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The cumin essential oil is used in the food and pharmaceutical industry. Despite the large commercial production
of cumin in Iran, there is no comprehensive study on quality and quantity of its essential oil. This experiment was
conducted to study morpho-phenological and physiological characters affecting essential oil yield and to identify
possible chemotypes in Iranian cumin landraces. Eyvanekey landrace with the highest essential oil content and
yield had the highest carotenoids and total chlorophyll contents and oil body number in the cell. The results of
the GC-MS chromatography showed that the identified components were classified into four organic compounds
including monoterpenes, oxygenated monoterpenes, sesquiterpenes and others. According to essential oil
compositions, cumin landraces were clustered in two chemotypes including low cuminal / high monoterpenes
and high cuminal / low monoterpenes chemotypes, indicating a significant difference in essential oil quality.
Khansar landrace with the highest cuminal content was introduced as the best Iranian landrace in terms of
essential oil quality. Neronine alkaloid was identified in cumin essential oil for the first time, and Jat landrace is
a novel plant source of neronine alkaloid. Essential oil yield had the positive regression and correlation coef-
ficients with SWM (seed weight per m?) and days to maturity which indicate that these characters are suitable
selection indexes to improve cumin essential oil yield. A negative relationship between the cuminal content and
limonene synthase gene expression (r = -0.55") was observed. So, it was concluded that landraces having low
limonene synthase gene expression are favorable for marketing.

1. Introduction

that the highest contents of cumin bioactive compounds exist in re-
productive organs especially seeds (Rebey et al., 2012).

Cumin (Cuminum cyminum L.) belongs to Apiaceae family and the
essential oil of cumin is used in the food and pharmaceutical industry
(Derakhshan et al., 2010; Dubey et al., 2017). From ancient times,
medicinal and spicy plants have been used as food condiments and also
for the treatment of disease due to low toxic and the lack of side effects
(Li et al., 2009). Cumin seeds are used in food, cosmetics, and perfume
industries (Li and Jiang, 2004; Dubey et al., 2017). Cumin has medic-
inal properties for therapy of various diseases, especially digestive
disorders, toothache, wound, and also it is known due to diuretic, an-
titumor, anti-inflammatory, antidiabetic, antifungal, antibacterial, an-
tioxidant, and antispasmodic properties (Hemeda and Klein, 2006;
Hajlaoui et al., 2010; Moghaddam et al., 2015). Aerial parts of cumin
contain carotenoids, flavonoids, and anthocyanin; therefore they could
be utilized as natural antioxidants (Panico et al., 2005). It is noteworthy
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Genetic variation plays an important role in plant breeding because
hybrids obtained from the lines with more genetic variation show more
heterosis compared to convergent races (Bahmankar et al., 2016).
Variation is prerequisite for plant breeding and crops have been im-
proved by selection of desirable genotypes during the former decades
(Bahraminejad and Mohammadinejad, 2013). The knowledge of
morpho-phenological and phytochemical diversity can lead to suc-
cessful breeding programs in every region (Dubey et al., 2017;
Moghaddam and Pirbalouti, 2017). Moghadam and Pirbaloti (2017)
reported that cumin landraces were located in three groups which have
significant differences in terms of all characters except the number of
sub-umbels per umbel, and harvest index. The results of another study
showed that there were significant differences between cumin land-
races for all the measured agronomical characters (Bahraminejad et al.,
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2011).

Studies on the correlation between characters are important for
plant breeding programs (Ali et al., 2003). However, the relationship
between two variables may be affected by the third variable and cor-
relation coefficient is not able to identify the factors causing relation-
ships between variables (Bahmankar et al., 2014). Path analysis is a
method to decompose correlation coefficients into direct and indirect
effects and can provide useful information regarding the way in which
characters influence each other. The direct selection of essential oil
yield as a polygenic character is often not effective for improving it,
while indirect selection of yield components is an effective breeding
method (Karimzadeh-Asl et al., 2015). Path analysis was used fre-
quently in medicinal plants (Lal, 2007; Bardideh et al., 2013;
Karimzadeh-Asl et al., 2015). It was reported that the number of umbel
per plant, and the number of seed per umbel had the most direct in-
fluence on cumin seed yield (Bahraminejad et al., 2011).

The major components of cumin essential oil were cumin aldehyde
(cuminal), gamma-terpinene, beta-pinene, p-cymene, and safranal in
different percentages (Jirovetz et al., 2005; Hajlaoui et al., 2010; Rebey
et al., 2012; Moghaddam et al., 2015; Bahmankar et al., 2017; Dubey
et al., 2017). Xie et al. (2011) reported that the compositions of cumin
essential oil varied in different regions. There is a relationship between
the concentration of essential oil compositions, and climatic and geo-
graphical situation (Li and Jiang, 2004). Gamma-terpinene/1-phenyl-1,
2-ethanediol, and cumin aldehyde/gamma terpinene chemotypes were
reported for Tunisian and Indian cumin landraces, respectively
(Bettaieb et al., 2011). Gamma-terpinene chemotype was also described
for Spanish cumin landraces (Viuda-Martos et al., 2007). In another
study, cumin aldehyde chemotype was reported (Beis et al., 2000). The
cumin chemotypes are origin-dependent and different cumin chemo-
types exist in a country (Moghaddam and Pirbalouti, 2017). Previous
studies have suggested that endogenous factors including biochemical
and physiochemical properties of the plant, as well as exogenous factors
such as various environmental conditions, can form landraces and
chemotypes in species (Barra, 2009; Moghaddam et al., 2015).

It is proved that limonene synthase gene has an important role at the
beginning of biosynthesis pathway of terpenoids derivative compounds
(Munoz-Bertomeu et al., 2008; Zarinkamar et al., 2012). On the other
hand, it is well known that terpenoids are the major components of
most plants essential oils and limonene is a precursor for monoterpenes
and their derivatives (Zarinkamar et al., 2012). Limonene synthase
gene expression positively affects the plant resistance to pests and
diseases (Lucker et al., 2004, Zarinkamar et al., 2012).

Plant seeds store a high content of storage lipids which are applied
as sources of carbon and energy for seed germination and seedling
growth (Shimada and Hara-Nishimura, 2010). The storage lipids are
present in small separate organelles that are called oil body. The dia-
meters of oil bodies are variable and they range between 0.5 and 20 um
in different species and genotypes (Siloto et al., 2006).

Cumin is mainly cultivated in Iran, India, Morocco, Turkey, Syria,
Greece, Egypt, Algeria, and China (Derakhshan et al., 2010; Dubey
et al., 2017). It was noteworthy that Iran, Indian, Syria, Pakistan, USA,
and Turkey are the main cumin exporter, and Iran provides 20-40% of
the world production and export. Despite the large commercial pro-
duction of cumin in Iran, no large study has been done on Iranian cumin
landraces in terms of morpho-phenological and physiological char-
acters, quality and quantity of essential oil and limonene synthase gene
expression. The studied landraces in the current study are the main
landraces distributed in many parts of Iran, and therefore, knowledge of
essential oil yield and its composition and limonene synthase gene ex-
pression in these landraces are important for natural products research
in the near future. The objectives of the current study were to: (1) assess
the morpho-phenological variation in Iranian cumin landraces, (2) de-
termine the correlation, multiple regression, and path analysis between
essential oil yield and yield components and morpho-phenological
characters and introduce the best selection index for the future cumin
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breeding programs, (3) evaluate the relationship between essential oil
yield and photosynthetic pigments (4) assess the phytochemical varia-
tion in Iranian cumin landraces and try to identify its possible chemo-
types, (5) introduce the best landrace in term of essential oil quality,
and (6) evaluate the relationship of limonene synthase gene expression
with monoterpenes and cuminal contents in essential oil of the selected
cumin landraces.

2. Materials and methods

The current study was divided into four experimental sets including
assessment of morpho-phenological and phytochemical variation in 20
Iranian cumin landraces, evaluation of photosynthetic pigments con-
tents in five selected cumin landraces with high, medium, and low es-
sential oil yield, measurement of oil body number in a cell of two se-
lected landraces including Eyvanekey (with high essential oil content
and yield) and Khatam (with low essential oil content and yield), and
analysis of limonene synthase gene expression in five selected landraces
with different contents of monoterpenes.

2.1. Plant materials

Seeds of 20 Iranian cumin landraces were supplied by seed bank of
Aburaihan College, Tehran University (Figs. 1,2 , Table 1). This seed
bank was established by the second author of the current study in 2011
by collecting landraces of main producer provinces from Iran. To
eliminate the environmental effects, plants were propagated under the
same conditions and their seeds were gathered and planted at the re-
search farm of Abouraihan College, University of Tehran in 2016 and
2017. The research farm located in Pakdasht city (35° 28’ 54” N, 51° 40’
49” E). Mean annual precipitation and mean annual temperature were
175mm and 16.9 °C, respectively in 2016 and 173 mm and 16 °C, re-
spectively, in 2017. This field was not under culture of any plant for one
year. Each landrace was planted in 1 m? plots in a sandy—clay soil with
pH 7.2. The soil was well drained. The cultural operations consisted
manual elimination of weeds and normal irrigation in order to maintain
soil moisture. Final plant density was 120 plants per m? as an optimum
density. During the growing season no disease or pests were observed.
Morpho-phenological characters, photosynthetic pigments contents,
essential oil content and essential oil yield were measured in two years
(2016 and 2017). Other characters (GC-MS analysis, oil body number
in the cell and gene expression) were measured in 2017.

2.2. Morpho-phenological characters

Morpho-phenological characters including days to maturity, plant
height (cm), plant mechanized height (cm) (mechanized height is the
height from the ground to the first branch of the stem, which is im-
portant for the mechanized harvesting), umbellet per plant, seed per
umbellet, single plant weight (g), biological weight per plot (g), seed
weight per plot (g), and essential oil yield (kg ha') were measured.
These characters were recorded during two years (2016 and 2017).
Each replication was the average of 50 sampled plants.

2.3. Essential oil yield and GC-MS analysis

The essential oil of seeds was extracted from dried powdered cumin
seeds in Clevenger apparatus employing the procedure described by
Bahmankar et al. (2018). The essential oil content was determined
based on dry weight and expressed as percent (%w/w) and then es-
sential oil yield (kg ha) was calculated. Essential oil compositions
were assessed by GC-MS (a combined analytical method to identify
different substances of sample); Varian CP-3800 GC (Gas Chromato-
graphy) coupled with Varian 4000 (Ion trap) MS (Mass Spectrometry)
equipped with a capillary VF-5 fused silica column (30m x 0.25 mm
i.d., film thickness 0.25 pm). Helium was used as the carrier gas at the
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Fig. 1. Origins of 20 studied cumin landraces in map.

constant flow of 1.0 ml min~!; split ratio, 1/50. Mass spectra were

taken at 70 Ev and the Mass range was from m/z 35-400 a.m.u. The
oven temperature was held at 60 °C for 1 min, then programmed to
250 °C at a rate of 3°C min~!, and held for 10 min. The injector and
detector (FID) temperatures were kept at 250 and 280 °C, respectively.
The essential oil compositions were identified by calculation of their
retention indices under temperature-programmed conditions for n-al-
kanes (C6-C24) and the oil on a VF-5 column under the same chro-
matographic conditions. The compounds were identified by comparison
of their mass spectra with those of the internal reference mass spectra
library (Wiley 7) or with authentic compounds and confirmed by
comparison of their retention indices with authentic compounds or with
those reported in the literature. For quantification purposes, relative
area percentages obtained by FID were used without the use of cor-
rection factors. Three replications of essential oils were analyzed to
identify the chemical composition of each landrace. Only compounds
that make up a significant proportion of the essential oil (= 0.04%)
were shown in the current study.

2.4. Photosynthetic pigments contents

Khatam and Natanz landraces (with low essential oil yield, 1.00 and
2.50 kg ha™', respectively, Table 2), Darmiyan and Kuhbanan landraces
(with medium essential oil yield, 6.90 and 6.60kg ha™l, respectively,
Table 2), and Eyvanekey landrace (with high essential oil yield,
14.33kg ha, Table 2) were assessed in terms of photosynthetic pig-
ments contents. Chlorophyll (Chl) a, Chl b, and carotenoids were
measured employing the procedure described by Lichtenthaler and
Buschman (2001). Each replication was the average of three sampled
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plants.
2.5. 0Oil body number in the cell

For observation of oil body, 10 seeds of two selected landraces in-
cluding Eyvanekey [with high essential oil content (2.14%, Fig. 3) and
yield (14.33kg ha, Table 2)] and Khatam [with low essential oil
content (0.68, Fig. 3) and yield (1.00kg ha™, Table 2)] were soaked in
the distilled water for 6 hours and then their outer shell was removed.
Cross-sections of the seeds were made with a Reichert sliding micro-
tome and by hand-cutting and then were fixed in FAA. Sections were
cleared in sodium hypochlorite and stained by carmine-vest (1% w/v in
50% ethanol) and methyl blue (1% w/v, aqueous). They were mounted
in gelatin and observed by an optical microscope (Nikon YS 100). The
number of oil body in the cell was counted.

2.6. Limonene synthase gene expression

Khatam landrace (with low monoterpenes content), Saduq and
Maneh landraces (with medium monoterpenes contents), Ardekan and
Eyvanekey landraces (with high monoterpenes contents) were selected
to evaluate limonene synthase gene expression. Three replications were
analyzed and three sampled plants were mixed together for each re-
plication. Total RNA extraction, genomic DNA removal, cDNA synth-
esis, and qPCR were performed; employing the procedure described by
Bahmankar et al. (2018). Amplicon efficiencies of two primer pairs
were calculated with ¢cDNA serial dilutions using this formula: E = 10
-17slope 1 Relative expression amount was computed, using the (1 + E)°
AACT method (Pfaffi, 2001).
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Fig. 2. Seeds of the 20 studied cumin landraces.

2.7. Statistical analysis

The data were first examined for the normality and were then
analyzed based on a randomized complete block design with three re-
plications. The Morpho-phenological characters, photosynthetic pig-
ments contents, essential oil content and essential oil yield were mea-
sured in two years (2016 and 2017). The non-significant effects of
genotype X year interactions were demonstrated using combined ana-
lysis of variance and therefore the average data of two years were ap-
plied for analysis. The experiment of GC-MS analysis, oil body number
in the cell and limonene synthase gene expression was performed as a
randomized complete block design with three replications in 2017.
Mean comparisons were carried out, using Duncan's multiple range test

Table 1
Local information of 20 studied Iranian cumin landraces.

and the results are expressed as the mean + SE (standard error of the
mean). The correlation coefficients were calculated between characters.
In the multiple stepwise regressions, essential oil yield and morpho-
phenological characters were considered as a dependent, and in-
dependent variables, respectively and then path analysis was done. The
cluster analyses of morpho-phenological and phytochemical characters
were done. Euclidean distance and wards method were used for cluster
analysis. The SAS 9.2, SPSS 16, Minitab 16, and Excel software
packages were used to analyze the data, and draw the graphs.

Landrace code Landraces Province Altitude(m) Latitude Longitude Annual mean precipitation (mm)
1 Ardekan Yazd 1035 32°19’N 54°1'E 58
2 Khatam Yazd 1600 31°30’ N 54° 40’ E 300
3 Saduq Yazd 1175 32° 33N 54°12'E 68
4 Natanz Isfahan 1710 33°30’'N 51° 55’ E 97
5 Khansar Isfahan 2078 33°13'N 50° 18’ E 198
6 Shahmirzad Semnan 2004 35°17'N 53° 32'E 129
7 Eyvanekey Semnan 1077 35° 34’ N 52° 06’ E 127
8 Sorkheh Semnan 1149 35° 46’ N 53°21’E 129
9 Sirjan Kerman 1740 29° 45’ N 55°17'E 168
10 Rafsanjan Kerman 1545 30° 35’ N 56° 00’ E 126
11 Baft Kerman 2266 29° 23’ N 56° 00" E 204
12 Kuhbanan Kerman 1945 31° 25’ N 56°17'E 146
13 Taibad Razavi Khorasan 180 33° 44N 60° 46’ E 240
14 Kashmar Razavi Khorasan 1057 35" 24'N 58° 46’ E 178
15 Bardskan Razavi Khorasan 987 35° 26’ N 57°17'E 154
16 Maneh North Khorasan 850 37°16’N 57°19’E 210
17 Sarayan South Khorasan 1436 33° 58N 58° 05’ E 145
18 Darmiyan South Khorasan 1373 32°32'N 59° 28’ E 150
19 Jat Golestan 194 37° 38N 55° 42’ E 315
20 Gonbad Golestan 40 36° 24’ N 55°18'E 363
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Table 2
Means comparison of measured morpho-phenological characters in the studied cumin landraces.

Landraces PH MH UP SU SPW BWM SWM SW EO Yield (kg ha™') DM
Ardekan 20.60°" 13.27% 28.17%¢ 5.87%d 2.31d°f 149.00%® 53.87" 4,67°¢ 10.45° 102.67"
Khatam 19.73" 11.67>f 21.73" 6.00%4 2.49>F 91.33" 14.67% 3.33" 1.00" 105.00™
Saduq 22.07%F 11.73%f 22,5380 6.072>¢ 1.818 273.00% 100.672 4.67%¢ 10.57" 110.33"
Natanz 22.00%8 10.93°f 22.338" 6.33° 2.25%8 108.00" 32.27Y 3.8740 2.50™ 111.008M
Khansar 21.51>" 10.93°f 24.58€ 5.34"f 2.17°f% 151.67° 67.00°f 3.67%" 10.20¢ 117.67¢
Shahmirzad 19.938" 12.00*F 21.67" 6.20% 2.03% 129.678 39.13 3.67%" 3.20 108.001
Eyvanekey 23.13%4 13.13° 27.27°% 6.53% 2.65"¢ 193.33¢ 67.00°% 4,932 14.33° 121.00%
9Sorkheh 21.67"¢ 11.00d°f 27.00F 4.67° 2.224¢ 167.67¢ 69.33¢ 3.78°h 8.08" 118.00"
Sirjan 23.33%b¢ 12.10%¢ 25.334f 5.29%f 2.81%b¢ 185.00%4¢ 77.67%4 3.458h 10.62° 112.00°
Rafsanjan 22.40%f 12.87%° 30.13% 6.40% 2.83%b¢ 177.00%¢ 87.00° 4,400 10.73° 114.33¢
Baft 20.32feh 11.35°F 24.90°f 5.39"f 2.85%¢ 103.00" 30.07 4.20°f 5.67' 112.67°
Kuhbanan 23.33%b¢ 12.33% 31.00% 5.67>¢ 2.274¢ 193.33% 82.00°d 4.33%¢ 6.60' 107.33'
Taibad 22.17%F 11.50%f 25.00°f 5.33>f 2.38°f 184.00% 82,335 4.37"¢ 9.008 109.67Y
Kashmar 21.00%8 10.67° 25.334ef 5.17%f 2.48>f 172.33% 70.00°f 3.96%¢ 10.97° 119.33°
Bardskan 23.54%" 11.48>F 30.39%° 4.9%f 2.43F 177.33%¢ 59.17¢" 4.87% 3.77% 109.33%
Maneh 22.67%¢ 12.40%>¢ 28.87%%¢ 6.53% 2.59%¢ 194.33¢ 85.67" 4.77%¢ 10.48¢ 118.00°¢
Sarayan 22.00%¢ 13.33° 29.00°%¢ 4.67" 2.67%4 188.33%¢ 80.00° 3.63" 9.47" 117.33¢
Darmiyan 21.33¢" 12.67% 27.60%¢ 6.20°° 2.93% 176.334% 61.008" 4.20°f 6.90' 111.67%"
Jat 22.27%F 12.07%¢ 29.20%%¢ 6.13%¢ 3.13% 224.67° 65.40 4.33%¢ 9.048 113.334¢
Gonbad 24.05% 12.70%>¢ 27.19%% 5.40>1 2.058 200.67¢ 74.674 5.00% 9.84¢ 117.33¢

In each character, landraces with one common letter at least are not significantly difference at the 5% level.
PH: Plant Height (cm), MH: Mechanized Height (cm), UP: Umbellet per Plant, SU: Seed per Umbellet, SPW: Single Plant Weight (g), BWM: Biological Weight per m?
(g), SWM: Seed Weight per m? (g), SW: 1000-seed weight (g), EO: Essential Oil Yield (kg hal), DM: Days to Maturity.
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Fig. 3. Essential oil of dried seeds in studied cumin landraces.

