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Abstract

Ducrosia anethifolia Boiss is an aromatic vegetable and medicinal plant of Api-
aceae family. In this study, morphological and essential oil studies as well as ISSR
analyses were employed to investigate genetic diversity in 120 Moshgak accessions
of 24 Iranian populations. High variations were observed in morpho-physiological
traits (morphological and essential oil contents) of the populations in 2 consecutive
agronomic years. In both studied years, the highest leaf (1% and 1.2%) and seed
(2.46% and 2.9%) essential oil contents were recorded for the Abarkuh population.
For ISSR analysis, 15 primer combinations were employed that produced 120 poly-
morphic bands. Dendrogram and STRUCTURE software grouped the accessions
into four clusters although such grouping did not fit the geographic regions perfectly.
Among the populations, Abarkuh and Kerman exhibited the highest genetic dis-
tance. Based on analysis of molecular variance (AMOVA), only 4.32% of the total
genetic diversity was observed among the populations, while 95.68% was detected
within the populations. Moreover, the studied populations exhibited a low genetic
differentiation (Gst=0.13) but a high gene flow (Nm=3.26). It may be concluded
that the results of the study provide new insights regarding the genetic diversity of
Moshgak germplasm that will be useful for its conservation management and breed-
ing programs for oil- and yield-related traits.
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Abbreviations
ISSR Inter Simple Sequence Repeats

CvV Coefficient of variances
ANOVA Analysis of variance

PCoA Principal coordinate analysis
Introduction

Ducrosia anethifolia Boiss belongs to the Apiaceae family locally known in Iran as
Moshgak, Moshkbu, or Roshgak (Arbabi et al. 2018). The species grows not only in
Iran but also in some Arabian countries (Shahabipour et al. 2013). In central Iran,
the aerial parts of the plant are typically used as an aromatic vegetable to improve
the smell of drinks and foods. In traditional medicine, the plant is used as a remedy
for headache and backache while the seeds are used in an infusion for the treatment
of colic and colds in children. Antibacterial, antimicrobial, and antianxiety proper-
ties of D. anethifolia have also been reported in the literature (Karami and Bohl-
ooli 2017). One of the main components of medicinal plants with high economic
value, including D. anethifolia, is their secondary metabolites (Arbabi et al. 2018).
Moreover, the plants grown in wild habitats yield metabolites different from those
cultivated in the field (Arabsalehi et al. 2018). Finally, essential oil and important
aromatic constituents are isolated from the different medicinal plant parts (Tohidi
et al. 2017).

Native germplasms are considered valuable genetic materials whose protection
and sustainable applications are essential for breeding purposes (Hashemifar and
Rahimmalek 2018). Nowadays, however, aromatic vegetable crops are endangered
due to the devastation of natural habitats and excessive harvest of these plants by
local people (Rahimmalek et al. 2009). In order to protect new vegetable crops, it
is therefore necessary for selection and domestication of high-yield populations
with desirable essential oil content to be used in breeding programs. Naturally,
new insights may be gained regarding the variation of native plant species through
genetic variation assessment of various populations based on morphological and
phytochemical characteristics. One crucial step in this regard involves an evaluation
of the germination efficiency of the plants in 2 agronomic years to measure their
genetic X environment interaction effects (Arabsalehi et al. 2018), whereby the mor-
phological characteristics and essential oil content of different populations affected
by their genetics, environment, and genetic X environment are determined.

Analysis of genetic relationships at morphological, phytochemical, and molecular
levels and the genetic diversity in crop populations are essential for their improve-
ment to obtain products with health benefits (Fadaei Heidari et al. 2016; Liang et al.
2017). Molecular markers have been widely used to assess genetic variation, to cate-
gorize gene pools, and to define the genetic maps independent of age, physiological,
and environmental conditions (Shojaiefar et al. 2015). Among the molecular tools,
Inter Simple Sequence Repeats (ISSRs) have widely been used as dominant mark-
ers to track genetic relationships in plants since they offer advantages such as high
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polymorphism, high reproducibility, and easy handling (Gharibi et al. 2011; Verma
et al. 2017; Muhaidat et al. 2018).

