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Abstract: The objective of this study was to evaluate the production, contents, and essential oil (EO)
components of sage as a function of the diurnal variation. The EOs from the aerial parts of the plant
harvested at different day/night times were extracted by hydro-distillation. Plants were harvested in
2 h intervals (twelve harvesting times during each 24-h day). Harvesting between 4:00 and 6:00 p.m.
revealed the highest EO percentage (1.14%), whereas harvesting between 04:00 and 06:00 a.m. in-
dicated the minimum EO percentage (0.599%). The analysis of the EO identified 32 components.
The major identified EO compounds were cis-thujone (34.38–46.18%), 1,8-cineol (8.70–11.07%), cam-
phor (9.65–14.38%), and trans-thujone (9.43–14.19%). The highest value of cis-thujone (46.18%) was
related to the harvest time of 04:00–06:00 a.m., and the lowest value (34.38%) was recorded at the
harvest time of 00:00–02:00 a.m. The highest value of trans-thujone (14.19%) was obtained between
10:00–00:00 p.m., and the lowest value (9.43%) was obtained between 10:00–12:00 a.m. Camphor
was another dominant compound where the highest (14.38%) was observed at 00:00–2:00 a.m. Our
findings in sage, for the first time, may pave the route towards the optimization of sage EO quality
and quantity by selecting the best harvesting time of the plants.

Keywords: Salvia officinalis; cis-thujone; essential oil; harvest time; sage; diurnal variation

1. Introduction

Salvia spp., with more than 900 species, is categorized as the largest genus of the
Lamiaceae family. Plants of this genus grow all over the world and S. officinalis is native
to the Middle East and the Mediterranean region. It is a perennial plant and is one of the
most important and oldest medicinal plants of the Lamiaceae family [1,2]. This plant has a
long history in traditional and culinary medicine and as a flavoring and seasoning and is
widely used [3]. A wide range of phytochemicals is well identified in the sage plant. These
compounds include alkaloids, carbohydrates, fatty acids, glycoside derivatives, phenolics,
such as coumarins and flavonoids, as well as polystylenes, steroids, and essential oils
(EOs) [4–6]. The aerial parts of this plant, especially the leaves, contain EO widely used as
a raw material in various food, cosmetics, and pharmaceutical industries [7]. Numerous
studies have reported the EO compositions of different species of sage as follows: ß-
pinene, borneol, α-humulene, α-thujene, α-pinene, and camphene [8–11]. Sage EO has a
wide range of medicinal and aromatherapy applications and is traditionally used to treat
more than 60 diseases, including colds, bronchitis, tuberculosis, bleeding, and menstrual
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disorders [12]. According to the reviewed literature, the sage plant has also a great potential
to be used as anticholinesterase [13], against diabetes [14], has anti-inflammatory and
antispasmodic properties [15], and is also known for its antioxidant and antimicrobial
characteristics [16–19].

Sage is one of the most valuable medicinal plants in terms of EO richness and has
EOs with very complex chemical compositions. Recent research in medicine and pharmacy
has focused on the development of new drugs and biological materials based on EOs
or plant extracts, which will be a new way to treat diseases [20–22]. EOs are one of
the best bio-preservatives obtained from aromatic plants and important spices and have
different levels of antifungal and bacterial activity [23]. Due to the fact that most medicinal
plants are cultivated for the production of EOs, the quality of EOs is one of the most
important components of the production of these plants, which affects their biological
properties. Although the synthesis of EOs of aromatic and medicinal plants is controlled by
genetic factors, it is strongly influenced by various factors, such as the physiological stages,
agronomic conditions, harvest time, and post-harvest cultivation methods. The percentage
and composition of EOs of medicinal plants are strongly influenced by environmental
factors, such as day/night temperature, relative humidity, and light conditions (quantity
and quality) [24,25].

In some species, the composition of the EO varies with harvest time during the day,
and this harvest time may be of great agricultural and economic importance. Therefore,
in order to predict the best harvest time, it is necessary to consider a combination of the
EO content, yield, composition, and organoleptic properties of EO and reciprocally pay
attention to the economic aspects [26]. Changes in the composition and content of EOs at
different times of the day and night have been less studied. By reviewing the literature, it
becomes obvious that most of the conducted studies in the field are related to the effect
of harvest time at different hours of the day (for example for Matricaria chamomile [27],
Hypericum species [28], and Laurus nobilis [29]), while less studies have been focused on the
overnight harvesting times. Because the main purpose of sage cultivation is to use its EO
in various industries, evaluating the amount of EO and its quality at the harvest time is
very important for producers. However, daily changes in the phytochemical composition
of sage EO have not yet been extensively studied.

Many environmental factors, such as light, humidity, temperature, altitude, and nu-
merous others, alone or together, may result in many biochemical, physiological, and even
phenotypical variations, which are ultimately responsible for the alterations occurring
in the secondary metabolite content and composition. It is very well known that these
factors directly affect the EO content and composition as well [30]. Scientists have already
studied many environmental factors, including the photoperiod, day/night temperature,
relative humidity, precipitation and/or irrigation conditions, and soil profile, that influence
the metabolism of EOs in medicinal plants. For example, one of the factors that greatly
affects the EO of medicinal plants is the temperature. The temperature of the air is vari-
able during the day and night, and this causes changes in the EO during the day and
night [31]. Studies on eucalyptus, white cedar, and rosemary by Ramezani and colleagues
confirm this [32]. Moreover, previous studies on various medicinal plants, such as basil
(Ocimum gratissimum) [33], different species of geranium (Pelargonium spp.) [34], lavender
(Lavandula angustifolia Mill.) [35], and different species of savory (Satureja spp.) [36], show
the significant effect of different harvest hours during the day on the yield and percentage
of EO. Studies by [32] regarding the effect of different harvest hours on the percentage of
coriander EO (Coriandrum sativum L.) showed that the highest percentage of EO was at
12 noon and then at 6 a.m., 6 p.m., and 12 p.m., respectively [32].

