univariate logistic regressions to test the probability of 
presence of an allelic variant for a polymorphic marker given the 
environmental conditions of the sampling locations. The climate data for the 
sampling locations were obtained from the WorldClim database. The 
ecological characteristics were described using 19 bioclimatic variables 
representing the annual trends, seasonal variations and extremes in 
temperature and precipitation. The comparison of the outlier marker loci 
detected by the three approaches could help to identify the factors that are 
responsible for the observed spatial structuring of genetic diversity in 
Dalmatian sage populations.

landscape genetics

genome scan

F -outlier lociST

adaptation

Salvia officinalis L.

Dalmatian sage (Salvia officinalis L.) is an outcrossing, insect-pollinated, perennial subshrubby 
plant of the family Lamiaceae. The natural distribution area of Dalmatian sage is coastal region of the 
western Balkan and central and southern Apennine Peninsulas while some relict populations can be 
found in continental parts of the Balkan Peninsula (Hedge, 1982; Pignatti, 1982; Di Pietro, 2011). 
Dalmatian sage is well adapted to the dry Mediterranean climate and it thrives on sunny slopes with 
poor, rocky soil, rising from sea level to more than 1,000 m.a.s.l. (Kintzios 2000).

In Croatia, Dalmatian sage naturally grows in a continuous range along the Adriatic coast and on 
islands across northwest-southeast environmental gradient, generally characterized by increasing 
temperatures and decreasing precipitation over a span of 700 km. Molecular analyses of genetic 
diversity and structure of Dalmatian sage population in Croatia using RAPD (Liber et al., 2014), AFLP 
(Jug-Dujakoviæ, 2010) and SSR (Gregura�, 2013) markers showed a high within-population 
diversity, moderate differentiation among populations and a typical pattern of isolation-by-distance.

The aim of this study was to use a landscape genomics approach (Beaumont and Nichols, 1996; 
Manel et al., 2010; Joost et al., 2013) to focus on divergent selection of a widespread, thermophilous 
species across the environmental gradient of eastern Adriatic coast. Thus, the objectives were to (1) 
identify outlier loci under divergent selection and (2) assess the association between loci and 
bioclimatic variables of sampling locations.

Twenty-five natural populations of Dalmatian sage originating from Croatia (23) and Bosnia and 
Herzegovina (2) were sampled, each consisting of 20 to 25 plants. The seed samples are preserved ex situ 
as a part of the Collection of Medicinal and Aromatic Plants in Zagreb, Croatia (available at: cpgrd.zsr.hr).

Genomic DNA samples were extracted from dried leaves using the GenElute� Plant Genomic DNA 
Miniprep Kit (Sigma-Aldrich). The plants were genotyped using four AFLP primer combinations. The 
products were run on an ABI 3730XL analyzer (Applied Biosystems) using the commercial GeneScan 
service (Macrogen). The results were analyzed using GeneMapper 4.0 software (Applied Biosystems).

Allelic frequencies at AFLP marker loci were calculated from the observed frequencies of fragments in 
each population using Bayesian method with non-uniform prior distribution of allele frequencies 
proposed by Zhivotovsky (1999), as implemented in AFLP-Surv v. 1.0 (Vekemans et al., 2002). Hereby, we 
assumed that the populations were in Hardy-Weinberg equilibrium (F  = 0) justified by the outcrossing IS

nature of Dalmatian sage.

The identification of F -outlier loci was carried out using the frequentist method of Beaumont and Nichols ST

(1996) implemented in Mcheza (Antao and Beaumont, 2011) and the Bayesian method implemented in 
BayeScan ver. 2.01 (Foll and Gaggiotti, 2008). Outliers detected by both methods are more likely to 
represent truly adaptive regions within the genome because the two separate approaches have completely 
different assumptions and employ separate algorithms.

The spatial analysis method described by Joost et al. (2007) and implemented in Sambada (Stucki and 
Joost, 2015) was used to compute multiple univariate logistic regressions to test the probability of 
presence of an allelic variant for a polymorphic marker given the environmental conditions of the 
sampling locations. The climate data for 25 sampling sites were obtained from the WorldClim database at 

2a spatial resolution of approximately 1 km  (Hijmans et al., 2005; www.worldclim.org). The ecological 
characteristics of the sampling sites were described using 19 bioclimatic variables (11 temperature- and 8 
precipitation-related) representing the annual trends, seasonal variations and extremes in temperature 
and precipitation (Table 1).
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Four AFLP primer combinations applied on 593 individuals yielded a total of 559 polymorphic 
markers. The average gene diversity was relatively high (H  = 0.178) ranging from 0.162 to W

0.199 while the total gene diversity was H  = 0.186. Wright's index of genetic differentiation was T

significant but low (F  = 0.042; P < 0.001). Pairwise estimates of F  ranged between 0.006 and ST ST

0.081. The results indicated a high within-population diversity and significant, but weak 
differentiation among populations. These results are consistent with previous results recorded 
in outcrossing perennial plants but not in endemic species, where much lower diversity within 
populations was noticed (Hamrick and Godt, 1990; Nybon and Bartish, 2000). Dalmatian sage is 
an endemic species of the Apennines and the Balkan Peninsula but unlike the majority of 
endemic species it is widespread and often abundant.

