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Abstract

Background: Preharvest and postharvest conditions of medicinal plants strongly a ect the quantity and quality of
their secondary metabolites. Here, the e ect of di erent harvesting times (5 am, 12 noon and 5 pm) and di erent dry-
ing methods (shade at 25 °C, oven at 60 °C and microwave at 180 W) on essential oil content and components, total
phenol content and antioxidant activity of rosemary was monitored.

Results: Harvesting time only had a significant e ect on the essential oil content and components; however, all
investigated traits were significantly a ected by drying methods. The essential oil content of plants harvested at 5 am
and 5 pm was higher than those harvested at 12 noon. The highest amount of essential oil was obtained from shade
(0.85-1.12%) and oven (0.66—1.04%) dried plants, respectively. Total phenol and antioxidant activity of oven dried
plants were significantly lower than shade and microwave-dried plants. The number, type and amount of essential
oil components were a ected by harvesting time and drying method. a-Pinene, verbenone and camphor were the
major components of the essential oils. Oxygenated monoterpenes were the main group of essential oil compounds
in all treatments. The results of biplot and cluster analysis, based on the measured traits, placed the treatments in
three separate clusters; I: shade dried, II: oven-dried, and Ill: microwave-dried plants.

Conclusion: Generally, to obtain the higher essential oil content, phenol and antioxidant activity, harvesting at 5 am
and 5 pm and also shade drying are recommended; however, for reaching to essential oil with specific quality, di er-
ent harvesting time and drying method could be used.
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Background

Rosemary (Rosmarinus o cinalis L.) is one of the most
widely used medicinal herbs belonging to the Lamiaceae
family. Rosemary essential oil and extract have been
used in cosmetics, food and pharmaceutical industries
(Gonzalez-Minero et al. 2020; Nieto et al. 2018; Raskovié¢
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et al. 2014). Antifungal (Ozcan and Chalchat 2008), anti-
inflammatory (De Melo et al. 2011), antioxidant (Borras-
Linares et al. 2014; Nieto et al. 2018), antimicrobial (Al
Fadel and Al Laham 2013; Angioni et al. 2004; Mekonnen
et al. 2016), antiangiogenesis (Kayashima and Matsub-
ara 2012), anticancer (Ho et al. 1994; Petiwala et al. 2013;
Tai et al. 2012; Wang et al. 2012), antidiabetic (Bakirel
et al. 2008; Khalil et al. 2012), antidepressant (Machado
et al. 2013), neuroprotective (Kayashima and Matsubara
2012) and antiobesity activities (Cui et al. 2012; Ibarra
et al. 2011) are the most important medicinal properties
of rosemary. Flavonoids, phenolic acids and terpenoids

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.