By reviewing a large number of studies on medicinal plants (and, more specifically, the
ones which were conducted on EO-bearing plants), it has been seen that the information
on the harvest time and diurnal variation of EOs in these plants is very limited. Therefore,
identifying the best harvesting time in regard to the maximum EO content, as well as
its correlation to the best quality terms of that specific EO, has been considered highly
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relevant. These terms can be identified according to the pharmacognostic and therapeutic
functions of medicinal plants, which are often very well described in the national and
international pharmacopeia. Hence, regarding the commercialization aspects of sage
collection and harvest and its importance for medicinal plants producers, the present
research was performed to identify the changes that occur during the day in the EO content
and composition of sage plants. Hence, to better predict the best time to harvest sage plants
according to the EO content and composition, several statistical analyses, such as cluster
and principal component analyses, were carried out in order to identify the changes that
occur during the day and night in the EO content and composition of sage plants. Thus,
the main objective of this study was to determine the optimal harvest time for sage EO
production by observing the various changes that occur during the day and night.

2. Materials and Methods
2.1. Field Study and Plant Material

The experiment was carried out in the farm of Shahid Madani University (Tabriz, East
Azerbaijan, Iran) with the geographical coordinates of 35◦ 84′ N, 51◦ 81′ E (1215 m above sea
level) in 2018. This area is considered a semi-arid region (mean yearly rainfall of 298 mm),
where the majority of rainfalls occurring in autumn and winter. According to the soil analysis,
the soil at the experimental site was categorized as a sandy loam (based on the soil texture
triangle). Other detailed information regarding the soil and climatic conditions of the experi-
mental site is presented in Table 1 and Figures 1 and 2. During the last week of February, the
seedbed was prepared by plow and disk (30 cm). Each plot consisted of five rows, and the
experimental unit was 2 m long and consisted of five spaced rows (0.4 m distance between the
rows). The sage plant material was supplied by the Research Institute of Forests and Range-
lands (RIFR), Iran. The transplanting in the field was performed on 10 May 2018, when the
seedlings contained eight true leaves and their heights were about 15 cm. During the growth
time, irrigation was performed according to the crop’s needs in relation to the soil properties.
Weeding was performed by hand. There were no pests or diseases observed during the plant
growth. At the full flowering stage (140 days after planting), the aerial fresh part of the sage
plants (10 plants per replication) was collected at twelve different time points (on three dif-
ferent days) of 6:00–8:00 a.m., 8:00–10:00 a.m., 10:00–12:00 a.m., 12:00–2:00 p.m., 2:00–4:00 p.m.,
4:00–6:00 p.m., 6:00–8:00 p.m., 8:00–10:00 p.m., 10:00–00:00 p.m., 00:00–2:00 a.m., 2:00–4:00 a.m.,
and 4:00–6:00 a.m., which were counted as twelve different treatments.

Table 1. Physicochemical properties of the soil.

Soil
Texture

Electrical
Conductivity

(dS. m−1)

Soil
Acidity

Organic
Matter Total N Available

P
Available

K
Available

Zn
Available

Cu
Available

P Fe
Available

P Mn

% mg kg−1

sandy
loam 5.55 7.97 1.15 0.11 28.5 820 0.52 0.54 1.2 3

2.2. Essential Oil Extraction

In order to measure the EO content of the harvested material, the aerial parts of the
plants were dried under shade for 10 days and powdered using an electric blender. The
extraction of EO was conducted using the hydrodistillation method. The extraction of
sage EO has been performed using microwave hydrodiffusion and gravity (MHG), as
well as microwave-generated hydrodistillation (MGH), by Binello et al. 2014. However,
hydrodistillation was suggested as the best and most efficient method [37]. Therefore, the
EO of the obtained samples (50 g with 3 replicates for each harvest time) were extracted
for 3 h using a Clevenger-type apparatus. The obtained EO was then dried by anhydrous
sodium sulphate (British Pharmacopoeia, 1988), and the EO content (w/w %) was deter-
mined on an EO weight to dry weight basis. In order to analyze the EO components,
coupled gas chromatography and mass spectrometry were used. The obtained spectra
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and chromatograms were compared with standard spectra (provided by the library), and
the relative percentage of each component was calculated using the area under the curve
function, as well as the area normalization method described by Kapoor et al. [38].
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Figure 1. Averages of the air temperatures during the collecting times of S. officinalis.
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Figure 2. Averages of the light intensities during the collecting times of S. officinalis.

2.3. Identification of Essential Oil Compositions

After the injection of the extracted EOs into the gas chromatograph and the selection
of the best-running column program, the EO samples were diluted with acetone and 1 µL
was injected into the gas chromatograph coupled with a mass spectrometer. Individual
molecules were spotted and recognized by linking the retention indices (RI) and Kovats
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Index (KI), as well as the careful alignment of the recorded mass spectra with the ones
reported in the National Institute of Standards and Technology (NIST 11.0) mass-spectral
library, the Wiley MS data system library (Wiley, Chichester, UK), and the previous literature.
In order to calculate the inhibition index, normal hydrocarbons (9–25 ◦C) under exactly
similar thermal conditions as the injected samples were used.

2.4. GC and GC/MS

For the GC and GC/MS analysis, a Thermo-UFM gas chromatograph (Model 9A) with
an Hp-5 column was used. The dimensions of the applied column were 10 m × 0.1 mm
with 0.4 µm. The temperature program had an initial temperature of 60 ◦C (3 min), then
increased to 285 ◦C (increasing at a rate of 5.8 ◦C per min). The apparatus injector and the
FID detector temperatures were set at 280 ◦C. Helium was used as the carrier gas for the
GC/FID analysis, with a pressure of 3 kg per cm2. The percentage of each compound was
calculated by the electronic integration of the FID peak areas without the use of a response
factor correlation. A Varian 3400 GC/MS, connected to an ion trap mass spectrophotometer,
was used. The column used was a DB-5 (30 m × 0.25 mm i.d., film thickness 0.25 µm).
A similar temperature program was used; however, the final column temperature was
250 ◦C. The injector temperature was set at 260 ◦C. Helium gas was used as the carrier
gas, with the flow rate of 31.5 cm per second. The scanning time was 1 s, the ionization
voltage was 70 eV, and the mass range analyzed was 40–340 amu. The components were
identified by comparing their retention time and indices, as well as mass spectra, with
those of the authentic standards. The percentage evaluation of the oil components was
made by area normalization.

