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1 | INTRODUCTION

Spanish sage or lavender sage (Salvia lavandulifolia Vahl,
Labiatae) is an aromatic plant widely distributed in the West-
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Abstract

Spanish sage or lavender sage (Salvia lavandulifolia Vahl) is an aromatic plant with
a high economic potential in agriculture because of its rusticity and low chemical
inputs. However, the presence of numerous chemotypes hinders the supply of homo-
geneous crops to the industry and makes the selection and the standardising of the
plant material necessary. With this aim, our group achieved an extensive population
survey of this species across the Iberian Peninsula to investigate the variability of this
species and started a selection program based in multienvironment trials. Thus, 12
wild populations of S. lavandulifolia have been grown in two different localities and
their dry biomass production, yield, and composition of essential oil have been mon-
itored during 2 yr of cultivation to evaluate the effect of the genotype X environment
interaction on these traits. Each population presented a clearly differentiated compo-
sition of the essential oil, although camphor (15.3% average), 1,8-cineole (15.0%),
a-pinene (11.3%), B-pinene (8.5%), and limonene (7.5%) were the main compounds.
Other compounds like p-cymene, y-terpinene, bornyl acetate, spathulenol, or viridi-
florol were only present in some samples. The yield of essential oil ranged from 0.9
to 2.3 g per 100 g dry biomass, and the dry biomass from 76 to 322 g plant™!. Despite
the high variability of these traits, we inferred that the essential oil composition in S.
lavandulifolia is chiefly determined by genetics which suggests that individual plants
(clones) with a favorable composition for a specific application could be selected and

bred with a homogeneous quality over time.

ern Mediterranean Basin, mainly in the Iberian Peninsula,
south of France and north of Africa. It is a rustic species well
adapted to relatively poor soils and dryness conditions (Corell
et al., 2008), and therefore represents an interesting option
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for degraded soils of Spanish rural areas in which other crops
are scarcely profitable (Usano-Alemany et al., 2012). More-
over, S. lavandulifolia is tolerant of low temperatures and its
resistance to pests makes this crop very suitable for organic
agriculture. It is mostly used in perfumery and personal care
products, but it may find application in other fields like cos-
metics, pest control, food industry, or pharmacology due to
its numerous biological activities. Many of these activities are
attributed to its essential oils and include, among others, spas-
molytic, antiseptic, analgesic, the inhibition of cholinesterase
enzyme, antioxidant, anti-inflammatory, and central nervous
system depressant properties (Porres-Martinez et al., 2013).

Discrepancies among Spanish botanists greatly complicate
the classification of Salvia taxa. We have followed the crite-
ria of Flora Ibérica (S4ez, 2010) and Flora Europaea (Hedge,
1972) which considers the taxon as a species despite Salvia
lavandulifolia is from the point of view of botanical orthodoxy
currently recognized as a subspecies of Salvia officinalis L. As
occurs with other aromatic plants, S. lavandulifolia presents
a high variability among populations. Five subspecies have
been defined according to their morphological traits only in
the Iberian Peninsula, in addition to numerous intermediate
groups due to spontaneous intraspecific hybridizations (Saez,
2010). A hybrid of sage obtained by spontaneous crossing of
two close-related species of Salvia (S. officinalis and S. lavan-
dulifolia subsp. lavandulifolia) has been also described, which
shows intermediate essential oil production and composition
in comparison with the parental species (Herraiz-Pefialver
et al., 2015). Essential oil composition is also highly variable
(Herraiz-Penialver et al., 2010; Jordan et al., 2009; Méndez-
Tovar et al., 2016) and several chemotypes have been iden-
tified in Salvia lavandulifolia subsp. vellerea (Jordan et al.,
2009). In general, a- and pB-pinene, 1,8-cineole, and camphor
are the predominant terpenes in the essential oil but the pro-
portions of these and other constituents are very variable and
some terpenes like camphene, camphor, and viridiflorol may
be absent in some populations. Moreover, most of the crops
of S. lavandulifolia in Spain are original wild plants collected
and cultivated by the farmers (Herraiz-Pefialver, Asensio-
Manzanera et al., 2017), which further hampers the supply
of a homogeneous and well-characterised plant material of
S. lavandulifolia that ensures the quality and quantity of the
essential oils in the end-uses. Standardising the plant material,
thus providing maximum homogeneity, is the main target for
production sector.