Khademi Doozakhdarreh et al. Bulletin of the National Research Centre

are the most important secondary metabolites of this
plant (Andrade et al. 2018; Fiume et al. 2018). The most
important compounds of the rosemary essential oil are
a-pinene, camphor, camphene, 1,8-cineole, borneol and
linalool (Bajalan et al. 2017; Borges et al. 2018; Hussain
et al. 2010; Mohammed et al. 2020; Takayama et al. 2016).
The amount of production and accumulation of second-
ary metabolites in the medicinal plants are significantly
affected by instinct and extrinsic conditions (Verma
et al. 2012). Genetics and environmental conditions are
the main factors determining the quantity and quality of
secondary metabolites in medicinal plants (Mahmoud
et al. 2018; Verma et al. 2010). The quantity and quality
of effective ingredients are greatly affected by organ type
(Gershenzon et al. 2000), temperature, day length, rela-
tive humidity and light (Kakaraparthi et al. 2014), water
and soil properties (Santos et al. 2016), harvesting time
(Rustaiee et al. 2010), drying method (Sellami et al. 2011),
storage conditions (Da Silva et al. 2005), and extraction
method (Nikkhah et al. 2009). Harvesting time during the
different seasons, developmental stages or day hours are
also affected quantity and quality of the active ingredi-
ent of medicinal plant. Many studies have been done on
the effect of harvesting time on quantity and quality of
the active ingredient of medicinal plants such as Ocimum
basilicum L. (Da Silva et al. 2005), Rosmarinus o cinalis
L. (Diab et al. 2002), Micromeria fruticosa L. (Dudai et al.
2001), Mentha piperita L. (Gershenzon et al. 2000), Oci-
mum basilicum L. (Hussain et al. 2008), Cymbopogon
winterianus Jowitt. (Kakaraparthi et al. 2014), Salvia
lanceolata (Kamatou et al. 2008), Melissa o cinalis L.
(Khalid et al. 2009), Marrubium vulgare (Mahmoud et al.
2018), ymus vulgaris (Omidbaigi et al. 2008), Origa-
num onites L. (Ozkan et al. 2010), Foeniculum vulgare
Mill. (Pouryousef 2015), Lippia gracilis Schauer (San-
tos et al. 2016), Rhodococcus erythropolis DCL14 (Van
Der Werf and Boot 2000), Murraya koenigii (L.) Spreng
(Verma et al. 2012) and Cinnamomum camphora (Zhang
et al. 2019). Harvesting time affects the production and
accumulation of secondary metabolites by affecting pho-
tosynthesis and plant growth factors (Mahmoud et al.
2018). Therefore, determining the most appropriate har-
vesting time can help us to achieve the highest quantity
and quality of active ingredients (Verma et al. 2012). In
addition to preharvest conditions, postharvest condi-
tions also affect the content and components of the
active ingredient of medicinal plants. Drying is one of the
most important postharvest processes, which has a great
impact on maintaining the quality of medicinal plants
and their compounds (Mirhosseini et al. 2015). Reduc-
ing the volume and transportation cost (Sellami et al.
2013), reducing crop decay and increasing storage life
(Prusinowska and Smigielski 2015; Xing et al. 2017), and
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maintaining the quantity and quality of active ingredients
(Ashafa and Pitso 2014) are the most important benefits
of plant drying. Different drying methods have different
effects on the appearance and phytochemical properties
of the plants. Therefore, depending on the advantages
and disadvantages of the drying method, plant species
and its phytochemical compounds, the most appropriate
drying method should be chosen (Soysal 2004; Soysal and
Oztekin 2001). The effect of drying on the phytochemical
properties has been studied in several medicinal plants
such as Artemisia afra Jacq. (Ashafa and Pitso 2014),

ymus vulgaris L. (Calin-Sénchez et al. 2013), ymus
daenensis Celak. (Dehghani Mashkani et al. 2018), Arte-
misia annua L. (Ferreira and Luthria 2010), Corian-
drum sativum L. (Pirbalouti et al. 2017), Salvia o cinalis
L. (Sellami et al. 2013), Kelussia odoratissima Mozaff.
(Mirhosseini et al. 2015), Origanum vulgare L. (Ozdemir
et al. 2018), Laurus nobilis L. (Sellami et al. 2011), Pet-
roselinum crispum Mill. (Soysal 2004), Coriandrum sati-
vum L. (Soysal and Oztekin 2001), Rosmarinus o cinalis
(Szumny et al. 2010) and Perilla frutescens (Xing et al.
2017). The results of these studies indicate the remark-
able effects of drying on the content and components
of the secondary metabolites. The study aimed to inves-
tigate the effect of different harvesting times and drying
methods on essential oil content and components as well
as the total phenol content and antioxidant activity of
rosemary extract for obtaining the best harvesting time
and drying method.

Methods

Plant material preparation

This experiment was conducted during 2018 at the Uni-
versity of Kurdistan (Sanandaj, Iran). In this experi-
ment, stem cuttings of rosemary (10 cm in length) were
prepared from maternal plant and then planted in the
plastic pots containing soli and sand (ratio 1:1) in the
greenhouse conditions with 60% relative humidity and
25 °C mean temperature. Then, three-month-old seed-
lings were transplanted to the main field in early spring
and planted at intervals 50 cm between rows and 30 cm
above the rows. The experimental design was performed
as a randomized complete block. The field was located
in Sanandaj city (Iran) with geographical coordinates as
follows: latitude 35° 15’ 28" N, longitude 47° 01’ 29" E,
and elevation 1411 m. Physical and chemical properties
of field soil are shown in Table 1. Aerial parts of plants
were harvested at full flowering stage in different times
including 5 am, 12 noon and 5 pm and then dried with
three different methods shade at 25 °C, oven at 60 °C and
microwave at 180 W until their humidity reached to 10%
based on wet weight.
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Table 1 Physical and chemical properties of field soil