2.5. Statistical Design and Analysis

To assess the influence of the diurnal harvesting time on the EO content and composi-
tion and the relationship between EO composition, a variance analysis (a one-way ANOVA
based on the randomized complete block design (RCBD)) with 12 treatments, a comparison
of means, a principal component analysis (PCA), and a cluster analysis were performed.
The blocks (replications) were planned according to the slope of the field. Each block in-
cluded 12 plots (harvest times). The treatments in each block were randomly selected, there
were three blocks in total, and the results were calculated as mean values ± standard error
(SE). The variations (standard error of means, SE) and the significances of the treatment
effects (F-test) were calculated and tested using the general linear model procedure of SAS.
The means of the obtained data were compared using Duncan’s multiple range test at a
probability level of p ≥ 0.05.

3. Results and Discussions
3.1. Essential Oil Content

The essential oil extracted from the sage aerial parts was colorless or pale yellow,
with a pleasant smell and the characteristic aroma of the plant. Therefore, based on the
extraction of EOs by the hydrodistillation method with a Clevenger-type apparatus, a
significant difference was observed in the amount of EO yielded in different hours of the
day and night. The higher yield of EO was observed from 10 a.m. to 6 p.m.; among these
time periods, the highest level was observed between 4 p.m. and 6 p.m. (1.14%) (Figure 3).
On the other hand, the lowest amount of EO was observed at 4:00–6:00 a.m. Our results
showed that the EO content is affected by the oscillations occurring in the temperature and
relative humidity throughout the day and night patterns. Two of the probable reasons for
the high levels of EO during the day compared to night are the light intensity and high
temperature. In our study, at 2–4 p.m., when the temperature and light intensity were at
their maximum, the highest essential oil yield was obtained. In addition, the quantity and
quality of the volatile compounds produced during this period were also high. As a result,
high and optimal temperature and light intensity had a great impact on the performance
and production of the volatile compounds in this study. Some researchers have reported
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that at higher light intensities the synthesis of secondary metabolites in medicinal and
aromatic plants increases [39].
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Figure 3. Changes in the essential oil percentage of S. officinalis during the day and night. Means
followed by common letter are not significantly different at the level of 5% (Duncan’s multiple
range test).

The results showed that the percentage of EO increased from 6 a.m. to 4 p.m., then
showed a slight decrease but returning to increase slightly at 00:00 to 02:00 a.m. This
increase was not significantly different compared to the 2 h time courses of before and
after the recorded time. The day and nighttime variation of medicinal plants is a very
important factor in determining the quantity of the EO produced. This phenomenon directly
influences the plant growth and, subsequently, the EO content and composition of medicinal
plants (as a result of changed metabolism by, for example, affecting the efficiency/speed
of modification of the enzymes activity) [40]. Light is a very important factor involved in
glandular trichome development and plant structure in the synthesis and accumulation
of EO [41]. In this study, we observed that there was a significant variation during the
circadian cycle. We did not investigate the effects of individual factors influencing the
circadian cycle, which are subsequently expected to affect the EO content and could be of
great interest during future studies. A lower production of EOs under low light conditions
can be correlated to the reactions related to carbon synthesis because the production of
EO compounds is regulated by photosynthetic processes and increases the production of
secondary metabolites under high light conditions, which needs to be carefully investigated.
The best harvesting time, which provides the maximum EO content in this research, was
established to be in the evening hours after the noontime period, when the sage plants
were covered in dew and the temperatures dropped. This temperature is presumed to
preserve the volatile organic compounds from vaporization. On the other hand, it is
known that the photoperiod can directly influence the EO content and composition, so
that the leaf number, as well as the EO content, gradually increased with an increasing the
photoperiod (time), where the shorter days (12 h) lead to a reduction in areal part growth
and EO content. Although we did not control or perform experiments to understand the
effect of photoperiod on the sage EO, there are reports in which the photoperiod role is
emphasized as critical in the final EO content (for example, in Cannabis sativa [42] and
Mentha species [43]).

A similar variation of the EO percentage, depending on the harvesting time of the day,
has been found in Matricaria chamomile [44], Lavandula officinalis [45], Ocimum x citriodorum [39],
and Mentha piperita [46].
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3.2. Constituents of the EO

The results of the analysis of the constituents of the EO are reported in Table 2. Based
on the results, 32 different compounds were identified at different harvest hours. The
results of the experiment showed that the quality of the EO was affected by the harvest time
at different hours of the day. The major EO compounds were cis-thujone (34.38–46.18%),
1,8-cineol (8.70–11.07), camphor (9.65–14.38), and trans-thujone (9.43–14.19%).

Cis-thujone had the highest value among the identified compounds. Among the
harvest hours, the highest (46.18%) and lowest (34.38%) values of cis-thujone were related
to 04:00–06:00 a.m. and 00:00–02:00 a.m., respectively. In addition, trans-thujone was
another dominant compound in all stages of the harvesting times. The highest (14.19%)
and lowest (9.43%) values of this compound were obtained between 10:00–00:00 p.m. and
10:00–12:00 a.m., respectively. Many environmental factors, such as the light intensity (and
quality) and diurnal temperature, as well as some abiotic stresses, can play an important
role in changing the composition of the extracted EOs from medicinal plants [47]. The
greater accumulation of trans-thujone at noon may be due to the intensity of light at this time
(Figure 2). Camphor was another dominant compound, and the highest amount (14.38%)
was observed at 00:00–2:00 a.m. Another dominant compound was 1,8-cineol, according to
results showing the highest (11.07%) and lowest (8.70%) amounts at 02:00–04:00 a.m. and
2:00–4:00 p.m., respectively.