A total of 381 AFLP markers was used to identify the outlier loci (after the removal of markers 
with a frequency below 3% or above 97%). With a confidence level set to 99%, Mcheza detected a 
total of 35 outlier loci (9.19%) possibly under selection, among which 17 (4.46%) under 
directional and 18 (4.72%) under balancing selection (Fig. 2A). BayeScan identified 11 (2.89%) 
loci exceeding the threshold for very strong evidence of selection [False Discovery Rate (FDR) < 
0.01; posteriror odds (PO) > 37], none of them under stabilizing selection (Fig. 2B). A set of 
eight (2.10%) candidate markers under directional selection was detected by both Mcheza and 
BayeScan.

As expected, the 19 bioclimatic variables used in the study were highly inter-correlated. Out of 
171 pairwise examinations, a strong positive correlation (r > 0.70) was found in 29 cases while 
in four cases a strong negative correlation (r < -0.70) was identified. After calculating logistic 
regressions between all possible marker/bioclimatic variable pairs (a total of 7,239 models), 
Sambada detected 161 (2.22%) significant models involving 44 markers (11.02%) associated 
with one up to 11 bioclimatic variables. Bioclimatic variables associated with more than 20 
markers were BIO18 Precipitation of Warmest Quarter (BIO18), Precipitation of Driest Month 
(BIO14), and Precipitation of Driest Quarter (BIO17) (Table 1). Out of 42 markers detected by 
Sambada, five were identified by both Mcheza and BayeScan as being under directional 
selection.

Thus, out of a total of 381 markers, five (1.31%) were identified across three methods as 
presented in Wenn diagram illustrating the overlap in outlier detection (Fig. 2C). Six bioclimatic 
variables were associated with (different combinations of) three out of five F -outlier markers; ST

three were precipitation-related (BIO14, BIO17, BIO18) while additional three were those 
describing temperature/precipitation range (BIO2 Mean Diurnal Range; BIO7 Temperature 
Annual Range; BIO15 Precipitation Seasonality)(Table 1). 
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Fig.1. Dalmatian sage (Salvia officinalis L.)
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Table 1. Bioclimatic variables used to detect selection signature: Total number of markers 
associated with each bioclimatic variable as detected using Sambada and the number of 
associated markers identified also by both Mcheza and BayeScan as being under 
directional selection

Fig. 1. Detection of loci under selection: (A) Mcheza: F  values of each locus plotted against ST

its heterozygostity. The dashed lines represent the 99% confidence intervals. Loci under 
positive selection are indicated as red dots, those under balancing selection as light blue 
dots and neutral as white dots. Loci under positive selection detected also by BayeScan 
are underlined while those identified by Sambada are shown in italics; (B) BayeScan: F  ST

values of each locus plotted against the log  of the posterior odds (PO). The vertical line 10

shows the critical PO used for identifying outlier markers [FDR < 0.01; PO = 37.6; 
log (PO) = 1.575]; (C) Wenn diagram illustrating the overlap in outlier detection across 10

three methods.
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BIO9 Mean Temperature of Driest Quarter 4 -

BIO10 Mean Temperature of Warmest Quarter 2 -

BIO11 Mean Temperature of Coldest Quarter 3 -

BIO12 Annual Precipitation 8 2

BIO13 Precipitation of Wettest Month 4 -

BIO17 Precipitation of Driest Month 22 3

BIO18 Precipitation Seasonality 24 3

BIO19 Precipitation of Wettest Quarter 4 1

No. Variable
No.of 

markers

BayeScan / 

MCHEZA

BIO1 Annual Mean Temperature 2 -

BIO2 Mean Diurnal Range 9 3

BIO3 Isothermality 13 2

BIO4 Temperature Seasonality 3 -

BIO5 Max Temperature of Warmest Month 3 -

BIO6 Min Temperature of Coldest Month 2 -

BIO7 Temperature Annual Range 7 3

BIO8 Mean Temperature of Wettest Quarter     8 1

BIO14 Precipitation of Driest Month 22 3

BIO15 Precipitation Seasonality 16 3

BIO16 Precipitation of Wettest Quarter 5 -
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