(2022) 46:199

Page 3 of 12

Texture Nitrogen (%) Phosphorus (mg/kg)

Potassium (mg/kg)

EC (ds/m) pH Organic carbon (%)

Clay loam 0.16 115 797

061 8.02 156

Essential oil extraction

The essential oil was extracted by the water distillation
method using a Clevenger-type apparatus. For this pur-
pose, to 50 g of plant sample, 150 mL of distilled water
was added and heated for 3 h. After the mentioned
time, the volume of extracted essential oil was recorded
and the essential oil content (v/iw %) was calculated.
The essential oils were dried over anhydrous sodium
sulfate and then sealed in a glass vials and refrigerated
at 4 °C until analysis.

Essential oil analysis

To determine the type and percent of essential oil
constituents, essential oils were analyzed using GC-
FID and GC-MS apparatus. The specifications of GC-
FID and GC-MS and their working conditions were as
follows:

Gas chromatography with flame ionization detection
(GC-FID)

Gas chromatography was performed with an Agilent
technology apparatus (Agilent 7990B, USA), equipped
to a flame ionization detector with 30 m capillary col-
umn, 0.25 mm internal diameter and 0.5 um film thick-
nesses. Helium was used as carrier gas with flow rate
of 1 mL/min. The oven temperature was held at 60 °C
for 5 min and then raised to 240 °C with rate 3 °C/min
and kept at 240 °C for 10 min. The injector and detector
temperatures were 230 and 250 °C, respectively.

Gas chromatography mass spectrometry (GC-MS)

For identification of essential oil components, an Agi-
lent gas chromatograph equipped with mass spectrom-
eter (5977A, USA) (HP-5 column, 30 m x 0.25 mm, film
thickness 0.1 pm) was used. Carrier gas was Helium
with the flow rate of 1 mL/min. The oven temperature
program was the same as GC. Injector temperature
was set at 260 °C, ionization voltage was 70 eV and the
spectral scanning range was 40—400 m/z.

Identification of essential oil components

The components of essential oil were identified by com-
paring their retention indices to published literature,
digital library of system and also with spectra mass of
standard compounds. The quantity of components was

obtained by calculating the areas under the curve in
chromatograms.

Extraction

Hot continues extraction method using Soxhlet appa-
ratus was performed for extraction. Methanol (99%,
Merck) was used as the solvent. After 3 h, the obtained
extracts (about 5 g) were condensed by rotary evaporator
and finally dried in the oven at 60 °C.

Assessment of total phenol

Folin—Ciocalteu method was used for the identification
of the total phenol content of extracts. Briefly, 1 mg dry
extract was mixed with 1 mL methanol, and then, 100 uL
of this solution was mixed with 100 pL Folin—Ciocalteu
(10%), 200 pL sodium carbonate (7.5%) and 1.6 mL dis-
tilled water. The obtained mixture was allowed for incu-
bation at room temperature (25 °C) and dark condition
for 1 h, and then, absorbance was measured at 760 nm
by spectrophotometer (S2100 suv New Jersey). Gallic
acid with different concentrations (50, 100, 150, 200 and
250 ppm) was used as standard. Finally, the total phenol
content of extracts was expressed as mg of gallic acid per
g dry extract (Morshedloo et al. 2012).

Assessment of antioxidant activity

The antioxidant activity of the dried extracts was deter-
mined based on the scavenging activities of the DPPH
free radicals. Briefly, 1 mg of dry extract was mixed with
1 mL methanol, and then, 50 pL of this solution mixed
with 950 pL methanol solution of DPPH (0.2 mmol) and
incubated in room temperature and dark condition for
30 min. After the mentioned time, the absorbance was
read at 517 nm by spectrophotometer, and the inhibition
percentage of DPPH is calculated using Eq. 1 (Khorshidi
et al. 2020).

AOA% = [(Ab — As)/Ab]100 (1)

AOA is antioxidant activity; Ab is the absorbance of the
blank reaction (containing DPPH and methanol); and
As is the absorbance of the sample reaction (containing
DPPH, methanol and plant extract).