α-pinene, camphene and β-pinene were other compounds whose highest values
were obtained at 00:00–2:00 a.m., with 4.32%, 3.05%, and 4.82% values, respectively. (E)-
caryophyllene, α-humulene, viridiflorol, and manool were other important compounds
that did not differ significantly between treatments in terms of percentage. To the best of
our knowledge, three harvest times in sage, including 12:00–2:00 p.m., 2:00–4:00 p.m., and
4:00–6:00 p.m. are suggested, considering the yield, quantity, and quality of the EO.

It is known that the genetic background of plants plays an important role in the
chemodiversity of the produced specialized metabolites. However, the combined effect of
light, temperature, and relative humidity in a real situation is required to identify the best
harvest time for industrial purposes. Factors such as temperature, intensity, the duration
of sunlight, and the relative humidity are the main independent variables affecting the
composition of EOs in medicinal plants [39–46]. Among the variables, temperature has a
substantial effect on plant physiological processes, especially the photosynthetic pathway
and the biochemical and phytochemical compounds produced in this process. The results
showed that the synthesis of EO compounds is strongly influenced by environmental
factors, especially temperature and radiation intensity. The production and function
of EO compounds are strongly influenced by genetics, environment, anthogenesis, and
daily changes, and changes in EO compounds may occur overnight [48]. Changes in the
composition of EOs may be due to the changes in environmental factors that occur during
the day, which determine the physiology of the plant that affects the enzyme involved in the
synthesis of mono and sesquiterpenes. Although the effect of preharvest and postharvest
time of sage plants at the EO level was previously reported and the effect of agricultural
practices on the EO content was not significant [49], in this report we reported an additional
factor, which is the harvest time effect on the sage EO content and composition. From
our analysis, it is not very obvious whether this compound is converted or degraded.
Further study is required to identify the molecular changes occurring in the diterpenoid
biosynthetic pathway. The variation among the oxygenated EOs and, e.g., 1,8-cineol and
cis-thujone, and the sesquiterpenes, e.g., viridiflorol, not only indicates the activity of certain
terpene synthases but also a putative cytochrome P450, which acts as an oxygenating agent
on terpenoids, sitting on the endoplasmic reticulum membrane. The intrinsic activity of
monoterpenoid synthase enzymes in the plastids and oxygenation in the cytosol, therefore,
suggests the potential involvement of carrier proteins from and to the cytosol.



Horticulturae 2022, 8, 149 8 of 16

Table 2. Chemical composition of the essential oil components of S. officinalis obtained at different times of the day and night.

Part A: from 6 a.m. to 6 p.m.

No RI Adams (RI) Compounds 6:00–8:00 a.m. 8:00–10:00 a.m. 10:00–12:00 a.m. 12:00–2:00 p.m. 2:00–4:00 p.m. 4:00–6:00 p.m.

1 928 932 α-Pinene 3.70 ± 0.08 cd 3.94 ± 0.09 b 3.66 ± 0.03 cd 3.54 ± 0.04 d 4.16 ± 0.03 ab 3.09 ± 0.05 e

2 943 946 Camphene 3.11 ± 0.22 de 4.02 ± 0.22 b 3.83 ± 0.01 cd 3.85 ± 0.03 c 3.91 ± 0.11 bc 3.19 ± 0.05 de

3 967 969 Sabinene 0.24 ± 0.03 ab 0.25 ± 0.01 ab 0.28 ± 0.02 a 0.25 ± 0.01 ab 0.24 ± 0.01 ab 0.29 ± 0.01 a

4 971 974 β-Pinene 2.43 ± 0.01 d 2.81 ± 0.02 ab 2.52 ± 0.03 cd 2.77 ± 0.13 bc 2.54 ± 0.06 cd 2.62 ± 0.05 b-d

5 992 988 Myrcene 1.94 ± 0.08 c 1.60 ± 0.01 d 1.50 ± 0.03 d 1.95 ± 0.03 c 2.22 ± 0.04 b 2.51 ± 0.05 a

6 1001 1002 Phellandrene 0.00 ± 0.00 c 0.05 ± 0.00 b 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 ± 0.00 c

7 1012 1014 α-Terpinene 0.19 ± 0.01 ab 0.21 ± 0.01 ab 0.20 ± 0.02 ab 0.24 ± 0.02 a 0.19 ± 0.01 ab 0.17 ± 0.01 b

8 1019 1020 p-Cymene 0.28 ± 0.01 c 0.31 ± 0.00 bc 0.30 ± 0.02 bc 0.32 ± 0.01 a–c 0.29 ± 0.01 c 0.29 ± 0.00 c

9 1027 1026 1,8-cineol 9.63 ± 0.21 ef 10.38 ± 0.14 ab 9.87 ± 0.13 c–e 10.35 ± 0.38 b–d 8.70 ± 0.17 g 9.81 ± 0.01 de

10 1052 1054 γ-Terpinene 0.41 ± 0.01 a–c 0.46 ± 0.03 a–c 0.43 ± 0.02 a–c 0.47 ± 0.01 a 0.42 ± 0.01 a–c 0.37 ± 0.01 cd

11 1066 1065 cis-Sabinene hydrate 0.21 ± 0.03 ab 0.17 ± 0.01 b–e 0.18 ± 0.01 b–d 0.17 ± 0.01 b–e 0.16 ± 0.00 de 0.18 ± 0.01 b–d

12 1083 1086 Terpinolene 0.20 ± 0.02 c 0.25 ± 0.00 a 0.23 ± 0.01 a–c 0.25 ± 0.01 a 0.21 ± 0.01 a–c 0.20 ± 0.01 c

13 1107 1101 cis-Thujone 42.22 ± 2.27 b 37.04 ± 1.05 fg 37.82 ± 1.16 d–f 40.65 ± 0.20 bc 40.90 ± 0.64 bc 39.29 ± 0.41 c–e