3. Results
3.1. Morpho-phenological characters

Results of variance showed the strong influence of landrace on the
most measured morpho-phenological characters (data not shown),
which indicated the high morpho-phenological variation among them.
The Mean of essential oil yield was 8.17kg ha' and ranged from
14.33kg ha! for Eyvanekey landrace to 1.00kg ha' for Khatam
Landrace (Table 2). The mean of days to maturity was 112.80 d and
ranged from 102.67 d (Ardekan landrace) to 121.00 d (Eyvanekey
landrace, Table 2). The mean of biological weight per m? (BWM) was
172.00 g and ranged from 91.33 g (Khatam landrace) to 224.67 g (Jat
landrace, Table 2). The mean of seed weight per m? (SWM) was 64.94 g
and ranged from 14.67 g (Khatam landrace) to 100.67 g (Saduq land-
race, Table 2).

The mean comparison of phenological characters suggested that the
studied cumin landraces were clustered in three groups including early
maturity [Ardekan (102.67 d) and Khatam (105.00 d)], medium ma-
turity [Sirjan (112.00 d), Kuhbanan (107.33 d), Taibad (109.67 d),
Natanz (111.00 d), Bardskan (109.33 d), Darmiyan (111.67 d), Jat
(113.33 d), Saduq (110.33 d), Baft (112.67 d), Rafsanjan (114.33 d),
Shahmirzad (108.00 d)], and late maturity [Gonbad (117.33 d),
Sorkheh (118.00 d), Kashmar (119.33 d), Sarayan (117.33 d), Khansar
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(117.67 d), Eyvanekey (121.00 d), Maneh (118.00 d)]. The highest
essential oil content and yield were obtained in the latest maturing
landrace (Eyvanekey landrace with the mean of 2.14% and 14.33 kg ha’
! for essential oil content and essential oil yield, respectively; Table 2).

Essential oil yield had positive and significant correlations with
BWM (r = 0.64™"), SWM (0.74""), and days to maturity (r = 0.58""). A
high correlation coefficient was found between BWM and SWM (0.88"",
Table 3).

In the multiple stepwise regressions, essential oil yield, and all other
morpho-phenological characters (Table 2) were considered as depen-
dent, and independent variables, respectively and the results showed
that 64% of total variation in essential oil yield could be explained by
two characters including SWM (54%) and days to maturity (10%,
Table 4). The regression coefficients of two characters entered into
regression model were significant (Table 4).

Seed weight mass had the most direct effect (0.60™) on essential oil
yield (Table 5). The indirect effect of SWM was also positive (0.14) via
days to maturity (Table 5). The days to maturity had positive and sig-
nificant direct effect (0.35") on essential oil yield and its indirect effect
(0.23) was positive through SWM (Table 5).

Four morpho-phenological clusters were obtained by cluster ana-
lysis (Ward method and Euclidean distance, Fig. 4). The second group
(C2) included Darmiyan (South Khorasan), Jat (Golestan), Eyvanekey
(Semnan), Rafsanjan (Kerman), and Maneh (North Khorasan, Fig. 4).
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Table 3
The correlation coefficient among 13 studied characters in 20 cu min landraces.
Characters PH MH UpP SU SPW BWM SWM SW EO Yield DM Altitude Latitude Longitude
PH 1
MH 0.26 ™ 1
uP 0.56"" 0.31™ 1
Su -0.09™ 0.45" -0.13™ 1
SPW 0.02" 0.17™ 0.42" 0.12" 1
BWM 0.62" 0.08™ 0.40™ 0.01™ -0.06"™ 1
SWM 0.63" 0.06" 0.47" -0.11™ -0.09™ 0.88" 1
SW 0.52"" 0.28™ 0.49" 0.29" -0.06™ 0.51" 0.40" 1
EO Yield 0.41™ 0.15™ 0.36™ 0.01™ 0.13™ 0.64" 0.74" 0.41™ 1
DM 0.35™ -0.10" 0.19™ -0.15" 0.17™ 0.29™ 0.39™ 0.12™ 0.58" 1
Altitude -0.42™ -0.08™ -0.29™ 0.02" -0.02"™ -0.53" -0.37™ 057" -0.36™ -0.18™ 1
Latitude 0.24™ -0.04 0.18™ 0.02™ -0.14" 0.33™ 0.16™ 0.36™ 0.16™ 0.44" -0.65"" 1
Longitude 0.1 -0.06™ 0.36" -0.22™ 0.39" 0.23" 0.29" 0.16" 0.03" -0.05™ -0.38™ 0.01™ 1

ns,*, and **: not significant, significant at P<0.05, and significant at P<0.01, respectively.
PH: Plant Height, MH: Mechanized Height, UP: Umbellet per Plant, SU: Seed per Umbellet, SPW: Single Plant Weight (g), BWM: Biological Weight per m? (g), SWM:
Seed Weight per m? (g), SW: 1000-seed weight (g), EO: Essential Qil Yield (kg ha™), DM: Days to Maturity.

The third group (C3) included Sorkheh (Semnan), Kashmar (Razavi
Khorasan), and Khansar (Isfahan, Fig. 4) landraces. The landraces lo-
cated in the second and third groups were late maturity (115. 67 d and
118.33 d, respectively, Table 2) and they had a high essential oil yield
(10.30 and 9.75kg ha’, respectively, Table 2). Khatam (Yazd), Shah-
mirzad (Semnan), Natanz (Isfahan), and Baft (Kerman) landraces were
located in the fourth group (C4, Fig. 4). The landraces of the fourth
group were early maturity (109.17 d, Table 2) with low essential oil
yield (3.09 kg ha™, Table 2). The landraces located in the same group
belong to different provinces of Iran, with different weather conditions
(Fig. 4, Table 1 Table 6)

3.2. Phytochemical compounds

The results of the GC-MS chromatography showed that the identi-
fied components were classified into four groups of organic compounds
including monoterpenes, oxygenated monoterpenes, sesquiterpenes and
others (Table 7). Monoterpenes (20.96%) and oxygenated mono-
terpenes (62.86%) were the major compounds in the cumin essential
oils and 47% of oxygenated monoterpenes were related to cuminal
(Table 7). The number of identified essential oil compounds in land-
races was ranged from 25 (in the Natanz landrace) to 50 (in the Jat,
Saduq, and Sorkheh landraces, data not shown). Cuminal content
ranged from 16.53% in Saduq landrace to 42.30 % in Khansar landrace
(Table 7). Jat (0%) and Ardekan (17.10%) landraces had the least and
the most content of y-Terpinene, respectively (Table 7). Ardekan and
Sarayan landraces had the highest content of a-Cedrene (1.55%) and
Carotol (1.28%), respectively (Table 7). In the current study, Neronine
alkaloid with the chemical formula of C;gH,;NOg (Fig. 7) and mole-
cular weight of 347 g/mol was observed only in the Jat landrace ori-
ginated from Golestan province and it was about 2.02% of essential oil
(Table 7).

The landraces were grouped in two chemotypes by cluster analysis
which had the significant difference in essential oil quality (Ward's

Table 5
Direct and indirect effects of remained characters in the regression model on
essential oil yield in cumin landraces using path coefficients analysis.

Characters Correlation Direct effects Indirect effects via
Maturity 1000-seed weight

SWM 0.74" 0.60™ 0.14

Maturity 0.58" 0.35 0.23

Residual effects = 0.1., *and ** significant at P<0.05 and P<0.01, respec-
tively.

method and Euclidean distance, Fig. 5, Table 8). In the current study,
Kuhbanan, Natanz, Bardskan, Khatam, Khansar, Baft, and Rafsanjan
landraces were located in the second chemotype (Fig. 5). The phyto-
chemical profile of this chemotype showed that the cuminal content in
its essential oil was high (Fig. 5, Table 8). The second chemotype had
fewer contents of monoterpenes (13.98%) and sesquiterpenes (0.23)
compared to first chemotype (24.72% and 1.39%, respectively,
Table 8). The landraces located in the second chemotype were origi-
nated from different climate conditions in Iran (Figs. 6, 7).

3.3. Photosynthetic pigments contents

Eyvanekey landrace with the highest essential oil yield (14.33 kg ha
!, Table 2) possessed the highest carotenoids contents (72.80 mgg™
FW) and Chl a + b (52.00 mg g'1 FW) and Khatam with least essential
oil yield had the least carotenoids content (40.00mgg™" FW, Fig. 8).
The least Chl a + b content was observed in Natanz (19.50 mg g’lFW)
and Khatam landraces (22.00mgg™ FW, Fig. 8). Essential oil yield
possessed high correlation with carotenoids (r = 0.91") and Chla + b
(r=10.95").

Table 4
The results of stepwise multiple regression of essential oil yield and nine morpho-phenological characters (PH, MH, UP, SU, SPW, BWM, SWM, SW, and DM) in cumin
landraces.
Regression equations Coefficient of partial Coefficient of Cumulative c(p) pr=f
determination determination
Essential oil yield = 0.63 + 0.12 SWM 0.54 0.54 2.63 0.00"
Essential oil yield= -24.62 + 0.09 SWM + 0.24 Maturity 0.10 0.64 0.46 0.04"

**significant at P<0.01.

PH: Plant Height (cm), MH: Mechanized Height (cm), UP: Umbellet per Plant, SU: Seed per Umbellet, SPW: Single Plant Weight (g), BWM: Biological Weight per m?
(g), SWM: Seed Weight per m? (g), SW: 1000-seed weight (g), and DM: Days to Maturity.
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Fig. 4. Dendrogram of cluster analysis of the studied landraces using ward method based on morpho-phenological characters.

Table 6

Results of analysis of variance and mean comparison of traits for cluster ana-
lysis groups based on measured morpho-phenological characters.

H MS between ~ MS within Mean group
groups groups

Group1l Group 2  Group 3 Group 4
PH 4.67" 0.88 22.64a 22.36a 21.39ab  20.50b
MH 2.10" 0.40 12.30a 12.63a 10.86b  12.04a
UP 29.67"" 4.64 27.33a 28.61a 25.64ab  22.66b
SU 1.47" 0.15 5.40b 6.36a 5.06b 5.98a
SPW 0.29" 0.08 2.34b 2.82a 2.29b 2.41ab
BWM 7542.67" 709.19 193.83a 193.13a  163.89a 108b
SWM 2191.74" 149.78 76.30a 73.21a 68.78a  29.03b
SW 0.68" 0.19 4.37ab 4.55a 3.80b 3.77b
EO Yield 45.44" 5.39 8.79a 10.30a 9.75a 3.09b
DM 73.12" 16.35 110.75bc  115.67ab 118.33a 109.17c

* and **: significant at P<0.05 and P<0.01, respectively.

PH: Plant Height, MH: Mechanized Height, UP: Umbellet per Plant, SU: Seed
per Umbellet, SPW: Single Plant Weight (g), BWM: Biological Weight per m?
(g), SWM: Seed Weight per m? (g), SW: 1000-seed weight (g), EO: Essential Oil
Yield (kg ha™), DM: Days to Maturity.

3.4. 0Oil body number in the cell

Two landraces including Eyvanekey [as late maturity (121 d,
Table 2) landrace with high essential oil content and yield (2.14% and
14.33kg ha’l, respectively, Fig. 3, Table 2)] and Khatam (as early
maturity landrace (105 d, Table 2) with low essential oil content and
yield (0.68% and 1.00 kg ha™, respectively, Fig. 3, Table 2) were as-
sessed in terms of oil body number in the cells. The results showed that
the oil body number in a cell of Eyvanekey landrace (5.50 no. /cell) was
significantly higher than that (1.90 no. /cell) in Khatam landrace
(Fig. 9, 10).

3.5. Limonene synthase gene expression

Five cumin landraces including Khatam (with low monoterpenes
content, 12.80%), Saduq and Maneh (with medium monoterpenes
content, 23.63% and 24.60%, respectively), Ardekan and Eyvanekey
(with high monoterpenes content, 34.20% and 33.95%, respectively,
Table 7) were assessed. The tested landraces varied significantly (P <
0.01) in terms of limonene synthase gene expression. Ardekan landrace
had the highest expression of limonene synthase gene (19. 20 fold,
Fig. 11) followed by Eyvanekey landrace (16.70 fold, Fig. 11). The least
expression of limonene synthase gene (1 fold, Fig. 11) was observed in
Khatam landrace. There was a significant and positive correlation
(r = 0.97"") between monoterpenes content and limonene synthase
gene expression.
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4. Discussion
4.1. Morpho-phenological characters and essential oil yield

There was high morpho-phenological variation between landraces.
The high genetic variation can be used in the mass selection breeding
program or developing new breeding population (Bahraminejad et al.,
2011; Moghaddam and Pirbalouti, 2017). Cumin landraces were clas-
sified as early, medium, and late maturity. The most studied cumin
landraces were late (35%) and medium maturity (55%), and only 10%
of them were early maturity. Variation of maturity period in cumin
landraces was reported by other studies (Bahmankar et al., 2016;
Moghaddam and Pirbalouti, 2017). Early maturing landraces are very
important for the regions with terminal stresses. The mean of 1000-
seeds weight was 4.21 g and ranged from 3.33 g (Khatam landrace) to
5g (Gonbad landrace, Table 2). The 1000-seeds weight in the current
study was higher than the 1000-seeds weight of Iranian cumin land-
races assessed by Moghadam and Pirbaloti (2017). The tested landraces
varied significantly (P < 0.01) for essential oil yield and morpho-
phenological characters; hence, it is possible to select suitable landraces
with different maturity period for cumin breeding program. Also,
Bahraminejad et al. (2011) reported morphological variation in cumin
landraces. Nevertheless it should be noted that the morphological
characters are influenced by the environment, developmental, genetic
factors, and their interaction (Labra et al., 2004).

The cumin essential oil is used in the food industry as an anti-
microbial agent for preservative purposes (Hajlaoui et al., 2010; Xie
et al.,, 2011; Mohammadpour et al., 2012). Essential oil content in
studied cumin landraces ranged from 0.64% for Bardskan landrace to
1.89% for Baft landrace. It should be noted that the oil content of cumin
in the current study was higher than that in study of Jalali-Heravi et al.
(2007) on the Iranian cumin landraces and results of the current study
were approximately similar to report of Hashemian et al. (2013). In the
other studies, the essential oils content of Chinese cumin landraces (Li
and Jiang 2004), Bulgarian (Jirovetz et al., 2005), Indian cumin land-
races (Sowbhagya et al., 2008), and Tunisia (Rebey et al., 2012) were
observed 3.80%, 5.30%, 2.30%, and 1.60%, respectively (Li and Jiang,
2004; Jirovetz et al., 2005; Sowbhagya et al., 2008; Rebey et al., 2012).
Essential oil yield had positive and significant correlations with BWM
(r=0.64""), SWM (0.74""), and days to maturity (r = 0.58"", Table 3).
Safari et al. (2015) showed that seed weight is an important character
in grain yield improvement. The positive relationship between essential
oil yield and days to maturity may be due to most photosynthesis and
growing period of late maturing landraces and therefore high photo-
synthetic rates result in increased essential oil production (Bardideh
et al.,, 2013; Moghaddam et al., 2015). Other researchers have also
verified the high capacity of essential oils biosynthesis in late-maturing
genotypes of medicinal plants such as cumin and fennel (Bahmani et al.,
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Fig. 5. Dendrogram of cluster analysis of studied landraces using ward method based on essential oil components.

Table 8
Results of analysis of variance and mean comparison of traits for cluster ana-
lysis groups based on chemical composition of the essential oil.

Traits MS between MS within Mean group
groups groups
Group 1  Group 2
Cuminal 232.14" 26.20 28.07b  35.2la
Terpenes 790.79" 113.81 83.39b 96.58a
Monoterpenes 524.93" 40.41 24.72a  13.98b
Hydrocarbons
Oxygenated 2864.49" 73.36 57.28b  82.37a
Monoterpenes
Sesquiterpene 6.19" 0.84 1.39a 0.23b
Hydrocarbons

* and **: significant at P<0.05 and significant at P<0.01, respectively.

2015; Moghaddam and Pirbalouti, 2017). Altitude possessed a negative
correlation with BWM (r = -0.53") and 1000-seed weight (r= -0.57"",
Table 3). Bahmankar et al. (2018) reported the significant and negative
correlations between altitude and photosynthetic pigments. As the al-
titude increases, humidity and temperature are reduced and resulted in
a reduction of the photosynthetic pigments (Bahmankar et al., 2018).
So it is concluded that variation of morpho-physiological traits in cumin
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Fig. 7. Chemical structure of Neronine in the Jat landrace.

are related to variation in geographical and weather situation of their
origins.

Multiple stepwise regression indicated that 64% of total variation in
essential oil yield could be explained by two characters including SWM
(54%) and days to maturity (10%, Table 4). The regression could not
justify 36% of the variation. The other components may be able to
explain 36% of the variation. It was reported that the number of seeds
per plant accompanied with the number of umbrellas per plant, 1000-
seed weight, and seed number in umbrella justified 89% of total var-
iation in plant yield (Bahraminejad et al., 2011). Regarding regression,
the direct and indirect effects of characters on essential oil yield were

intensity
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Fig. 6. Essential oil chromatograms of Khansar (a) and Jat (b) cumin landraces.
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Fig. 8. The contents of photosynthetic pigments in five selected cumin landraces. Means within each character followed by the same letter are not significantly

different according to Duncan at 0.05 probability level.

also determined by path analysis. The direct effects of SWM and days to
maturity (60% and 35%, respectively, Table 5) on essential oils yield
were more than their indirect effects (14% and 23%, respectively,
Table 5); hence selection for essential oil yield through these characters
would be effective. In another study, the 1000-seed weight had a sig-
nificant and positive correlation with essential oil yield (Bahraminejad
et al.,, 2011). Direct selection of essential oil yield as a polygenic
character is not effective for its improvement, while, it can be improved
by selection of other traits. Based on the results of correlation coeffi-
cient, stepwise regression, and path coefficient analysis, two characters
including SWM and days to maturity were important for improving
cumin essential oil yield. This is a good way if the objective is to in-
crease the essential oil yield per hectare for extraction. In other words, a
positive selection of SWM and days to maturity are strongly re-
commended based on the results of regression and path analysis. When
there is no environmental stresses, the long duration of maturity was
recommended for production and accumulation of secondary metabo-
lites and essential oils (Bahmani et al., 2015). In a study on the path
analysis of cumin, the number of seeds per umbrella and number of
umbel per plant had the highest direct effect on the seed yield
(Bahraminejad et al., 2011).

The morpho-phenological data are good for genotypes clustering
because facility of measurement and being an indicator of variations in
genome coding regions and environmental effects. Morpho-phenolo-
gical characters include environmental and genetic effects (Labra et al.,
2004; Bahmankar et al., 2016). Four morpho-phenological clusters
were obtained by cluster analysis indicating genetic variation among
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Fig. 10. The number of oil bodies in a cell of the selected cumin landraces.
Landraces with one common letter at least are not significantly different at the
5% level.

studied landraces (Fig. 4). Landraces belonging to different geographic
regions located in the same group for example, Rafsanjan landrace from
Kerman province with a semi-arid climate and a mean annual rainfall of
126 ml is located in the same group (second group) with a Jat landrace
of Golestan province with a mean rainfall about 315ml (Fig. 4,
Table 1). So, it was concluded that the geographical factor is not the
only cause of genetic variation and it is not the reason for genetic
distance and closeness of landraces. This is consistent with correlation
results so that only altitude possessed a negative correlation with BWM

Fig. 9. Oil bodies in the cross-sections cell of the seeds of Eyvanaki landrace (a) and Khatam landrace (b). Arrows indicate oil bodies.
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Fig. 11. Relative expression of limonene synthase gene in five selected cumin
landraces based on Duncan method. Landraces with one common letter at least
are not significantly different at the 5% level.

and 1000-seed weight, while the latitude and longitude had no corre-
lation with morphological characters. The second and third groups in-
cluded landraces with the highest essential oil yield and days to ma-
turity (Table 6). While landraces of the fourth group had least days to
maturity and essential oil yield. So, hybrids obtained from the crosses of
landraces located in the fourth group with landraces located in the
second or third groups will be superior plants in terms of essential oil
yield. Genetic variation plays a main role in plant breeding because
hybrids obtained from the lines with more genetic variation show more
heterosis compared to convergent races (Bahmankar et al., 2016).
Other researchers reported that the cumin landraces originated from
various regions were difference in terms of yield and related characters
(Bahraminejad et al., 2011; Moghaddam and Pirbalouti, 2017). It is
reported that the cumin essential oil content is mainly influenced by
genotype (Bettaieb et al., 2011; Rebey et al., 2012; Moghaddam and
Pirbalouti, 2017). On the other hand, some researchers reported that
the essential oils production is a mechanism for adapting to changing
environmental conditions (Sangwan et al., 2001).

4.2. Phytochemical compounds

Monoterpenes and oxygenated monoterpenes were the major com-
pounds in the cumin essential oils. In other studies, oxygenated
monoterpenes and monoterpenes were reported as the most important
chemical compounds of cumin essential oils (El-Hamidi and Ahmed,
1966; Raghavan, 2006; Dubey et al., 2017; Moghaddam and Pirbalouti,
2017).

The tested landraces varied significantly for essential oil quality.
The number of identified essential oil compounds in landraces was
ranged from 25 (in the Natanz landrace) to 50 (in the Jat, Saduq, and
Sorkheh landraces, data not shown). In the present study, 50 com-
pounds were identified in cumin essential oil, which covers approxi-
mately 98% of essential oil content (data not shown). In another study,
19 components in Chinese landraces, 41 components in Egyptian
landraces and 29 components in Indian landraces were determined by
GC-MS analysis (Dubey et al., 2017). Different results for essential oil
compositions may be due to factors such as the sensitivity of system
used or method adapted for analysis (Bettaieb et al., 2011; Dubey et al.,
2017). Many internal and external factors including genotype, geo-
graphical location, climatic conditions, growing season, and the
methods used for essential oils extraction affect the chemical compo-
sitions of essential oil (Bahmani et al., 2015; Dubey et al., 2017). Ac-
cording to essential oil compositions, the cumin landraces were clus-
tered in two chemotypes including low cuminal / high monoterpenes
and high cuminal / low monoterpenes, indicating a significant differ-
ence in the essential oil quality. Khansar landrace with the highest
cuminal content (42.30%) was located in the second chemotype (Fig. 5,

266

Industrial Crops & Products 128 (2019) 256-269

Table 7). On the other hand, Khansar landrace was identified as one of
the late maturing landraces (117.67 d, Table 2). Many studies reported
a positive and significant relationship between essential oil content and
cuminal content in cumin (Dubey et al., 2017; Moghaddam and
Pirbalouti, 2017). The high contents of essential oil and cuminal and
low content of monoterpenes have been reported in late maturing
landraces (Dubey et al., 2017). The phytochemical profiles of the
second chemotype showed that the cuminal content (35.21%) in its
essential oils was high, while monoterpenes (13.98%) and sesqui-
terpenes (0.23%) contents were low (Table 7 and Fig. 5). In the current
study, cuminal content (27.97%) was higher than monoterpenes con-
tent (20.96%). There was a significant and negative correlation (r
-0.53") between monoterpenes content and cuminal content. A negative
relationship between monoterpenes content and the cuminal content
was reported in cumin (Moghaddam and Pirbalouti, 2017). The content
of cumin aldehyde (cuminal) in Tunisian cumin landraces was higher
than monoterpenes content (Hajlaoui et al., 2010). However, other
studies reported that monoterpenes content was higher compared to
cumin aldehyde in cumin landraces (Gachkar et al, 2007;
Mohammadpour et al., 2012). Cuminal possesses a pleasant smell and it
contributes to the special aroma of its spice. The cuminal is commer-
cially applied in fragrance, and cosmetics industries (Pandey et al.,
2015; Sharma et al., 2016). Cumin seeds with high cuminal content are
more desirable compared to seeds with high monoterpenes content in
local and international markets (Dubey et al., 2017). Therefore, the
landraces located in the second chemotype especially Khansar landrace
could be introduced as the best Iranian landrace in terms of essential oil
quality for applying in the pharmaceutical industry. Mean of sesqui-
terpenes content in studied cumin landraces was 0.98% and ranged
from 0.11% (Rafsanjan landrace) to 4.08% (Ardekan landrace). In other
studies, sesquiterpenes content of essential oil in Iranian cumin was less
than 1% (Moghaddam et al., 2015; Moghaddam and Pirbalouti, 2017).
The antibacterial properties of cumin are related to cuminal, limonene,
y-Terpinene, and B-Pinene (lacobellis et al., 2005). These compounds
are used to produce antibacterial drugs and overcome the resistance of
microbe to traditional antibiotics (Bettaieb et al., 2011). Ardekan had
the highest content of y-Terpinene (17.10%) and (-Pinene (9.95%,
Table 7). In other studies, y-Terpinene, cuminal, and B-Pinene were
reported as the major compositions of cumin essential oils (Hajlaoui
et al., 2010; Xie et al., 2011; Moghaddam and Pirbalouti, 2017). In
another study, 21 compounds were detected in the cumin essential oils
and y-Terpinene (24.30%), cuminaldehyde (cuminal, 21.70%), p-
cymene (16.50%), 3-Pinene (13.70%), Safranal (12.93%), and cumin
alcohol (2.40%) were the major compounds (Moghaddam et al., 2015).
y-terpinene, 3-pinene, p-cymene, and cuminaldehyde were reported as
the main chemical compositions of Jat (Kazemi et al., 2018) and Raf-
sanjan (Mortazavian et al., 2018) landraces. The quality of cumin es-
sential oil is influenced by factors such as production region, harvesting
season, extraction method, and storage condition (Xie et al., 2011;
Moghaddam and Pirbalouti, 2017;). In the current study, Neronine al-
kaloid with the chemical formula of C;gH,;NOg (Fig. 7) and molecular
weight of 347 g/mol was observed only in the Jat landrace originated
from Golestan province and it was about 2.02% of essential oil
(Table 7). Up to now, this alkaloid with anti-cancer, antiviral, and
disinfectant properties has not been reported in cumin and has been
reported in the Pancratium maritimum belong to Amaryllidaceae family
(Clark et al., 1975; Bessa et al., 2016). Since the tested landraces were
planted under the same climatic situation, all observed differences are
related to their genetic structure. The uniformity of environmental
conditions helps to recognize the effect of genetic variation on the
phytochemical characters (Kruger et al., 2002). Xie et al. (2011) re-
ported that cumin landraces originated from the different regions had
different content of main essential oil components. Aldehyde / y-Ter-
pinene, and y-Terpinene/ 1-Phenyl-1-Ethanediol chemotypes have been
reported in Tunisian and Indian cumin landraces, respectively (Bettaieb
et al., 2011). Also, y-Terpinene (Viuda-Martos et al., 2007) and cumin-
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aldehyde (cuminal, Beis et al., 2000) chemotypes have been reported in
cumin landraces.

In the current study, the dendrogram obtained using morpho-phe-
nological characters was different with the dendrogram obtained using
phytochemical properties. Khadivi-Khub et al. (2014) observed that the
dendrogram obtained using morphological characters was mostly dif-
ferenced from the one based on phytochemical compositions, in which
most samples originated from the same location were clustered in
several subgroups by morphological characters and showed high in-
traregional variation, while they were placed in the same subgroups by
phytochemical compositions in most cases. The disagreement between
dendrograms from morphological variables and the main phytochem-
ical compositions could be attributed to a number of reasons; one is
higher number of morphological traits than phytochemical composi-
tions, which could cause higher variations (Khadivi-Khub et al., 2014).

4.3. Photosynthetic pigments contents

All terpenes are generated from the C5 precursor’s isopentenyl
pyrophosphate (IPP), and its isomer dimethyl allyl pyrophosphate
(DMAPP, Martin et al., 2003). Dudareva et al. (2004) reported that
monoterpenes biosynthesis is affected by mitochondrial function,
chlorophyll, and photosynthetic efficiency. Carotenoids are accessory
light harvesting pigments that protect photosynthetic pigments from
photo-damage. Eyvanekey landrace with the highest essential oil yield
(14.33 kg ha™) had the highest contents of carotenoids (72.8 mg g”* FW)
and Chl a + b (52mgg? FW). Khatam with least essential oil yield
(1kg ha™) had the least contents of carotenoids (40 mg g'1 FW) and Chl
a+b (22mgg? FW, Fig. 8, Table 2). Individual data of essential oil
yield possessed high correlation with individual data of carotenoids
content (r = 0.91"") and Chl a + b content (r = 0.95""). Chlorophylls
and carotenoids contents had a positive effect on photosynthetic ca-
pacity and more photosynthesis resulted in more biosynthesis of hy-
drocarbons and protein in the plant (Parida et al., 2002).

4.4. Oil body number in the cell

0Oil bodies are lipid (mainly triacylglycerols) storage compartments.
Triacylglycerols are the major oils used for energy and metabolic sub-
strates during germination and seedling growth (Tzen and Huang,
1992; Shimada and Hara-Nishimura, 2010; Shimada et al., 2018). Ey-
vanekey landrace [as late maturity (121 d, Table 2) landrace with high
essential oil content and yield (2.14% and 14.33kg ha™, respectively,
Table 2)] had more number of oil body (5.50 no./cell) compared to
Khatam landrace [1.90 no./cell, Fig. 9, Fig. 10, as early maturity
landrace (105 d, Table 2) with low essential oil content and yield
(0.68%, 1kg hal, respectively, Table 2)]. Therefore, it may be con-
cluded that oil body is one of the effective factors in the essential oil
synthesis of cumin landraces and they positively affect the essential oils
content. Oil bodies may function to provide bioactive secondary com-
pounds (Shimada et al., 2018). CLO4 (CALEOSIN4, a oil body protein)
is involved in abscisic acid (ABA) pathways (Kim et al., 2011) and
phytohormones such as ABA may induce the expression levels of
transcription factors (TFs); subsequently, these phytohormone-re-
sponsive TFs bind the promoters of secondary metabolite pathway
genes. Environmental conditions such as dark and extreme temperature
(heat and cold) induce oil body formation (Gidda et al., 2016), sug-
gesting that leaf oil bodies function in stress responses. Other re-
searchers have also verified that the late-maturing genotypes of med-
icinal plants had a high capacity of essential oils synthesis (Bahmani
et al., 2015; Moghaddam and Pirbalouti, 2017).

4.5. Limonene synthase gene expression

One important regulatory mechanism of secondary metabolite
pathways are transcriptional co-regulation of genes involved in such
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pathways (Salehi et al., 2018a; Salehi et al., 2018b). The qPCR method
was used to understand the relationship of monoterpenes content or
cuminal content with the expression pattern of limonene synthase gene.
Ardekan landrace with the highest monoterpenes content (34.20%) had
the highest expression of limonene synthase gene (19. 20 fold) followed
by Eyvanekey landrace (16.7 fold) with the highest monoterpenes
content (33.95%, Fig. 11, Table 7). The least expression of limonene
synthase gene was found in the Khatam landrace (1 fold) with least
monoterpenes content (12.80%, Fig. 11, Table 7). There was a sig-
nificant and positive correlation (r = 0.97") between monoterpenes
content and limonene synthase gene expression. This relationship be-
tween limonene synthase gene expression and the monoterpenes con-
tent of cumin essential oil has been also reported in other studies
(Kjonaas and Croteau, 1983; Munoz-Bertomeu et al., 2008; Zarinkamar
et al., 2012; Bahmankar et al., 2018). The antibacterial properties of
cumin are related to some of the monoterpenes hydrocarbons such as
limonene, y-Terpinene, and -Pinene (lacobellis et al., 2005). These
compounds are used to produce antibacterial drugs and overcome the
microbe’s resistance to traditional antibiotics (Bettaieb et al., 2011). It
is possible that monoterpenes production protects plants against pa-
thogens and herbivore-feeding deterrents during growth and develop-
ment (Ibrahim et al. 2008). Also, Munoz-Bertomeu et al. (2008) showed
that the protective properties of the transgenic mint plant with limo-
nene gene increased. Limonene synthase gene expression positively
affects the monoterpenes pathways which results in increased re-
sistance of the plant.

A negative relationship between monoterpenes content and cuminal
content was reported in cumin (Moghaddam and Pirbalouti, 2017).
Cumin seeds with high cuminal content are more desirable compared to
seeds with the high monoterpenes content in local and international
markets (Dubey et al., 2017). A negative relationship between the
cuminal content and limonene synthase gene expression (r = -0.55")
was found. Hence, it was concluded that landraces having low ex-
pression of limonene synthase gene are favorable for marketing.

5. Conclusions

The cumin landraces were classified into four morpho-phenological
groups indicating genetic variation between them. We also observed
two different chemotypes (low cuminal / high monoterpenes and high
cuminal / low monoterpenes) in Iranian cumin landraces, which ver-
ified the existence of a wide genetic variation among studied cumin
landraces. Genetic variation can be used in selection and breeding
programs for developing desirable cumin cultivars. Evaluation of
morpho-phenological and phytochemical characters of cumin landraces
in addition to the application in the breeding programs is commercially
important. Results showed that SWM and days to maturity are the good
morphological indexes for selection of landraces with high-essential oil
yield. Phytochemical analysis of landraces showed that terpenes were
the main components of cumin essential oil. Neronine alkaloid was
identified for the first time in the current study, and Jat landrace is a
novel plant source of Neronine alkaloid. Carotenoids and chlorophylls
positively affect the essential oil yield. Late maturity landraces had
higher content of essential oil compared to early maturity landrace.
This result is consistent with the results of Bardideh et al. (2013) and
Moghaddam et al. (2015). On the other hand, the oil body number in
the cells of the late maturity landrace was significantly more compared
to that in the early maturity landrace. Due to the fact that the maturity
period is a genetic character, locus related to the maturity period and
oil body number may be linkage with each other or controlled by a
pleotropic locus. Hence, it was concluded that the number of oil body in
the cells of the late maturity landrace was significantly higher com-
pared to that in the early maturity landrace and it positively affected
the essential oils synthesis However, since the oil body number has only
been studied in two landraces, this is only an idea for future studies.
Limonene synthase gene expression had a positive effect on the
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monoterpenes biosynthesis pathway in cumin.
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