Finally, the antioxidant activity of the extracts was cal-
culated based on IC50.
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Statistical analysis

Data analyzed using SPSS software (ver.21) and Duncan’s
multiple range test at probability level 5% were used to
compare the mean of data. SPSS, GraphPad Prism (ver.8)
and Statgraphics (ver.19) software were used to cluster
analysis and draw the heat map and biplot, respectively.

Results

Essential oil content and components

Harvesting time had a significant effect on the essential
oil content of plants, so that the essential oil content of
plants harvested at 5 am and 5 pm was significantly
higher than plants harvested at 12 noon. At all harvest
times, shade dried plants had the highest essential oil
content, while the lowest content was obtained in micro-
wave-dried plants. Generally, the highest essential oil
content (1.12%) was obtained at 5 am harvest and shade
dried plants, followed by 5 pm harvest and shade dried
(1.08%), and the lowest essential oil content (0.58%) was
obtained at 12 noon harvest and microwave-dried plants
(Fig. 1). The number, type and total of identified com-
pounds were varied in the essential oils of plants har-
vested at different times and drying methods (Table 2).
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The highest number of identified compounds (27 com-
pounds) was observed in the essential oils of plants har-
vested at 12 noon and dried in the shade, as well as plants
harvested at 5 pm and dried in the oven. The highest
total of identified compounds was belonged to the plants
harvested at 5 am and dried in the shade (84.57%), while
the lowest compounds were in the plants harvested at
12 noon and dried in the oven (78.76%). The dominant
components of essential oil in all treatments (except
plants harvested at 12 noon and dried in the microwave)
were o-pinene, verbenone and camphor, although the
amount of these compounds varied in different treat-
ments. In the essential oils of plants harvested at 12
noon and microwave-dried, the main constituents of the
essential oil were a-pinene, borneol and camphor. Plants
harvested at 5 am and dried in the oven had the high-
est a-pinene content (21.64%), while plants harvested at
12 noon and dried in the shade had the lowest a-pinene
content (12.09%). Oxygenated monoterpenes followed
by monoterpene hydrocarbons were the main classes
of essential oil compounds in all treatments. The high-
est amount of oxygenated monoterpenes (52.95%) was
identified in the essential oils of plants harvested at 12
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Fig. 1 Essential oil content (A), total phenol of extract (B), antioxidant activity of extract (C) and drying time (D) of Rosmarinus officinalis as a ected
by di erent harvesting times (5 am, 12 noon and 5 pm), and drying methods (shade, oven and microwave). Means with the same letter are not
significantly di erent at p<0.05 (Duncan’s test)
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noon and dried in the shade, and the highest amount of
monoterpene hydrocarbons (34.83%) was observed in the
essential oils of plants harvested at 5 pm and dried in the
oven. Generally, the essential oils of plants dried in the
oven were poorer in viewpoint of oxygenated monoter-
penes but richer in monoterpene hydrocarbons than the
essential oils of plants dried in shade and microwave. The
essential oils of dried plants in the microwave were richer
in the viewpoint of sesquiterpenes (oxygenated sesquiter-
penes and sesquiterpene hydrocarbons) than the essen-
tial oils of dried plants in shade and oven. Harvested
plants at 12 noon had a higher content of sesquiterpenes
than harvested plants at 5 am and 5 pm.

Total phenol content and antioxidant activity

Harvesting time did not affect the total phenol con-
tent, but the drying method had a significant effect on
total phenol, so that shade and microwave-dried plants
had more phenol compared to oven dried plants. The
highest total phenol (215.2 mg GA/g dry extract) was
observed in plants harvested at 12 noon and shade dried,
although there were no significant differences with other
shade and microwave plants. The lowest total phenol
(111.2 mg GA/g dry extract) was belonged to the plants
harvested at 5 am and oven-dried, although there was
no significant difference with other oven-dried plants
(Fig. 1). The antioxidant activity of the plant extracts
varied from 82.48 pg/ml in the plants harvested at 5am
and dried in the oven to 31.85 pg/mL in plants harvested
at 12 noon and dried in the shade. Harvesting time had
no significant effect on the antioxidant activity of plant
extracts, but the antioxidant activity of the extracts
was significantly affected by the drying method, so that
the lowest antioxidant activity (maximum IC50) was
observed in oven-dried samples. The extracts of dried
plants in the shade and microwave were not significantly
different in the viewpoint of antioxidant activity (Fig. 1).