14 1115 1112 trans-Thujone 10.38 ± 0.10 c 11.30 ± 0.30 b 9.43 ± 0.37 d 10.13 ± 0.39 cd 10.57 ± 0.25 c 10.59 ± 0.27 c

15 1140 1141 Camphor 9.65 ± 0.25 g 12.88 ± 0.90 ab 13.04 ± 0.55 bc 12.23 ± 0.14 cd 11.02 ± 0.13 ef 10.61 ± 0.23 e

16 1168 1165 Borneol 1.18 ± 0.00 f 1.48 ± 0.04 a–c 1.48 ± 0.08 a–e 1.50 ± 0.05 a–d 1.50 ± 0.05 a–d 1.25 ± 0.03 ef

17 1187 1186 α-Terpineol 0.68 ± 0.01 c 0.52 ± 0.01 d 0.51 ± 0.01 d 0.71 ± 0.02 c 0.90 ± 0.05 b 1.08 ± 0.04 a

18 1216 1215 trans-Carveol 0.00 ± 0.00 c 0.05 ± 0.00 b 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 ± 0.00 c

19 1230 1226 cis-Carveol 0.07 ± 0.01 a 0.07 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.07 ± 0.00 b 0.06 ± 0.00 b

20 1286 1284 Bornyl acetate 0.84 ± 0.02 c 0.94 ± 0.00 ab 0.94 ± 0.02 ab 0.81 ± 0.01 a–c 1.02 ± 0.07 a 0.91 ± 0.04 ab

21 1393 1298 Carvacrol 0.22 ± 0.00 a 0.18 ± 0.03 b 0.12 ± 0.00 b 0.22 ± 0.01 ab 0.31 ± 0.01 ab 0.42 ± 0.01 ab

22 1417 1417 (E)-Caryophyllene 1.91 ± 0.05 bc 1.84 ± 0.12 ab 2.13 ± 0.03 a 1.37 ± 0.04 bc 1.74 ± 0.03 ab 2.05 ± 0.09 a

23 1436 1431 β-Gurjunene 0.24 ± 0.02 a–c 0.25 ± 0.01 ab 0.25 ± 0.03 a 0.14 ± 0.00 bc 0.25 ± 0.03 a 0.21 ± 0.01 a–c

24 1452 1452 α-Humulene 2.48 ± 0.31 b–d 2.59 ± 0.17 a–d 2.74 ± 0.14 ab 1.78 ± 0.01 cd 2.67 ± 0.07 a–c 2.71 ± 0.01 ab

25 1492 1496 Ledene 0.19 ± 0.01 d 0.24 ± 0.01 ab 0.21 ± 0.02 a–c 0.20 ± 0.01 a–d 0.19 ± 0.01 a–d 0.18 ± 0.01 b–d

26 1520 1522 δ-Cadinene 0.00 ± 0.00 ab 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b

27 1575 1577 Spathulenol 0.16 ± 0.01 a 0.18 ± 0.01 a–c 0.20 ± 0.01 ab 0.16 ± 0.01 a–c 0.12 ± 0.01 bc 0.17 ± 0.00 a–c

28 1582 1582 Caryophyllene oxide 0.45 ± 0.03 a 0.48 ± 0.02 b 0.61 ± 0.01 ab 0.47 ± 0.01 b 0.45 ± 0.03 b 0.52 ± 0.03 ab

29 1591 1592 Viridiflorol 2.04 ± 0.21 ef 2.21 ± 0.15 d–f 2.81 ± 0.02 ab 2.39 ± 0.02 a–d 2.17 ± 0.04 c–f 2.75 ± 0.14 a–c

30 1597 1602 Ledol 0.66 ± 0.03 a 0.66 ± 0.03 ab 0.77 ± 0.01 ab 0.62 ± 0.02 ab 0.75 ± 0.03 ab 0.78 ± 0.07 ab

31 2054 2056 Manool 2.74 ± 0.15 bc 2.24 ± 0.07 bc 3.18 ± 0.02 a 2.21 ± 0.12 bc 1.87 ± 0.08 bc 3.14 ± 0.08 a

32 2066 2059 13-epi-Manool 1.10 ± 0.06 a 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b
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Table 2. Cont.

Part B: from 6 p.m. to 6 a.m.

No RI Adams (RI) Compounds 6:00–8:00 p.m. 8:00–10:00 p.m. 10:00–00:00 p.m. 00:00–2:00 a.m. 2:00–4:00 a.m. 4:00–6:00 a.m.

1 928 932 α-Pinene 09 ± 0.05 e 06 ± 0.02 e 17 ± 0.04 e 32 ± 0.11 a 76 ± 0.03 c 99 ± 0.05 e

2 943 94 Camphene 37 ± 0.13 d 83 ± 0.10 c 01 ± 0.01 e 82 ± 0.11 a 15 ± 0.04 bc 10 ± 0.06 de

3 967 969 Sabinene 28 ± 01 a 19 ± 01 c 29 ± 01 a 22 ± 01 bc 20 ± 01 bc 25 ± 03 ab

4 971 974 β-Pinene 57 ± 0.04 cd 52 ± 0.13 cd 55 ± 0.03 cd 05 ± 0.03 a 70 ± 0.06 bc 54 ± 0.14 cd

5 992 988 Myrcene 58 ± 0.05 d 22 ± 0.12 b 68 ± 0.04 d 53 ± 0.02 d 68 ± 0.01 d 32 ± 0.04 b

6 1001 1002 Phellandrene 06 ± 01 a 00 ± 00 c 00 ± 00 c 00 ± 00 c 06 ± 00 a 00 ± 00 c

7 1012 1014 α-Terpinene 23 ± 03 ab 08 ± 01 c 20 ± 00 ab 00 ± 00 d 22 ± 00 ab 22 ± 04 ab

8 1019 1020 p-Cymene 31 ± 04 bc 27 ± 02 c 30 ± 01 bc 37 ± 01 a 36 ± 03 ab 29 ± 01 c