It is well known that the phenotype of an individual plant is
the result of its genetic constitution (genotype) and the influ-
ence of the environment in which it is grown. In this balance,
a predominance of the genetic heritability implies a reduc-
tion of the environmental variations and a phenotypic stabil-
ity that favours the selection and propagation of those clones
with desirable characteristics (Falconer & MacKay, 1996).
The variability of Spanish sage essential oil seems mainly

Core Ideas

e Wild populations (12) of Salvia lavandulifolia
were investigated for their adaptation to cultiva-
tion.

* Biomass and yield and composition of essential oil
were monitored 2 yr in two locations .

* High variability of traits mostly explained by the
origin of populations (genetics).

* Minor influence of year and location (environmen-
tal factor).

* Promising results for the selection and breeding of
homogeneous plants over time.

related to the genotype since chemical variation among years
of harvest is very small (Méndez-Tovar et al., 2016). How-
ever, other environmental factors must be taken into account
in order to select suitable genotypes for commercial produc-
tion for both producers and industries.

To address plant breeding and clone selection in S. lavan-
dulifolia, our groups have achieved during the last years
an extensive population survey of this species across the
Iberian Peninsula in order to investigate the variability of
this species (Herraiz-Pefialver et al., 2010; Mendez-Tovar
et al., 2016). Subsequently, some of these wild populations
were selected and grown in our experimental fields to eval-
uate their behaviour under cultivation. Morphological traits
showed a good stability during 2 yr of cultivation in two dif-
ferent locations and, despite some intrapopulation variabil-
ity was observed, most of the variability was explained by
the geographical origin of the populations (Herraiz-Pefialver,
Asensio-Manzanera et al., 2017). In the present study, agro-
nomic traits like the dry biomass and essential oil yielded
per plant, and the composition of the essential oil of 12 wild
populations of S. lavandulifolia have been monitored dur-
ing 2 yr under cultivation in two different localities to eval-
uate the effect of the genotype X environment interaction on
these traits. Heritability in a broad sense of the evaluated traits
was calculated in order to assess the stability of the selected
genotypes.

2 | MATERIALS AND METHODS

2.1 | Plant material and distillation of
essential oils

A previous survey on more than 50 populations of the Iberian
Peninsula showed a high variability in terms of the chemi-
cal composition of the essential oil and the phenols of the
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TABLE 1
Populations Locality Province
1 Letur Albacete
2 Moratalla Murcia
3 La Sentit de Si6 Lérida
4 Tuixent Lérida
5 Guixers Lérida
6 Vertavillo Palencia
7 Cifuentes Guadalajara
8 Olmeda de la Cuesta Cuenca
9 Ser6n de Nagima Soria
10 Saelices de la Sal Guadalajara
11 Aliaguilla Cuenca
12 Tendilla Guadalajara

hydrodistilled residue. The populations best representing this
variability, in addition to those showing a distinct essential oil
yield, geographical distribution, and general appearance were
selected for this work (Table 1). These populations have dis-
tinguishing morphological characteristics (Herraiz-Pefialver,
Asensio-Manzanera et al., 2017), and were occasionally dif-
ficult to adjust to the taxonomic classification of S. lavaduli-
folia subspecies proposed by Séaez (2010). Twenty-five indi-
vidual plants representative of the genotypic variability of
each selected wild population were vegetatively propagated
and rooted under greenhouse conditions. Each population was
planted in an experimental plot which consisted of one speci-
men of those 25 different plants planted in a row. Plants were
placed in the field with separations of 2 m between rows and
0.5 m among plants. The experimental design was a random-
ized block design with three replications settled in 2012 in two
different locations:

* Centro de Investigacion Agroforestal-CIAF de Albaladejito
(40° 04’ 31" N, 02° 12’ 18" W, Cuenca, Spain), 902 masl,
on a basic soil (pH: 8.43) with franc texture, medium
content of organic matter (1,77%), and low salinity. From
July 2013 to June 2014, monthly average temperature was
14.1 °C and annual rain 441 mm, and from July 2014 to June
2015, monthly average temperature was 14.5 °C and annual
rain 450 mm.

¢ Instituto Tecnoldgico Agrario de Castilla y Ledn-ITACYL
(41° 42" 08" N, 04° 42" 31" W, Valladolid, Spain),
695 masl, on a typic Xerofluvent soil, characterized by a
silty texture with fine detritic deposits and calcilulites as
parent material. From July 2013 to June 2014, monthly aver-
age temperature was 13.3 °C and annual rain 404 mm, and
from July 2014 to June 2015, monthly average temperature
was 13.4 °C and annual rain 411 mm.

Geographical data of the original collecting locations in the Iberian Peninsula of the cultivated populations of S. lavandulifolia

Latitude Longitude Altitude
masl

38°14°27” N 02°10°12” W 1,185
38°11'35” N 02°11°22” W 1,165
41°48°24” N 00°52’47” E 248
42°14’37” N 01°31’51”E 1,031
42°09°03” N 01°41°’55” E 1,388
41°49°17” N 04°19°53” W 823
40°46°52” N 02°40°36” W 990
40°19°33” N 02°27°29” W 820
41°30’15” N 02°11°54” W 951
40°53’53” N 02°20°25” W 1,016
39°44°46” N 01°21’10” W 1,090
40°32’31” N 02°57°03” W 858

The trial was carried out in rainfed conditions, and cultural
practises were limited to weed control. All aerial parts (inflo-
rescences, leaves, and stems) of each plot were collected dur-
ing the seasons 2014 and 2015 from the experimental fields
at the flowering period and dried at room temperature prior to
hydrodistillation. Dry biomass per plant was calculated as the
ratio between the total weight of each plot and the number of
living plants. Around 180 g of a representative dry sample of
each plot was hydrodistilled (2.5 L) for 4 h using a Clevenger
type apparatus (Boland et al., 1991).

2.2 | Analysis of the essential oils

The identification of the chemical compounds of the essen-
tial oils was carried out by gas chromatography—mass detector
(GC-MS) in a HP-6890N GC coupled to a HP-5973 inert MS
detector equipped with a HP-5MS capillary column (30-m
length, 0.25-mm i.d., 0.25-pm film thickness). The injection
temperature was 250 °C and 1 pl of sample (previously diluted
1:33 in acetone) was injected in split mode (100:1). The car-
rier gas was helium at a flow rate of 1.2 ml min~! and the oven
column program was set to 70 °C (held for 5 min), raised to
100 °C at 2 °C min~!, raised to 154 °C at 3 °C min~! and
raised to 280 °C at 100 °C min~!. Detection was in electron
ionization (EI) mode (70 eV), and identification was carried
out using spectra obtained from commercial standard com-
pounds and from National Institute of Standards and Technol-
ogy (NIST) library. Standards compounds were provided by
Sigma-Aldrich and Fluka. Fifty-two compounds were identi-
fied, and their relative peak area was calculated in relation to
the total chromatogram area (Supplemental Table S1). How-
ever, only the compounds with a percentage higher than 1%
were considered and discussed.
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TABLE 2