Drying time

Harvesting time had no significant effect on drying time,
but the drying time was significantly affected by the dry-
ing method. The shortest drying time was belonged to
the microwave method, followed by oven and shade
drying. The time required to dry the plants varied from
0.34 h (plants harvested at 5 am and microwave-dried)
to 165.3 h (plants harvested at 12 noon and shade-dried)

(Fig. 1).

Correlation between traits, biplot and cluster analysis

The strong positive correlation was observed between
essential oil content with drying time and monoterpene
hydrocarbons (r=0.63 and r=0.79, respectively). Plants
with higher essential oil content were poorer in the
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viewpoint of oxygenated monoterpenes, sesquiterpene
hydrocarbons and oxygenated sesquiterpenes (r =—0.65,
r=—0.84 and r=—0.71, respectively). Plants with higher
phenol content had lower IC50 (higher antioxidant activ-
ity) (r=—0.96). Essential oils with higher monoterpene
hydrocarbons had lower oxygenated monoterpenes, ses-
quiterpene hydrocarbons and oxygenated sesquiterpe-
nes (r=—0.97, r=—0.54 and r=—0.68, respectively).
The strong positive correlation was observed between
oxygenated sesquiterpenes with oxygenated monoterpe-
nes (r=0.58) and sesquiterpene hydrocarbons (r=0.89).
Also, the negative correlation between drying time with
sesquiterpene hydrocarbons (r=—0.70) and antioxidant
activity (r=—0.56) was the other remarkable correla-
tions (Fig. 2).

Based on the biplot and cluster analysis results, plants
harvested at different times and dried in the shade due
to similarity in the time required for drying, total phe-
nol and essential oil content were placed in the same
cluster. Plants harvested at different times and dried in
the microwave were similar in the viewpoint of the oxy-
genated monoterpenes, oxygenated sesquiterpenes and
sesquiterpene hydrocarbons content and were placed
in the other cluster. Finally, the plants harvested at dif-
ferent times and dried in the oven were placed in the
same cluster due to their high similarity in the viewpoint
of monoterpene hydrocarbons content and antioxidant
activity (Figs. 3 and 4).