9 1027 1026 1,8-cineol 20 ± 0.12 fg 42 ± 0.19 bc 37 ± 0.08 ef 85 ± 0.09 ab 80 ± 0.12 ab 07 ± 0.30 a

10 1052 1054 γ-Terpinene 47 ± 02 a 33 ± 01 d 45 ± 03 ab 39 ± 01 bc 46 ± 02 ab 41 ± 04 a–c

11 1066 1065 cis-Sabinene hydrate 24 ± 02 a 18 ± 01 b–d 21 ± 01 a–c 16 ± 01 de 14 ± 01 e 17 ± 01 c–e

12 1083 1086 Terpinolene 24 ± 00 ab 20 ± 01 bc 23 ± 01 a–c 23 ± 01 a–c 26 ± 02 a 20 ± 01 c

13 1107 1101 cis-Thujone 26 ± 0.50 b–d 44 ± 0.25 b–d 93 ± 0.04 e–g 38 ± 0.10 g 52 ± 0.21 c–f 18 ± 0.34 a

14 1115 1112 trans-Thujone 45 ± 0.31 b 43 ± 0.04 d 19 ± 0.47 a 29 ± 0.16 cd 89 ± 0.12 cd 28 ± 0.05 cd

15 1140 1141 Camphor 80 ± 0.29 de 45 ± 0.26 b 10 ± 0.17 fg 38 ± 0.10 a 49 ± 0.23 b 34 ± 0.20 fg

16 1168 1165 Borneol 41 ± 0.05 b–f 64 ± 0.04 ab 32 ± 0.04 c–f 70 ± 0.06 a 67 ± 0.19 a 26 ± 0.02 d–f

17 1187 1186 α-Terpineol 49 ± 01 d 99 ± 00 ab 55 ± 03 d 67 ± 01 c 57 ± 02 d 90 ± 06 b

18 1216 1215 trans-Carveol 05 ± 00 ab 00 ± 00 c 00 ± 00 c 00 ± 00 c 06 ± 00 a 00 ± 00 c

19 1230 1226 cis-Carveol 04 ± 02 b 00 ± 00 b 09 ± 01 b 00 ± 00 b 00 ± 00 b 00 ± 00 b

20 1286 1284 Bornyl acetate 91 ± 05 ab 83 ± 01 a–c 92 ± 04 ab 91 ± 01 ab 00 ± 0.12 ab 75 ± 03 bc

21 1393 1298 Carvacrol 13 ± 01 b 35 ± 03 ab 15 ± 00 b 54 ± 03 ab 17 ± 01 b 32 ± 02 ab

22 1417 1417 (E)-Caryophyllene 11 ± 0.06 a 31 ± 0.05 bc 00 ± 0.06 a 10 ± 0.12 c 62 ± 0.05 a–c 31 ± 0.07 bc

23 1436 1431 β-Gurjunene 24 ± 02 ab 21 ± 01 a–c 24 ± 01 ab 23 ± 01 ab 18 ± 01 a–c 12 ± 00 c

24 1452 1452 α-Humulene 81 ± 0.11 a 90 ± 0.06 b–d 86 ± 0.03 a 17 ± 0.01 a–d 98 ± 0.01 a–d 55 ± 0.03 d

25 1492 1496 Ledene 21 ± 01 a–c 21 ± 01 a–c 25 ± 00 a 18 ± 01 b–d 17 ± 01 b–d 14 ± 01 cd

26 1520 1522 δ–Cadinene 00 ± 00 b 00 ± 00 b 07 ± 00 a 00 ± 00 b 00 ± 00 b 00 ± 00 b

27 1575 1577 Spathulenol 15 ± 03 a–c 18 ± 01 a–c 19 ± 01 a–c 18 ± 01 a–c 15 ± 00 a–c 11 ± 01 c

28 1582 1582 Caryophyllene oxide 46 ± 03 b 45 ± 00 b 56 ± 02 ab 49 ± 01 ab 54 ± 03 ab 31 ± 01 b

29 1591 1592 Viridiflorol 41 ± 0.12 a–d 24 ± 0.14 b–e 98 ± 0.01 a 79 ± 0.02 ab 30 ± 0.11 b–e 59 ± 0.18 f

30 1597 1602 Ledol 64 ± 02 ab 66 ± 03 ab 80 ± 00 ab 72 ± 01 ab 68 ± 05 ab 34 ± 02 b

31 2054 2056 Manool 43 ± 0.04 b 90 ± 0.06 bc 67 ± 0.04 a 06 ± 0.03 a 72 ± 0.05 c 82 ± 04 d

32 2066 2059 13-epi-Manool 00 ± 00 b 00 ± 00 b 00 ± 00 b 00 ± 00 b 00 ± 00 b 00 ± 00 b

Means followed by common letter are not significantly different at the level of 5% (Duncan’s multiple range test).
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3.3. Correlation Analysis

The purpose of the correlation analysis was to determine whether there is a relationship
between two phytochemical compounds that are related, whether it is positive or negative,
or no correlation exists. The results of the correlation analysis revealed that the combination
of 1,8-cineol with camphene (0.40), β-Pinene (0.47), ρ-cymene (0.42), camphor (0.52), borneol
(0.38), carvacrol (0.34), and α-humulene (0.36) had positive and significant correlations. On
the other hand, the correlation analysis revealed that sabinene (−0.43), cis-sabinene hydrate
(−0.34), trans-thujone (−0.33), cis-carveol (−0.64), (E)-caryophyllene (−0.58), β-gurjunene
(−0.45), α-humulene (−0.60), and ledene (−0.41) have a significant negative correlations
with 1,8-cineol. In addition, a significant positive correlation was noted between the cis-
thujone compound with myrcene (0.63) and α-terpineol (0.43), while cis-thujone showed
significant negative correlations with α-pinene (−0.45), camphor (−0.36), bornyl acetate
(−0.37), δ -cadinene (−0.33), spathulenol (−0.49), caryophyllene oxide (−0.49), viridiflorol
(−0.52), ledol (−0.49), and manool (−0.51). The results of the correlation analysis revealed
that the trans-thujone correlations with sabinene (0.44), γ-terpinene (0.35), cis-sabinene
hydrate (0.45), cis-carveol (0.70), (E)-caryophyllene (0.35), α-humulene (0.52), ledene (0.38),
δ-cadinene (0.47), and manool (0.34) were positive and significant, while it had a significant
negative correlation with camphene (−0.33), 1,8-cineol (−0.33), camphor (−0.40), and
α-humulene (−0.52).

Camphor had positive correlations with α-pinene (0.37), camphene (0.84), β-pinene
(0.57), ρ-cymene (0.58), 1,8-cineol (0.52), terpinolene (0.40), borneol (0.85), and α-humulene
(0.42), while it had negative correlations with sabinene (−0.42), myrcene (−0.47), cis-thujone
(−0.36), trans-thujone (−0.40), cis-carveol (−0.53), δ-cadinene (−0.37), and 13-epi-manool
(−0.44) (Table S1). In EO volatile compounds, a positive correlation between compounds
means that the amount and production of these components are related to each other, with a
relationship between the two variables in which both variables move in the same direction,
in a way that by increasing the production of one of them the production of another one is
increased, or one variable decreases while the other decreases. On the other hand, negative
coefficients show an inverse correlation between compounds [50].

3.4. Cluster Analysis and Principal Component Analysis (PCA)

The cluster analysis was conducted to monitor the differences and similarities between
the different harvesting times in order to find the effect of the studied harvesting times on
the extracted phytochemicals in S. officinalis. The results of the cluster analysis showed
that the 12 treatments were divided into 6 separate groups (G1, G2, G3, G4, G5, and G6)
(Figure 4) that were identified by the similarity of their essential oil composition. Based
on the dendrogram acquired from the cluster analysis, it was observed that treatments
2:00–4:00 p.m., 4:00–6:00 p.m., 6:00–8:00 p.m., 8:00–10:00 p.m., and 10:00–00:00 p.m. were
in the same group (G3), while the 8:00–10:00 a.m., 10:00–12:00 a.m., and 12:00–2:00 p.m.
treatments were in Group 2 (G2). The other studied treatments were each represented
individually by a group. Hence, the importance of the cluster analysis, in addition to
grouping, is to determine which groups are more or less spaced apart. Groups that are
separated by a short distance from this study suggest that the quality and quantity of the
active ingredients are largely similar. However, in groups separated by long distances, this
similarity is low and there are radical differences in terms of the types and amounts of
the effective substances. The results of Table S2 show that there is a significant difference
between the groups obtained from the cluster analysis based on all the studied compounds,
and these confirmatory results are in line with the proper grouping of the dendrogram
obtained from the cluster analysis.
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Figure 4. Hierarchical cluster analysis based on all studied traits during the day and night of
S. officinalis. (G1 (group 1), G2 (group 2), G3 (group 3), G4 (group 4), G5 (group 5), and G6 (group 6)).
The dashed line in the dendrogram was inserted automatically using the partitioning algorithm by
the XLSTAT software.

The results of the PCA are shown in Table 3. Based on the obtained results, it was
observed that 5 components that had specific values higher than 1 accounted for 82.24% of
the total calculated variance. The first and the second PCA components, with 29.18 and
25.30%, respectively, had the highest amount of variance among the obtained components.
The fourth and fifth components, although having a specific value above 1, accounted for a
very small share of the total variance and were, therefore, less important. In addition, the
results of the PCA showed that the compounds sabinene (0.57), myrcene (−0.60), 1,8-cineol
(−0.60), trans-thujone (0.62), α-terpineol (−0.62), cis-carveol (0.59), bornyl acetate (0.61),
(E)-caryophyllene (0.74), β-gurjunene (0.75), α-humulene (0.88), ledene (0.77), δ-cadinene
(0.540), spathulenol (0.61), caryophyllene oxide (0.77), viridiflorol (0.72), ledol (0.75), and
manool (0.79) had the highest factor loads in the first component. It was also observed
that in the second component the compounds α-pinene (0.60), camphene (0.94), β-pinene
(0.79), ρ-cymene (0.80), cis-sabinene hydrate (−0.60), terpinolene (0.59), cis-thujone (−0.66),
camphor (0.93), and borneol (0.91) had the highest operating loads. On the other hand,
in the third component, phellandrene (0.74), α-terpinene (0.73), γ-terpinene (0.78), trans-
carveol (0.73), and carvacrol (−0.70) had the highest factor loading.

In the Ferulago angulata plant, a PCA showed that the first two components accounted
for 76% of the total variance [51]. Moreover, the authors also showed that eight compounds
contributed most of the loading factor for the first component. In the same work, an
investigation of Heracleum persicum phytochemical compounds, based on the PCA method,
exhibited that the first two components accounted for 78.80% of the total variance. In
addition, the 3 components that had the highest eigenvalues accounted for 89.45% of
the variance. The relative variances of the first, second, and third components were,
respectively, 55.52%, 23.28%, and 10.65% [51]. The study demonstrated that there were
differences between the treatments in terms of the phytochemical compounds measured.
Esmaeili et al. (2018) showed that the first two components accounted for 95% of the total
variance using the principal component analysis based on the phytochemical compounds of
Oliveria decumbens [52]. Accordingly, the first and second components, respectively, had the
12 and 7 compounds with the highest factor loadings, respectively. The principal component
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analysis has been used by other researchers to identify the dominant compounds in other
medicinal plants, such as Satureja pilosa [53] and Mentha species [54]. In general, the
principal component analysis method is one of the statistical methods that is used to reduce
the data and can express a large amount of data in the form of clear results for researchers,
and, therefore, in biology and phytochemistry, it is widely used [54,55].

Table 3. Principal component analysis (PCA) of the main phytochemical compounds for different
times of the day and night of S. officinalis.