Means of the essential oil composition, essential oil yield, and dry biomass of populations of S. lavandulifolia corresponding to both

seasons and both locations. Quantification of compounds is expressed as their relative peak areas in relation to the total chromatogram area, essential

oil yield in g per 100 g of dry plant, and dry biomass in g per plant. Means between populations followed by a common letter are not significantly

different according to Tukey’s test at p < .05

Olmeda Saelices

Populations
La
Sentit

Aliaguilla Cifuentes Guixers de Si6  Letur
a-Thujene 0.2¢c 0.4cb 11.8a  0.5¢ 0.2¢c
a-Pinene 5.1e 16.4ab 79de  8.4cde  9.5cd
Camphene 4.9cd 3.1e 5.5¢ 7.0b 4.1d
Sabinene 2.4c 1.1d 4.0a 0.3f 0.7de
B-Pinene 9.3bc 12.0a 9.0bc  3.9f 4.5ef
B-Myrcene 2.6ef S5.1cd 2.8ef  4.4d 2.1f
p-Cymene 0.2g 1.2def 1.4de 1.8bc 1.1f
D-Limonene 3.7t 11.7a 6.5ed  5.3ef 3.9f
1,8-Cineole 38.7a 14.7d 4.2g 10.4f 18.7bc
y-Terpinene 0.4f 2.8bc 3.1ab  2.3cd 0.3f
Camphor 12.3de 9.7ef 11.5def 22.0b 24.4b
Borneol 4.9bc 2.7de 2.1e 5.8ab 6.2a
Bornyl acetate 1.6bcd 1.9bc 0.5e 2.4ab 3.4a
Trans- 1.7ef 2.5d 3.7bc  3.7abc  2.2de

caryophyllene
Spathulenol 1.4b 0.9cd 2.6a 0.4ef 1.1bc
Caryophyllene 1.0e 1.5d 1.9¢ 0.6f 1.3de
oxide

Viridiflorol 0.le 0.4e 0.3e 4.1c 3.2cd
Essential oil yield 2.3a 1.2de 1.lef 1.5¢d 1.6¢
Dry biomass 201bcd 227bc 169cde 203bcd  186bcd

2.3 | Statistical analyses

All statistical analyses were carried out using the IBM SPSS
Statistics ver. 22 package. Analysis of variance (ANOVA)
was performed fixing as independent factors the parameters
“Year”, “Environment”, “Population”, and their interactions.
Sum of squares were used to determine the proportion of the
total variation explained by the regression model.

Heritability in broad sense (2*BS) is the ratio of genotypic
variance to the phenotypic variance (Lal et al., 2013). This
parameter ranges between 0 and 1, the closer is to 1 the higher
is the heritability. Mean sum of squares were used to esti-
mate genotypic and phenotypic variances. The mean contents
of dry biomass and essential oil yield and composition were
calculated for each population and average multiple compar-
isons were established by using Tukeyfs test. In order to assess
the patterns of variation, principal component analysis (PCA)
was done using the most significant compounds, that is, the
compounds with average percentage values higher than 1%
and those statistically significant by population and by year
(ANOVA results).

dela dela  Serén de

Moratalla Cuesta Sal Nagima Tendilla Tuixent Vertavillo
0.2¢ 0.4c 0.5¢ 0.6¢ 0.2¢c 4.9b 0.7¢c
7.7de 12.3bc  16.6a  15.9ab 15.6ab  11.6cd 9.9cd
8.7a 5.3c 2.5e 2.4e 4.8d 4.3d 5.6¢c
1.1d 0.3ef 1.1d 0.9d 0.2f 3.1b 0.7de
4.0f 9.8b 12.1a  5.7e 7.0d 13.4a  7.9cd
3.2¢ 4.4d 6.0b 5.5bc 6.9a 5.5bc  4.9cd
0.2g 2.5a 1.5cd  2.0b 0.9f 1.0f 1.4de
6.4ed 10.1ab  10.9ab  5.9def 8.7bc  7.8cd  5.3ef
10.2f 13.9ed 18.7bc 21.3b 17.5¢  59¢g 11.7ef
0.4f 3.6a 3.0b 3.3ab 1.6e 2.0ed 2.2d
32.4a 17.9¢ 7.0g 6.7g 13.9d  8.8fg  1l.lef
5.1bc 3.1d 2.1e 1.8e 2.3de 2.0e 4.8¢c
1.9bc 1.5¢cd 1.2cde  1.7bcd l4cd  09de 3.3a
1.3f 3.6bc 3.4c 4.2ab 3.3c 4.4a 3.9abc
0.6de 0.2ef 1.2bc  1.1bc 0.1f 2.4a 0.4ef
0.5f 0.5f 2.3b 2.7ab 0.4f 2.9a 2.1bc
0.3e 2.0d 0.3e 0.5e 5.6b 0.4e 12.4a
2.1ab 1.6¢c 1.2de  1.2de 2.0b 0.9f 1.7¢
99ef 322a 249b 76f 244bc  143def 178bcd

3 | RESULTS

The composition of the essential oil of Spanish sage showed
a great variability among populations (Table 2; Supplemental
Table S2). Many of these differences were quantitative as in
the case of a-pinene whose mean contents ranged from 5.1 to
16.6%, those of B-pinene from 3.9 to 13.4%, limonene from
3.7 to 11.7%, 1,8-cineole from 4.2 to 38.7%, or camphor
from 6.7 to 32.4%. In addition to these differences among
major terpenes, others like p-cymene, y-terpinene, bornyl
acetate, spathulenol, or viridiflorol were only present in some
samples. The mean yield of essential oil ranged from 0.9 to
2.3 g per 100 g of dry biomass, and the dry biomass from 76
to 322 g plant~!. It is important to remark that the essential
oils of our populations did not contain either a- or -thujone,
two toxic and undesirable compounds present in significant
proportions in S. officinalis essential oil (Herraiz-Pefalver
et al., 2010).

The data of the ANOVA performed to evaluate the influ-
ence of the parameters “Population”, “Year”, “Environment”,
and their interactions on the main essential oil compounds
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TABLE 3
biomass yields

Model (R?) Population (P)  Year (Y)
a-Thujene 93.57" 9521 0.00
a-Pinene 64.06 " 80.55"" 0.06
Camphene 85.61°" 84.63" 1.40"
Sabinene 94.02"" 83.92"" 0.00
B-Pinene ‘ 0.09
B-Myrcene 7.38""
p-Cymene 1.01™
D-Limonene 0.00
1,8-Cineole 1.66"
y-Terpinene 2317
Camphor 86 0.00
Borneol 09" 0.05
Bornyl acetate 48 2.37"
trans-Caryophyllene ~ 85.67" 0.09
Spathulenol 90.49™" 0.00
Caryophyllene oxide  94.06"" 0.49"
Viridiflorol 0.59
Essential oil yield 0.00
Dry biomass 0.04

Note. h*BS, broad sense heritability.
*Significant at the .05 probability level.
**Significant at the .01 probability level.
***Significant at the .001 probability level.

and on essential oil and biomass yields are shown in Table 3.
The model was statistically highly significant (p < .001) for
all terpenes as well as for the yields of biomass and essential
oil. The R? of the model was particularly high in 1,8-cineole
(94.9%), caryophyllene oxide (94.1%), sabinene (94.0%), and
a-thujene (93.6%), whereas a-pinene (64.1%), bornyl acetate
(72.5%), and limonene (73.6%) showed the lowest values.
“Population” was the most explicative parameter and highly
significant (p < .001) for all the terpenes, with values espe-
cially high for a-thujene (95.2%) and camphor (94.0%). In
contrast, bornyl acetate (44.3%), p-myrcene (56.0%), and p-
cymene (56.1%) were the terpenes less influenced by this
parameter, in addition to the biomass production (20.2%). The
composition of the essential oils was scarcely affected by the
parameter Year, and only in the case of f-myrcene (7.4%) had
a certain importance. The effect of Environment was notice-
able on trans-caryophyllene (29.1%), p-cymene (17.7%), p-
myrcene (14.5%), bornyl acetate (12.7%), p-pinene (12.0%),
spathulenol (11.6%), and caryophyllene oxide (11.5%). The
biomass production was especially sensitive to the influence
of environment (46.5%), whereas this parameter had a low to
moderate effect on the essential oil yield (11.5%). The inter-
action Population X Year was only significant (p < .001)
for p-myrcene (6.0%). A relative influence, mainly on p-