Discussion

Essential oils are volatile compounds, which evaporate
from the plant at high temperatures (Pouryousef 2015).
Therefore, to achieve the maximum amount of essential
oil, it is better to harvest them at times of the day when
the air temperature is lower. Daily temperature affects
the production and accumulation of essential oils by
affecting photosynthesis, respiration and the activity of
enzymes related to the production of essential oils (Bur-
bott and Loomis 1969). Ayanoglu et al. (2005) evaluated
the effect of harvesting times (6 am, 12 noon and 7 pm)
on the essential oil content of Melissa 0 cinalis and con-
cluded that the highest essential oil content was belonged
to the plants harvested at 6 am. In another study, the
amount of Melissa o cinalis essential oil was evaluated
at different times of the day (8, 9, 10, 11 and 12 am and 1,
2, 3,4 and 5 pm), and the results indicated that the plants
harvested at 5 pm had the highest amount of essential oil
(Khalid et al. 2009). In contrast, in Ocimum basilicum,
the essential oil content of plants harvested at different
times of the day was not significantly different (Da Silva
et al. 2005). A negative correlation between essential oil
content and relative humidity has been reported. So that
with increasing relative humidity, the amount of essential
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oil has decreased, and with decreasing relative humid-
ity, the amount of essential oil has increased (Ayanoglu
et al.2005). The effect of harvesting time on the essential
oil content also depends on the plant species. In some
plant species, the secretory structures are deep and their
essential oils evaporate only under high temperatures,
but in some other species, the secretory structures are
superficial and their essential oils evaporate and leave
the plant even at low temperatures (Gang et al. 2001). It
seems that the lower essential oil content of the plants
harvested at 12 noon compared with 5 am and 5 pm is
due to higher temperatures, which caused the essential
oils to evaporate from the plant. Drying, depending on
the method, applied temperature, drying time and plant
species, could affect the essential oil content (Mirhosseini
et al. 2015). In general, increasing the temperature and
time of drying will increase the essential oil evaporation
and finally the obtained essential oil will decrease (Mor-
shedloo et al. 2021). At high temperatures, the secretory
structures of the essential oil rupture and the essential
oil evaporate (Sellami et al. 2011). In the shade drying,
although the drying time increased due to lower tem-
perature, less essential oil evaporated from the plant, and
therefore, the dried plants under those conditions had the
highest amount of essential oil. In contrast, although dry-
ing in microwave was very quick, but due to exposure to
high temperatures, a large amount of essential oil evap-
orated and after drying the lowest amount of essential
oil was obtained (Fig. 1). These results are in agreement
with other findings on Coriandrum sativum L. (Pirba-
louti et al. 2017), Kelussia odoratissima (Mirhosseini
et al. 2015), Mentha longifolia L. (Saeidi et al. 2016) and
Artemisia afra Jacq. (Ashafa and Pitso2014) and in con-
trast to findings on Laurus nobilis (Sellami et al. 2011),
which may be due to differences in plant species, temper-
atures applied and the type of secretory structures. Dry-
ing time and applied temperature can lead to the loss of
some components and the formation of novel constitu-
ents in essential oil (Sellami et al. 2011). The dominant
component of rosemary essential oil usually is a-pinene,
although their amount varies depending on the growing
and processing conditions (Flamini et al. 2002; Szumny
et al. 2010). Preharvest and postharvest conditions affect
the type and amount of essential oil components. Pro-
cesses such as decomposition, conversion, hydration and
oxidation cause changes in the type and amount of essen-
tial oil components (Ashafa and Pitso 2014). The relative
content of essential oil constituents is strongly influenced
by the drying method (Mirhosseini et al. 2015). a-Pinene
is one of the most important components of rosemary
essential oil that has many applications in various indus-
tries, so its high content indicates the high quality of the
essential oil (Risner et al. 2020). Monoterpenes, followed
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by alcohols and sesquiterpenes, are the main constituents
of rosemary essential oil (Szumny et al. 2010). Changes
in the essential oil components during the drying process
can occur due to oxidation, hydrolysis or esterification of
compounds (Pirbalouti et al. 2013). The high tempera-
ture of microwave can lead to the vaporization or con-
version of some monoterpenes to sesquiterpenes (Ashafa
and Pitso 2014). Microwave drying is faster than shade
and oven-drying, so sesquiterpenes will not have enough
time to evaporate and leave the plant due to their higher
molecular weight and boiling point compared with the
monoterpenes. Therefore, microwave-dried plants will
have more sesquiterpenes than shade- and oven-dried
plants. Some essential oil compounds, such as sesquiter-
penes, require longer time to evaporate and release from
the plant due to their lower volatility than monoterpe-
nes (Diaz-Maroto et al. 2003); therefore, their amount in
plants dried with faster methods such as microwave will
be more than plants dried with other slow methods. An
increase in the ratio of sesquiterpenes to monoterpe-
nes due to the increase in drying temperature has been
reported in Artemisia annua (Khangholil and Rezaeino-
dehi 2008). Harvesting at noon raise the ratio of ses-
quiterpenes to monoterpenes due to easy evaporation
of lower molecular weight of monoterpenes. Changes in
the type and amount of essential oil constituents can be
influenced by genetical or environmental conditions such
as temperature, light intensity and day length (Verma
et al. 2010). Diurnal variation in the essential oil compo-
nents of Melissa 0 cinalis has been reported (Ayanoglu
et al. 2005). The diurnal temperature has an important
effect on the essential oil components (Kakaraparthi et al.
2014; Prakasa Rao et al. 1995). In contrast to our results,
the lowest ratio of sesquiterpenes to monoterpenes in
Melissa o cinalis essential oil was obtained from plants
harvested at 5 pm (Khalid et al. 2009); these opposite
findings may be due to differences in growth conditions,
plant species and secretory structures.

Changes in photoperiod, light intensity and tempera-
ture strongly affect the amount of phenolic compounds
in the plant (Yao et al. 2005). Phenolic compounds were
produced in higher concentrations in seasons with less
difference between the duration of day and night (Yang
and Seib 2000). Other factors such as carbohydrates,
nutrients, water quality, developmental stage and stress
can also affect the amount of phenolic compounds in
the plant (Brasileiro et al. 2015; Mhamdi et al. 2010).
Under stress conditions, the plant accumulates phenolic
compounds to prepare itself for the lignification pro-
cess (Souhila et al. 2019). Several studies showed that
changes in total phenol content in a long time are notice-
able, but its diurnal variations not significant (Brasileiro
et al. 2015; Mhamdi et al. 2010; Ozkan et al. 2010; Souhila
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et al. 2019; Yao et al. 2005). Decreases or increases in the
amount of phenolic compounds due to increase in dry-
ing temperatures have been reported in previous studies
(Chan et al. 2009; Sellami et al. 2013; Kammoun Bejar
et al. 2011; Lépez et al. 2010; Ozcan et al. 2020; Sathish-
kumar et al. 2009). Previous study attributed the increase
in total phenol at low temperatures due to the reduc-
tion in the degradation of phenolic compounds (Lim and
Murtijaya 2007). Other finding showed that low tem-
perature decreased the total phenolic compounds and
returned this effect to the increase in time required for
biochemical reactions that cause the degradation of these
compounds (Xing et al. 2017). Meanwhile, the reduc-
tion in phenolic compounds at high temperatures can
be attributed to the decomposition or degradation of
these compounds (Al-Farsi et al. 2007; Besbes et al. 2004;
Rakic¢ et al. 2007). On the other hand, high temperature
may increase vapor pressure and temperature inside
plant tissue, resulting in the destruction of cell wall.
Consequently, the cell wall phenolic compounds can be
released and causing more total phenol to be extracted
(Inchuen et al. 2010). In addition, the increase in total
phenol at relatively high temperatures can be attributed
to the inactivation of enzymes that breakdown phenolic
compounds (Ghasemnezhad et al. 2013). The differences
between these results might be related to variation in

plant species, drying method and temperature, type of
phenolic compounds, extraction and analysis method.

The low antioxidant activity of oven-dried plants may
be due to their low phenol content. The high tempera-
ture of the oven causes the destruction of phenolic com-
pounds and eventually can reduce the antioxidant activity
(Dorman et al. 2004; Wojdylo et al. 2007). Phenolic com-
pounds are one of the most important compounds that
scavenge free radicals or in other words increase the
antioxidant activity (Prior and Cao 2000). A positive cor-
relation between the amount of phenolic compounds
and the antioxidant activity of plants has been reported
in numerous studies (Abdille et al. 2005; Brasileiro et al.
2015; Ozkan et al. 2010). In contrast to our result, it has
been reported that antioxidant activity does not have a
significant correlation with phenol content, but depends
on the nature of the compounds (Mhamdi et al. 2010).

In the microwave-drying method, the energy of micro-
wave is absorbed by water molecules located inside the
plant tissue. This energy causes the water molecules to
vibrate, and as a result, the temperature rises inside the
plant, and eventually, the water evaporates. But in other
drying methods, due to difference between the tempera-
ture of surface and interior of plant samples, the heat
gradually transferred from surface to the inside the plant.
Therefore, the different heat transfer mechanism in the
microwave method compared with other methods is
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the reason for the faster drying of plants in this method
(Celen 2019; Szumny et al. 2010). The low temperature of
the shade method (25 °C) compared with other methods
reduced the rate of water evaporation from the plant and
finally increased the time required for drying. In meth-
ods that require a short time to dry the plants, less energy
is used, which is economically important (Soysal and
Oztekin 2001), and also less undesirable changes occur in
appearance, quality and secondary metabolites of plants
(Dehghani Mashkani et al. 2018). In most studies, the
minimum time required for drying plant samples was
reported by the microwave method (Khorramdel et al.
2013; Ebadi et al. 2013, 2011).

Conclusions

According to the results, only essential oil content and
components were affected significantly by harvesting
time, but the effect of drying method was significant on
all measured traits. To achieve more essential oil, harvest
at 5 am and 5 pm is recommended, but to achieve a spe-
cific quality of essential oil based on the type and amount
of essential oil components, the appropriate harvest time
can be different. Shade-dried plants had higher quality in
the viewpoint of essential oil content, total phenol and
antioxidant activity, but as with harvest time, if the pur-
pose is to obtain the essential oil with specific quality, the
proper drying method can be different.
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