Many literature reports are available that focused on molecular variations as well
as morphological and phytochemical characteristics in the aromatic plants of the
Apiaceae family collected from natural habitats (Karami and Bohlooli 2017; Arbabi
et al. 2018), including those on fennel (Maghsoudi Kelardashti et al. 2015), ajowan
(Fadaei Heidari et al. 2016 and coriander. However, there is no comprehensive
report available on morphological and phytochemical characters of D. anethifolia
which has evaluated these characteristics in more than 1 agronomic year. Moreover,
there is no report using ISSR molecular markers for detection of variations among
and within studied populations. Finally, D. anethifolia is basically cross pollinated,
resulting in a high degree of diversity both within and between populations to offer
the opportunity for breeders to screen plants with desirable traits. It is therefore of
utmost importance to cultivate this aromatic vegetable in 2 agronomic years in order
to obtain essential data that can be used in its domestication process.

The aims of the present research were: (1) to assess different D. anethifolia popu-
lations in the field conditions in 2 agronomic years in order to obtain insight that
can be exploited in the selection of high-yield populations with high essential oil
contents; (2) to determine the genetic structure and variation among D. anethifo-
lia populations using morphological and molecular markers and (3) to evaluate the
level of inter and intra population variability and mechanisms.

Materials and Methods
Plant Material and Field Experiments

Plant material included 120 accessions belonging to 24 populations collected from
different parts of Iran (Table 1, Fig. 1). Dr. Rahimmalek identified studied popula-
tions, and the voucher specimens were deposited in the herbarium of the Isfahan
University of Technology. The experiments were performed at the Research Farm
of Isfahan University of Technology located in Lavark Najaf Abad, Isfahan, Iran, at
an altitude of 1630 m above sea level. The soil at the site was loamy clay (16% sand,
38% clay, and 46% silt) with pH 7.5 and an annual average rainfall of 122.8 mm and
an annual average temperature of 9.1-23.4 °C. The seeds were planted in a Rand-
omized Complete Block Design (RCBD) with three replicates. Each replication con-
sisted of 10 plants for each population during the 2 agronomic years of 2019 and
2020. Each plot included two rows 2.5 m in length and 35 cm in width.

Phenotypic Evaluation
The agro-morphological traits of plant height (PH) (cm), days to 50% flowering

(DF), plant fresh weight (FW) (g/plant), plant dry weight (DW) (g/plant), number of
umbels per plant (NUP), 1000-seed weight (SW) (g), seed yield per plant (SY) (g/
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plant), and harvest index (HI) (%) were measured using ten plants from each repli-
cate and the values were reported as means.

Essential Oil Extraction

Young leaves and seeds from D. anethifolia populations grown in each agronomic year
were accumulated in the morning and dried in the shade for 7 days in 25 °C. To extract
essential oil, 30-50 g of each samples was subjected to 500 mL of distilled water and
boiled for 5 h using Clevenger-type apparatus (Sabbaghi Rahimi and Rahimmalek
2019). The extracted essential oil was collected in a glass container. Finally, the essen-
tial oil content was presented as percentage based on the weight of the air-dried leaf
and seed specimens.

Phenotypic Data Analysis

The normality of data were calculated using proc normality test of SAS software
release 9.2 (SAS Institute, Cary, NC, USA) (SAS Institute 2001). The 2 years’
data were analyzed (ANOVA) using SAS software release 9.2 (SAS Institute,
Cary, NC, USA) (SAS Institute 2001). The means of the populations were calcu-
lated based on the least significant difference (LSD) tests (p <0.05) using SAS
software release 9.2 (SAS Institute, Cary, NC, USA) (SAS Institute 2001). Phe-
notypic and genotypic coefficient of variances as well as the heritability were
obtained using the following formulas:

O
GCV = — x 100
p

%p
PCV = — x 100,
u

where o, is phenotypic standard deviation, o, is genotypic standard deviation, and u
is the phenotypic mean. Heritability was estimated on a phenotypic mean basis aver-
aged over replications and years using the following formula:

(72
W=—

o2, 2
o2+ £+
8 y

s
o
i

ry

where o-ﬁ is the genotype, 6§V is the genotype X year interaction, and 062 is the residual
variance, while y and r represent the number of years and replications, respectively.
The correlation coefficients among the traits were calculated using proc CORR of
SAS software release 9.2 (SAS Institute, Cary, NC, USA) (SAS Institute 2001).
Hierarchical cluster analysis (HCA) was performed based on the Ward’s method
based on the Squared Euclidean dissimilarity to classify 24 Moshgak populations
using Stat Graphics software ver. 17.2 (Statgraphics 2016). The cut-off value was
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Fig. 1 Sites of collection of Moshgak population from different geographical regions of Iran, used in this
study. The colours used is based on geographical regions. The population gene bank number are shown
in Table 1 (Color figure online)

determined using F-bill test using SAS software release 9.2 (SAS Institute, Cary,
NC, USA) (SAS Institute 2001).

DNA Extraction

Fresh leaves were used to extract DNA based on the CTAB procedure with
minor changes (Sarfaraz et al. 2021). Using both spectrophotometry and electro-
phoresis, the quality of DNA was evaluated based on OD 260/280 ratio using the
following formula:
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DNA concentration (ng/uL) = OD 260 X 50 x dilution coefficient

Finally, DNA was diluted to a concentration of 20 ng/pL.

ISSR Analysis

Among the ISSR primers screened, 15 generating clear and repeatable bands were
chosen for analysis of Moshgaks (Table S1). The total volume of PCR reaction mix-
ture was 15 pL containing 10 ng of DNA, 7 pL of the Master Mix Red (Ampliqon,
Finland) including 10 pM from each primer, 0.25 mM dNTPs, 4 mM MgCl,, 1U
Taq DNA polymerase, and 10X PCR buffer (Hashemifar and Rahimmalek 2018).
PCR cycling was accomplished using the following programs: 2 min at 94 °C, fol-
lowed by 40 cycles of 1 min at 94 °C, 1 min at appropriate annealing temperature
for each primer, 2 min at 72 °C, and an extension of 10 min at 72 °C. PCR-ampli-
fied products were run for three hours on agarose gel (1.2%). Ethidium bromide was
applied for visualizing the gel.

Molecular Data Analysis

The polymorphic DNA fragments for each gel were scored as present (1) or absent
(0). The principal coordinate analysis (PCoA) was accomplished according to Rohlf
(1998) using NTSYSpc 2.02e (Rohlf 1998). Polymorphism information content
(PIC) was calculated based on Anderson et al. (1993) formula. Jaccard similarity
index was used to determine Genetic similarity among all the populations (Jaccard
1908). The cluster analysis was done using UPGMA employing NTSYSpc 2.02e
(Rohlf 1998). The Mantel test (Mantel 1967) was also performed using NTSYSpc
2.02e. This test was used to detect the correlation between each two dendrograms.
The cut-off were calculated using proc cluster-ccc-plot of SAS software release 9.2
(SAS Institute, Cary, NC, USA) (SAS Institute 2001). Gene variation and analysis
of molecular variance (AMOVA) were measured based on Arlequin (version 3.0)
(Excoffier et al. 2005). The admixture of genotypes was evaluated with STRUCTU
RE software 2.0 (Pritchard and Wen 2003). It was accomplished using a burn-in of
5000 iterations with 50,000 Markov Chain Monte Carlo (MCMC) repetitions based
on the admixture model with allele frequencies (K=2-10 and iterations per K=5).
The online available program of Structure Harvester v6.0 was also applied to calcu-
late Delta K as a prerequisite for the best fit value of K.

Results
Morphological Study

Analysis of variance (ANOVA) was performed to calculate the effects of
year, population, and the interactions of studied characteristics of Moshgak
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populations. The results of ANOVA showed significant differences among the
studied populations, years and Population X Year for most of the measured char-
acteristics (Table S2). The 2019 agronomic year exhibited relatively high coef-
ficients of variance (CV% >25) for both plant dry and fresh weights, number of
umbels per plant, harvest index (HI) and seed yield per plant. In contrast, vari-
ation for 1000-seed weight, plant height and days to 50% flowering were rela-
tively low in this year (Table 2). Among the studied characteristics, higher her-
itability levels (h%>>70) were observed for fresh weight (98.43%), 1000-seed
weight (97.22%), number of umbels (95.89%), seed yield (90.71%), harvest index
(89.07%), dry weight (87.09%), and plant height (78.22%), while a low heritabil-
ity (61.29%) was obtained for days to 50% flowering (Table 2).

For the 2nd year (2020), high phenotypic and genotypic coefficients of vari-
ation (CV% >25) were obtained for both plant fresh and dry weights, number
of umbels per plant, seed yield per plant, and harvest index. However, moder-
ately low phenotypic and genotypic coefficients (CV% <25) were recorded for
plant height, days to 50% flowering, and 1000-seed weight. