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ABSTRACT

Article history:

Development of drought-tolerant cultivars with high essential oil yield is
important for production of medicinal plants. So far application of halfsib mating has not been used in the coriander breeding for high
essential oil yield and drought tolerance. In this study, 14 half-sib
families of coriander derived from poly-cross design were evaluated
under three irrigation treatments including: well water, mild water
deficit stress and intense water deficit stress. In each environment, the
half-sib families were evaluated using a randomized complete block
design with three replications. Six drought-tolerance indices, including
stress tolerance index (STI), geometric mean productivity (GMP), mean
productivity (MP), harmonic mean (HM), stress tolerance (TOL) and
stress susceptibility index (SSI) were calculated based on essential oil
yield under non-stress (YP), mild stress (YM) and intense stress (YS).
The results of correlation coefficients and biplot analysis revealed that
STI, GMP, MP and HM indices could be effectively used for screening of
drought tolerant genotypes of the coriander. Selection by these indices
can be useful to identify a genotype with desirable essential oil yield in
both non-stress and stress conditions. According to the results of threedimensional graphs and view of biplot, half-sib families’ No. 6, 7 and 14
under mild stress and half-sib families’ No. 6, 7 and 12 under intense
stress were selected as drought tolerant, and with high essential oil
yield under non-stress and stress conditions. Therefore, these half-sib
families can be used as a source of elite parents for synthetic cultivars in
the coriander.
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Introduction*

al., 2018; Gholizadeh et al., 2019). In addition,
the short life cycle in most coriander cultivars
allows farmers to fit their cultivation into some
parts of the growing season in almost any region
(Lopez et al., 2008). The fresh and dried leaves
of coriander are generally used as a vegetable,
spice and also in cooking as an ingredient in
many of foods (Nejad Ebrahimi et al., 2010).
Coriander is mainly cultivated and widely
distributed for its fruits. The dried fruits are
widely applied as a condiment, especially for
flavoring of sauces, meat products, bakery, and

Coriander (Coriandrum sativum L.) is an annual
herb from Apiaseae family. Coriander is native to
the south-western parts of Asia to North Africa
(Nejad Ebrahimi et al., 2010). It displays
widespread adaptation as a crop around the
world, growing well under many different types
of soils and weather conditions (Gholizadeh et
* Corresponding Author, Email:
a.gholizadeh@areeo.ac.ir
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confectionery items. Also, dried fruits are a
source of essential oils (Msaada et al., 2009).
Coriander seed oil includes among the 20 major
essential oils in the market globally. Linalool is
the main volatile compound in the seed (more
than 50% of the total essential oil) (Ramadan
and Moersel, 2003). Also, it has been revealed
that the essential oils and various extracts of
coriander have antibacterial (Burt, 2004;
Cantore et al., 2004; Kubo et al., 2004),
antioxidant (Wangensteen et al., 2004),
antidiabetic (Gallagher et al., 2003), anticancerous and anti-mutagenic (Chithra and
Leelamma, 2000) activities.
Climate conditions, altitude, different soil
conditions, seasonal factors, and other
environmental features such as water deficit
affect the yield of essential oil. Water deficit
stress is one of the most important factors
limiting the growth and survival of plants in arid
and semi-arid regions. Water is a major
component of the fresh product and significantly
affects the weight and quality of plants (Jones
and Tardieu, 1998). Water deficit in plants may
lead to physiological disorders such as a
reduction in transpiration and photosynthesis
(Sarker et al., 2005; Sousaraei et al., 2021). Also,
water deficit may cause significant changes in
the yield and composition of essential oils in
aromatic and medicinal plants. For example,
water deficit decreased the oil yields of
rosemary (Rosmarinus officinalis L.) and anise
(Pimpinella anisum L.) (Singh and Ramesh,
2000). Nadjafi et al. (2009) reported that water
deficit increased the percentage of essential oil
in the coriander but decreased the yield of
essential oil. Having an average annual rainfall of
240 mm, Iran categorized in arid and semi-arid
regions of the world. Of the million hectares of
cultivated regions, only five millions are under
irrigation because of intense water limitations
(Ebrahimiyan et al., 2012). However, Iran is one
of commercial coriander producers in the world
(Nejad Ebrahimi et al., 2010). Coriander has
been cultivated for many years in different parts
of Iran. Therefore, developing the droughttolerant cultivars with high essential oil yield is
an important strategy in coriander breeding.
Drought susceptibility of a genotype is usually
estimated based on yield reduction under
relative stress compared to the non-stress
conditions (Fernandez, 1992). Generally, some
researchers used the indices such as geometric
mean productivity (GMP) (Fernandez, 1992),
mean productivity (MP) (Rosielle and Hamblin,
1981), harmonic mean (HM) (Jafari et al., 2009),
stress susceptibility index (SSI) (Fischer and
Maurer, 1978), stress tolerance index (STI)