Compounds
Component

PC1 PC2 PC3 PC4 PC5

α-Pinene 0.155 0.606 −0.107 0.320 −0.601
Camphene −0.077 0.946 −0.127 0.153 −0.175
Sabinene 0.579 −0.539 0.043 −0.299 −0.218
β-Pinene −0.015 0.797 −0.068 −0.320 −0.380
Myrcene −0.600 −0.541 −0.321 0.162 0.001

Phellandrene 0.248 0.312 0.741 0.274 0.117
α-Terpinene 0.196 −0.477 0.734 0.013 0.024
ρ-Cymene 0.101 0.809 0.190 −0.250 −0.337
1,8-cineol −0.601 0.496 0.102 −0.400 0.149

γ-Terpinene 0.433 0.089 0.780 −0.204 −0.296
cis-Sabinene hydrate 0.425 −0.602 0.026 −0.090 0.169

Terpinolene 0.447 0.596 0.584 −0.173 0.049
cis-Thujone −0.653 −0.663 0.311 0.101 0.019

trans-Thujone 0.621 −0.330 0.089 −0.394 −0.117
Camphor −0.056 0.936 −0.036 0.060 0.235
Borneol −0.082 0.918 −0.044 0.139 0.177

α-Terpineol −0.629 −0.313 −0.548 0.162 0.019
trans-Carveol 0.239 0.336 0.739 0.279 0.116

cis-Carveol 0.597 −0.531 −0.065 0.211 −0.293
Bornyl acetate 0.612 0.380 0.012 0.509 −0.173

Carvacrol −0.491 0.216 −0.700 −0.064 −0.319
E-Caryophyllene 0.746 −0.473 0.157 0.268 0.091
β-Gurjunene 0.755 0.018 −0.296 0.475 −0.065
α-Humulene 0.880 −0.250 −0.157 0.273 −0.124

Ledene 0.774 −0.010 −0.017 −0.101 0.281
δ-Cadinene 0.540 −0.259 −0.109 −0.498 0.141
Spathulenol 0.618 0.296 −0.389 −0.195 0.437

Caryophyllene oxide 0.775 0.320 −0.203 0.022 0.248
Viridiflorol 0.728 0.283 −0.450 −0.282 0.117

Ledol 0.757 0.212 −0.487 0.238 0.051
Manool 0.794 −0.002 −0.494 −0.229 −0.005

13-epi-Manool −0.009 −0.410 −0.066 0.249 −0.154

Eigenvalue 9.630 8.350 4.699 2.336 2.127
Variability (%) 29.181 25.303 14.239 7.079 6.447
Cumulative % 29.181 54.484 68.723 75.802 82.249

Since 54.48% of the total variance was allocated to the first and second components,
they were used for the biplot diagram obtained from the PCA. The biplot diagram of the
first and second components is shown in Figure 5. Based on the biplot of the first and second
components, the compounds p-cymene, α-pinene, carveol, phellandrene, terpinolene, γ-
terpinene, bornyl acetate, spathulenol, caryophyllene oxide, viridiflorol, ledol, β-gurjunene,
ledene, and manool were in the same group and showed a strong relationship with the
08:00–10:00 a.m. and 10:00–12:00 a.m. treatments. Camphene, borneol, 1,8-cineol, β-pinene,
α-humulene, and carvacrol were also separated independently in the other group and
showed strong correlations with the 8:00–10:00 p.m., 10:00–00:00 p.m., 12:00–2:00 p.m., and
00:00–2:00 a.m. treatments. In addition, the biplot results showed that the 2:00–4:00 a.m.
treatment had high correlations with α-terpineol, myrcene, and cis-thujone. The biplot
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results showed that other compounds were strongly associated with the 6:00–8:00 a.m.,
2:00–4:00 p.m., 4:00–6:00 p.m., 6:00–8:00 p.m., and 4:00–6:00 a.m. treatments.
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Figure 5. Biplot based on the first and second principal components (PC) during the day and night of
S. officinalis. (a) Grouping of different treatments studied based on the first and second components.
(b) Grouping of phytochemical compounds obtained from essential oils according to their first and
second components and (c) Scree plot obtained by principal components analysis, which represents
the eigenvalue values of each component. The compounds codes are reported in Table 2.

4. Conclusions

The current study presents the diurnal variation of the EO content and composition
of Salvia officinalis. The results showed that the harvesting time may have a significant
effect on the EO yield and composition of sage. Our results clearly give evidence that the
quantitative and qualitative properties of EO in sage are subjected to significant hourly
changes (different hours of the day and night) during the day/night time. To gain the
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highest EO yield, the best harvesting time was found to be between 4:00 and 6:00 p.m.,
whereas between 04:00 and 06:00 a.m. the minimum EO percentage was indicated. Our
results also indicate a very interesting pattern of accumulation and then degradation
(or conversion) of certain metabolites during the 24 h daytime. Such a variation would
potentially provide a basis to study the in-plant conversion of, for example, α-pinene
to β-pinene. Another interesting compound that was detected in the EO of sage plants,
is manool, which is a labdane-type diterpenoid and is subjected to approximately 80%
diurnal variation. Cis-thujone was detected at the highest amount when the plants were
collected at 04:00–06:00 a.m. In addition, trans-thujone was another dominant compound,
and the highest amount of this compound was obtained between 10:00 and 00:00 p.m.
and lowest value was obtained between 10:00 and 12:00 a.m. The obtained results can be
associated with several factors that influence secondary metabolite biosynthesis, including
light intensity, temperature, and humidity. To the best of our knowledge, three harvest
times, including 04:00–06:00 a.m., 2:00–4:00 p.m., and 4:00–6:00 p.m., are suggested as
appropriate harvest times, considering the EO yield, quantity, and quality of sage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae8020149/s1, Table S1. Correlation between essential oil compounds. Table S2.
Mean comparison between different groups derived from cluster analysis in S. officinalis plants.
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