Percentages of the sum of squares obtained in the analysis of variance of the essential oil compounds and essential oil and dry

Environment (E) PxY PXE YXE PxYXE #KBS
0.31 0.20 2.017 0.07 0.56 .8764
1.71 2.98 3.67 3.13° 3.47 4963
1.85" 1.60 3.18 1.42° 3.18 7331
6.20" 0.17 5.38" 0.00 0.59 .7898

12.03" 1.16 4.79" 0.99" 248" 7372

14.51° 6.04"" 3.85" .31 3.79™ .5922

68" 1.23 11127 4.067°  2.23 5150
2.66" 1.21 5.00 1.41 1.61 .5598
1.14"7 0.84 1.69™ L7107 118" .8790
0.52 2.07 2.19 1.76" 1.15 7613
0.16 0.50 1.73 0.22 0.79 .8684

0.89 7.06° 023 2.33 .6203

.68" 3.46 11.10° 1.84 2.11 .2807

29.09° 2.37 6.78"  0.03 1.37 .5406

11.56™ 0.53 5.33""  0.01 0.74 .6697

1.71 930" 1.90"" 3.057 .6233
2.76 1.74 0.49 1.23 7444
1.83 391 7.547  2.09 .6855
2.59 7.14" 0.16 5.50" .2503

cymene (11.1%), bornyl acetate (11.1%), and caryophyllene
oxide (9.3%) was seen for the interaction Population X Envi-
ronment, whereas the interaction Year X Environment prefer-
entially affected to the essential oil yield (7.5%). Finally, the
interaction of Population, Environment, and Year showed a
negligible influence on the essential oil composition as well as
on the essential oil and biomass yields. Terpenes showing the
highest degree of heritability (4*BS) were 1,8-cineole (.8790),
a-thujene (.8764), camphor (.8684), sabinene (.7898), and
y-terpinene (.7613), whereas bornyl acetate (.2807) and a-
pinene (.4963) showed the lowest values. Essential oil yield
had a good heritability (.6855) in contrast to the dry biomass
production (.2503).

The PCA resulted in four components that accounted for
78.4% of the total variability (Table 4). Principal Component
1 (33.0% of variability) was moderate and positively corre-
lated with the contents of P-pinene (.323) and y-terpinene
(.300), and inversely with borneol (—.361) and camphor
(—.354). Principal Component 2 (20.2% variability) was pos-
itively correlated with a-pinene (.335) and f-myrcene (.305)
and negatively with sabinene (—.456), spathulenol (—.410),
and a-thujene (—.378). Principal Component 3 (15.1% vari-
ability) was positively correlated with caryophyllene (.468)
and p-cymene (.431) and negatively with 1,8-cineole (—.331).
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TABLE 4
essential oil compounds (>1 %), their Kovats retention index (RI), and

Principal component analysis (PCA) of the main

method of identification

Components
RI* IdC" 1 2 3 4

a-Thujene 920 T 187 =378 160 281
a-Pinene 926 S 257 335 —.122 —.008
Camphene 942 S -.288 —.118 .024 466
Sabinene 96 S 165 —.456 —-.102 —-.077
f-Pinene 971 S 323 -.039 -.252 -.031
B-Myrcene 974 S 202 305 —-.190 .142
p-Cymene 1017 S 128 202 431 .039
D-Limonene 1,021 S 255 257 —-.178 225
1,8-Cineole 1,023 S -.103  .020 -.331 -.507
y-terpinene 1,053 S 300 160 239 .184
Camphor 1,133 S -.354 —-.015 .030 .298
Borneol 1,154 S -.361 —.009 .160 —.124
Bornyl acetate 1,274 S -.247 176 240 -.283
Trans-Caryophyllene 1,407 S 197 076 468 —.053
Spathulenol 1,565 T 184 —-410 .180 -.179
Caryophyllene oxide 1,570 S 243 —-.149 250 -.338
Viridiflorol 1,579 S -113 260 259 .009

2RI, Kovats retention index relative to n-alkanes on nonpolar column HP-5MS.
b1dC, identification compound; S, standard compound; T, tentatively identified
compound.

Finally, PC4 (10.1% variability) was positively correlated
with camphene (.466) and negatively with 1,8-cineole (—.507)
and caryophyllene oxide (—.338).

When means of samples corresponding to each season and
location were labelled according to their original collect-
ing locations (Population factor) and displayed in a scatter-
plot generated from the PCA analysis, they mostly grouped
together regardless the season (Year factor) or location (Envi-
ronment factor) of cultivation (Figure 1). Populations Tuixent
and Guixers from The Pyrenees, characterized by a significant
amount of a-thujene (4.9% and 11.8%, respectively; Table 2),
grouped together. Samples from Aliaguilla with high contents
in 1,8-cineole (38.7%) grouped distinctly. Moratalla, with the
highest content in camphor (32.4%), also formed a separated
cluster. The rest of the samples showed a more heterogeneous
distribution.

4 | DISCUSSION

The main compounds present in the essential oils of these
populations of Spanish sage were o-pinene, p-pinene,
limonene, 1,8-cineole, and camphor (Table 2), which agree
with those described in the literature for this species (Guillen
& Ibargoitia, 1995; Herraiz-Pefalver et al., 2010; Méndez-

Tovar et al., 2016; Usano-Alemany et al., 2016). Nevertheless,
these terpenes, as well as others less abundant, showed a
remarkable variability in their contents. Some terpenes like
o-thujene, p-cymene, y-terpinene, bornyl acetate, spathu-
lenol, or viridiflorol were in negligible amounts (~0.1%) in
some populations but were relatively significant in others.
A similar variability has been observed in wild plants from
Iberian Peninsula (Herraiz-Pefalver et al., 2010) despite
the fact that some of them lacked camphor unlike samples
analysed in this work, in which it was always identified.
Likewise, some authors did not detect camphene in naturally
grown or cultivated plants of S. lavandulifolia (Rzepa et al.,
2009), in contrast to the samples analysed in this work. Thus,
the presence or absence of some of these terpenes could be
considered as potential chemotaxonomic markers to discrim-
inate species, subspecies, or populations of the genus Salvia
in general, and S. lavandulifolia in particular. For example,
a-thujene was present in percentages higher than 1% only
in samples from Guixers (11.8%) and Tuixent (4.9%), and
viridiflorol in Vertavillo (12.4%), Tendilla (5.6%), La Sentit
de Si6 (4.1%), Letur (3.2%), and Olmeda de la Cuesta (2.0%).

In the classical quantitative genetic framework, an observed
phenotype results of the sum of genetic and environmen-
tal effects plus an interaction between both. From a breed-
ing point of view, the bigger the genetic effect, the easier
the selection of cultivars is. Traditionally, quantitative traits
are largely affected by environmental effects, and therefore,
they are more difficult to select than qualitative traits which
are mainly determined by genetics. Since S. lavandulifolia
wild populations show a great variability (Herraiz-Pefialver
et al., 2010; Jordan et al., 2009; Méndez-Tovar et al., 2016),
multilocation assays must be conducted in order to minimize
environmental effects that may mislead the selection of suit-
able genotypes for commercial production of sage. In agree-
ment with a previous wild population survey (Méndez-Tovar
et al., 2016), most of the variability observed in this work
for the yield and the composition of the essential oils was
related with the original collecting locations of plants (Pop-
ulation factor) as deduced from the multivariate analysis of
variance, which demonstrated that this factor was largely the
most important (Table 3). The year of cultivation had a min-
imal influence on the composition of the essential oils as
well as in the yields of biomass and essential oil, and only
in the content of f-myrcene had a limited weight. In general,
the Environmental factor, namely the location where the trial
was conducted, had a much major influence than the Year
factor, however its percentages—with the exception of the
dry biomass yield—were rather low as compared with those
due to genotype (Population factor). The prevalence of the
Population factor over the other factors analysed resulted in
quite high values of heritability (h*BS > .5) for most of the
terpenes. Only the content of bornyl acetate, poorly corre-
lated with the genotype, showed a low heritability. Likewise,
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the production of biomass also showed a scarce heritability.
Overall, these data are a starting point to the accomplishment
of potential plant-breeding programs to select homogeneous
Crops.

The predominance of the geographic origin of the plants
on the composition of the essential oils was confirmed from
the distribution of the samples in a scatterplot of the first
three principal components generated from the PCA analysis
(Figure 1). Overall, this analysis showed a grouping of
samples according to their origin independently of the year
or location of cultivation, which again points to a prevalence
of the genetic factors on the composition of the essential oil.
This is in agreement with the previous study of the morpho-
logical variability of these plants, which was also heavily
influenced by the geographical origin of the populations
(Herraiz-Pefialver, Asensio-Manzanera et al., 2017). Previous
studies on wild populations of S. lavandulifolia (Herraiz
et al., 2010; Jordan et al., 2009; Méndez-Tovar et al., 2016)
and other species of Salvia (Rajabi et al., 2014) have shown
the importance of the geographical origin on the composition

Distribution of samples labelled by population in a scatterplot of the three first principal components of the principal component

of essential oil. However, these studies were performed with
wild plants from different locations, and therefore from
different climatic conditions and soils, hence the authors
conclude that differences observed among populations could
be a priori attributed to genetic and/or environmental factors.
The results of this work, in which the location has been
fixed (Cuenca or Valladolid) for all populations and the
climatic conditions have been the same within each year
and location, suggest that the essential oil composition in S.
lavandulifolia is chiefly determined by genetics, and envi-
ronmental factors have a minor influence. These results
are consistent with those observed in individual plants of
S. lavandulifolia collected from different locations which
preserved their essential-oil chemical profiles when they
were cultivated in an experimental field during 3 yr (Usano-
Alemany et al., 2014). A very similar study carried out
by our group on the essential oil variability of cultivated
rosemary has also shown a pattern clustering strongly depen-
dent on the collecting location of the original populations
(Herraiz-Penalver, Fernandez-Sestelo et al., 2017).
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S | CONCLUSIONS

Salvia lavandulifolia Vahl. is a valuable aromatic and medici-
nal plant with an important market demand in flavor and food
industry, aromatherapy, cosmetics, and pharmacology. All
these applications require plants with a well-defined and sta-
ble composition of essential oil that ensures a homogeneous
supply of material over time. Accordingly, gaining insight into
the variability and stability of essential oil composition is a
prerequisite for obtaining a standardized material that enables
a rational exploitation of this crop. This study shows a wide
variability in the composition of essential oils of populations
of S. lavandulifolia that was strongly dependent on the geo-
graphical origin of the populations. This variability was pre-
served in a large extent under the cultivation conditions. In
contrast, environmental factors affecting the cultivation like
soil or climatic conditions had a minor influence, that is, the
composition of essential oil seems regulated mainly by genet-
ics. These findings favor the selection and breeding of indi-
vidual plants (clones) with a favorable composition for a spe-
cific application with a homogeneous quality from year to
year. In contrast, agronomical traits as dry biomass produc-
tion and essential oil yield were highly influenced by envi-
ronment, and they should be evaluated in multi-environment
trials.
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