(Fernandez, 1992) and tolerance index (TOL)
(Rossielle and Hamblin, 1981; Sousaraei et al.,
2021) for screening of susceptible and tolerant
genotypes based on their yields in the stress and
non-stress conditions. Fernandez (1992) used
these indices and yield in non-stress and stress
conditions for categorizing the genotypes into
four groups: genotypes which express uniform
superiority in both non-stress and stress
environments (group A), genotypes with high
yield under either non-stress (group B) or stress
(group C) environments, and genotypes with
weak yield under both non-stress and stress
environments (group D). Also, for selection
based on a combination of indices, some
researchers have used the principal component
analysis (PCA) (Golabadi et al., 2006; Majidi et
al., 2011; Ebrahimiyan et al., 2013). PCA is one of
the most successful techniques for reducing the
multiple dimensions of the observed variables
into a smaller intrinsic dimensionality of
independent variables (Johnson and Wichen,
2007).
Despite, coriander is a medicinal plant with high
genetic diversity, which is cultivated in different
parts of the world, half-sib mating has not been
used in the coriander breeding for high essential
oil yield and drought tolerance. Therefore, we
attempted to evaluate the drought tolerance in
14 coriander half-sib families under different
irrigation regimes to assess the efficiency of
different drought selection indices and to
identify drought-tolerant half-sib families as a
source of elite parents for the synthetic cultivars.

Materials and Methods
Plant material and experimental site

Plant materials included 14 half-sib families of
the coriander, including TN-59-10 (F1), TN-5936 (F2), TN-59-80 (F3), TN-59-158 (F4), TN-59160 (F5), TN-59-164 (F6), TN-59-230 (F7), TN59-306 (F8), TN-59-347 (F9), TN-59-353 (F10),
TN-59-357 (F11), TN-59-422 (F12), TN-59-450
(F13) and commercial cultivar (F14). Parental
genotypes (endemic genotypes) provided from
the Gene bank of the Seed and Plant
Improvement Institute, Karaj, Iran. To produce
half-sib families, all possible crosses were done
between parents at a polycross design in 2014.
Seeds were sterilized for 5 min in 10% sodium
hypochlorite and then in 96% ethanol for 1 min
and thoroughly washed by distilled water (Hojati
et al. 2011). In this study, 14 half-sib families
were evaluated in three irrigation treatments,
including well water, mild water deficit stress
and intense water deficit stress. In each
environment, the half-sib families were
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evaluated through a randomized complete block
design with three replications at the research
field of the Tarbiat Modares University, Tehran,
Iran. The physical and chemical characteristics of
the soil in the experiment are presented in Table
1. Seeds of half-sib families were sown on 5 April
in 2015. A set of genotypes in experiment 1 fully
watered; in experiment 2 (mild water stress)

genotypes fully watered until stem elongation
beginning stage and watering was cut off till the
flowering stage finished completely and then
recovery watering was done for once; in
experiment 3 (intense water stress) watering
done similar to experiment 1 until the beginning
of the flowering stage and then watering was cut
off completely.

Table 1. Soil properties of different layers of the experimental field
Soil depth (cm)

Soil parameters
Sand (%)
Silt (%)
Clay (%)
Bulk Density (G Cm−3)
FC (%)
Organic C (%)
pH
EC (dS m−1)
Available N (kg ha−1)
Available P (kg ha−1)
Available K (kg ha−1)

0-20
70
15
15
1.2
16.5
1.61
7.75
1.3
29.00
195.00
2085.0

Measurement and statistical analyses

20-40
68
18
14
1.4
19
1.45
7.75
1.3
34.10
226.8
2304.5

40-60
66
18
16
1.48
15
1.09
7.74
1.3
43.00
214.00
2465.9

between essential oil yield in each of the water
regimes and drought tolerance indices were
determined using SAS PROC CORR. The principal
component analysis was performed to reduce
the multiple dimensions of data space and the
biplot was drown using GGE-biplot software.
Further information on GGE-biplot methodology
and GGE-biplot package are available at
http://www.ggebiplot.com. For specifying the
drought-tolerant genotypes with high yield
potential for essential oil in non-stress and stress
environments, three-dimensional graphs based
on YP, YM, YS and the best drought-tolerance
indices was drown using SAS version 9.1
statistical software.

Plants were harvested at maturity stage, and
then the fruit yield was recorded for each plot.
The essential oil was extracted using the steam
distillation method in which 30 g of well grinded
fruit were subjected to hydro distillation for 90
min (Msaada et al., 2009). Essential oil yield of
each family was also calculated by multiplying
fruit yield in essential oil percent. The drought
indices were analyzed based on essential oil
yield under non-stress (YP), mild stress (YM)
and intense stress (YS). Drought tolerance was
calculated using the equations cited in Table 2.
The combined analysis of variance for traits
under non-stress and stress conditions was done
according to the RCBD design using SAS version
9.1 statistical software. Correlation coefficients

Table 2. Stress tolerance/susceptibility indices used for drought evaluation of coriander families
Stress tolerance indices
Equationa
References
 YS 
1  
 YP 
SSI

Stress susceptibility index
(Fischer and Maurer, 1978)
 YS 
1 

 YP 
GMP  YP  YS
Geometric mean productivity
(Fernandez, 1992)
Y  YS
MP  P
Mean productivity
(Rosielle and Hambling, 1981)
2
2  YP  YS 
HM 
Harmonic mean
(Kristin et al., 1997)
YP  YS
TOL  YP  YS
Tolerance index
(Rosielle and Hambling, 1981)
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Equationa
 Y    YS 
STI  P
2
YP

 

References
(Fernandez, 1992)

a:

Ys is the essential oil yield of families under drought stress conditions, Yp is the essential oil yield of families under
non-stress condition, Ῡ s and Ῡ p are the mean essential oil yield of all families under drought stress and non-stress
condition, respectively.

Results

half-sib families, which could be a useful
resource for the selection of drought-tolerant
families as a source of elite parents for synthetic
cultivars. In addition, the interaction between
half-sib families and the environment were
significant for all the studied traits, suggesting
that the values of these traits were significantly
altered because of the different responses of
half-sib families under different irrigation
regimes (Table 3).

The results of combined analysis of variance
indicated that all the studied traits showed
significant differences among different irrigation
regimes (Table 3). These differences among
different environments (non-stress, mild-stress
and intense-stress) are due to the effect of
drought stress on traits under study. There were
highly significant differences among coriander
half-sib families for all studied traits. These
results indicate high genetic variation among

Table 3. Combined analysis of variance for coriander studied traits under different irrigation regimes
Mean square
S.O.V
DF
Essential oil
Fruit yield
Essential oil yield
Environment (E.)
2
0.01526**
16347274.58**
0.522**
Rep/E.
6
0.00014
18766.10
0.006
Families (F.)
13
0.00268**
282566.50**
0.186**
F× E
26
0.00138**
124657.61**
0.074**
Error
78
0.00008
15750.79
0.003
**: Significant at 0.01 level of probability.

In the present study, evaluation of 14 coriander
half-sib families for drought tolerance was done
through 6 selection indices, including STI, MP,
GMP, HM, TOL, and SSI. An appropriate index
should have a positive significant correlation
with essential oil yield in the non-stress and
stress conditions. Therefore, to identify the best
index of selection for screening of droughttolerant half-sib families, and using all stresstolerance/sensitivity indices simultaneously the
PCA was performed. Correlation coefficients
between these indices and essential oil yield in
non-stress (YP) and stress conditions (YM and
YS) are shown in Tables 4 and 5. A vector view of
biplot of the two first components was used to
show the distribution pattern of half-sib families
and interrelationships between YP and essential
oil yield in any stress conditions (YM and YS
with STI, MP, GMP, HM, TOL, and SSI indices (Fig.
1 and 2). The vector view is one of the
applications of the biplot analysis to study the
relationships between indices. In the vector view
of the biplot, a vector is drawn from the biplot
origin to each marker of the traits (indices) to
facilitate visualization of the relationships
among the traits (Yan and Rajcan 2002). The
vector view explains a sufficient amount of the
total variation of standardized data. Since the
correlation coefficient between any two traits is
approximated by the cosine of the angle among

their vectors, the vector view of biplot is the best
way
for
graphical
displaying
the
interrelationships among traits (Yan and Rajcan,
2002). Two traits are positively correlated if the
angle among their vectors is <90°, and is
negatively correlated if the angle is >90°, and is
the independent if the angle is equal to 90°. In
biplot view, when a genotype located around or
neighbor of the trait indicating that this
genotype has the highest value for that trait.
The best selection index should be able to
distinguish half-sib families which have uniform
superiority in both non-stress and stress
conditions. According to Figure 1, STI, MP, GMP,
and HM indices had a positive and significant
relationship with both YP and YM which are in
accordance with the correlation analysis results
(Table 4). Therefore, these indices (STI, MP,
GMP, and HM) could effectively be used for
screening of drought tolerance of half-sib
families under mild stress conditions. The halfsib families which were located around or
neighbor these indices identified as droughttolerant families. Thus, according to the vector
view of biplot (Fig. 1), half-sib families’ No. 6, 7,
and 14 were selected as the most droughttolerant genotypes under mild stress condition.
Also, in the intense stress conditions, the indices
of STI, MP, GMP, and HM had a positive and
significant relationship with both YP and YS (Fig.
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2) and that observations are in accordance with
the correlation analysis results (Table 5).
Therefore, these indices could effectively be used
for screening of drought-tolerant families under
intense stress conditions. Thus, according to the

vector view of biplot (Fig. 2), the half-sib
families’ No. 6, 7, and 12 were selected as the
most drought-tolerant genotypes under intense
stress condition.

Table 4. Simple correlation coefficients among tolerance indices and essential oil yield under non-stress (YP) and mild
stress (YM) in the coriander families
YP
YM
GMP
STI
HM
MP
TOL
YM
0.37
GMP
0.65*
0.93*
*

STI

*

0.91*

0.97*

*

*

HM

0.66*

0.91*

0.99*

0.97*

MP

0.65*

0.94*

0.99*

0.96*

0.97*

0.90*

0.70*

0.69*

0.68*

0.72*

0.42

0.41

0.42

0.40

TOL
SSI
*:

0.62*
*
*

-0.05
-0.35

*
*
*

*
*
*

0.65*
*

*
*
*

*
*

*

0.86

**

Significant at 0.05 level of probability.
Significant at 0.01 level of probability.

**:

Table 5. Simple correlation coefficients among tolerance indices and essential oil yield under non-stress (YP) and
intense stress (YS) in the coriander families
YP
YS
GMP
STI
HM
MP
TOL
YS
0.68*
*

GMP

0.90*

0.92*

STI

0.92*

0.87*

0.98*

HM

0.95*

0.83*

0.98*

0.98*

MP

0.80*

0.98*

0.97*

0.93*

0.91*

0.96*

0.78*

0.72*

0.66*

0.90*

0.42

0.35

0.32

0.54*

TOL

*
*
*
*

0.46

*
*
*
*
*

SSI
0.05
0.64*
*: Significant at 0.05 level of probability.
**: Significant at 0.01 level of probability.

*
*
*
*
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Fig. 1. Coriander half-sib families by trait biplot vector view for the whole dataset under both non-stress and mild
stress conditions, showing the interrelationship among all measured indices
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Fig. 2. Coriander half-sib families by trait biplot vector view for the whole dataset under both non-stress and
intense stress conditions, showing the interrelationship among all measured indices

To identify the relationship between YP, YM, YS,
and the best indices (STI, MP, GMP and HM),
three-dimensional graphs for each one were also
performed (Fig. 3 and 4). These graphs indicated
the ability of these indices to detect proposed
groups by Fernandez (1992). By using these
indices and YP, YM, and YS variables, three
dimensional diagrams could partition the halfsib families into four groups: (1) half-sib families
with high essential oil yield under both nonstress and stress conditions (group A), (2) halfsib families with high essential oil yield under
non-stress (group B) or (3) half-sib families with
acceptable essential oil yield under stress (group

C), and (4) half-sib families with poor
performance under both non-stress and stress
conditions (group D). A suitable index should be
able to distinguish group A families from the
other
groups.
Three-dimensional
plots
corresponding to STI, MP, GMP, and HM indices
showed that half-sib families’ No. 6, 7 and 14
under mild stress (Fig. 3) and half-sib families’
No. 6, 7, and 12 under intense stress (Fig. 4) are
drought tolerant: because they express uniform
superiority in both non-stress and stress
conditions.
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Fig. 3. Three dimensional graphs of essential oil yield under non-stress (YP), mild stress (YM) and geometric
mean productivity (GMP), harmonic mean (HM), mean productivity (MP), stress tolerance index (STI) for 14 halfsib families of coriander
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Fig. 4. Three dimensional graphs of essential oil yield under non-stress (YP), intense stress (YS) and geometric
mean productivity (GMP), harmonic mean (HM), mean productivity (MP), stress tolerance index (STI) for 14 half-sib
families of coriander

Discussion

chemical components of essential oils in various
plant species have been previously reported
(Khalid, 2006; Khazaie et al., 2008; Hani et al.,
2015). For example, Singh and Ramesh (2000)
reported that water stress reduced the essential
oil yield of rosemary, but the essential oil
percent increased. Nadjafi (2006) reported that
water deficit increased essential oil percent in
Nepeta binaludensis but decreased essential oil
yield. Also, Nadjafi et al. (2009) studied the

Plant exposure to water deficit conditions may
lead to physiological disorders such as a
reduction
in
the
transpiration
and
photosynthesis. The growth and biosynthesis of
secondary metabolites in the medicinal and
aromatic plants are strongly influenced by
environmental factors such as water deficit
stress (Burbott and Loomis, 1969; Nadjafi et al.,
2009). Effects of water stress on yield and
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effects of irrigation regimes on yield, yield
components, content and composition of the
essential oil of four Iranian landraces of the
coriander and showed that water deficit
significantly increased essential oil percent and
linalool content in seeds but decreased the
essential oil yield. They also observed the
highest essential oil yield in optimum irrigation
treatment. The highest essential oil yield in this
treatment compared to other irrigation
treatments was due to higher seed yield.
Coriander is mainly cultivated and widely
distributed for its fruits. The dried fruits are a
source of essential oils (Msaada et al., 2009).
Therefore, it seems that evaluation and
improvement of the coriander genotypes for
high essential oil yield is necessary. Generally,
plant breeding is a cheaper and more stable
approach to overcome the deleterious effects of
drought stress through the development of
cultivars having ability for high essential oil
production under water deficit conditions.
Whereas, crossing blocks in the coriander is
difficult due to its very small flowers, production
of commercial F1 hybrids are not presently
available for the coriander. To obtain new
cultivars of the coriander seems that the half-sib
mating such poly-cross designs are useful.
Because the relatively simple crossing plan,
production of adequate amount of individuals
and using a much larger set of parents is possible
in half-sib poly-cross designs (Comstock and
Robinson, 1952). Half-sib mating, including polycross, top-cross and open-pollination are
frequency used in forage grass breeding to
evaluate general combining abilities of parental
clones for developing the synthetic cultivars
(Nguyen and Sleper, 1983). This study is unique
in the using of half-sib families derived from
ploy-cross of the coriander genotypes to identify
drought-tolerant half-sib families as a source of
elite parents for synthetic cultivars.
In this study, 14 half-sib families of coriander for
drought tolerance were evaluated based on 6
selection indices, including STI, MP, GMP, HM,
TOL, and SSI. These indices were calculated
based on the essential oil yield of families under
non-stress (YP), mild stress (YM) and intense
stress (YS) conditions. To identify the
distribution pattern of half-sib family and
interrelationships among indices, a vector view
of biplot of the two first components was used
(Fig. 1 and 2). Biplot is a graphical tool for
breeders and is a plot that simultaneously
displays the effects of indices and the genotypes.
The biplot was originally proposed by Gabriel
(1971) as a graphical tool to present the results
from principal component analysis (PCA). The

study demonstrated that biplot was an excellent
tool for visual evaluation of superior genotypes
and indices compared to the statistical
techniques such as linear correlation and other
complex methods like a path coefficient analysis.
The biplot visual methodology have used for the
evaluation of the distribution pattern of
genotypes and interrelationships among traits
by Yan and Rajcan (2002) in soybean, Dehghani
et al. (2008) in rapeseed and Dehghani et al.
(2012) in bread wheat. According to the vector
view of the biplot, the indices of STI, MP, GMP,
and HM had a positive and significant
relationship with essential oil yield in different
irrigation regimes (YP, YM and YS) (Fig. 1 and 2),
the obtained results were verified from the
simple correlation data (Tables 4 and 5).
Therefore, these four indices (STI, MP, GMP, and
HM) could effectively be used for screening of
drought-tolerant half-sib families under mild and
intense stress conditions. Considering the vector
view of biplot, half-sib families’ No. 6, 7, and 14
under mild stress (Fig. 1) and families’ No. 6, 7,
and 12 under intense stress (Fig. 2) were
selected as drought tolerant families. Therefore,
these half-sib families can be used as a source of
elite parents for synthetic cultivars in the
coriander. The results of three-dimensional
graphs were also in agreement with the results
of biplot analysis to distinguish the half-sib
families that have uniform superiority in the
non-stress and stress conditions (group A).

Conclusion

According to the obtained results from the
present study, the following suggestions are
made: 1. to select a genotype with stable and
high essential oil yield in non-stress and water
stressed (mild and intense stress) conditions,
STI, GMP, MP, and HM indices are identified as
more effective indices. Selection by these indices
can be useful to identify a genotype with
desirable essential oil yield in both non-stress
and stressed conditions (group A). 2. The halfsib families’ No. 6, 7, and 14 under mild stress
and families’ No. 6, 7, and 12 under intense
stress were selected as drought tolerant families
and with high essential oil yield under nonstress and stress conditions. Therefore, these
half-sib families can be used as source of elite
parents for developing the synthetic cultivars in
the coriander. 3. Finally, to achieve new cultivars
in the coriander and other medicinal plants
having similar characteristics with coriander,
such as open-pollination habit, very small
flowers, and lack of a suitable flowering system
to produce commercial F1 hybrids, the half-sib
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Fischer R, Maurer R. 1978. Drought resistance in
spring wheat cultivars. I. Grain yield responses.
Crop and Pasture Science 29, 897-912.

mating approaches such as a poly-cross could be
utilized.
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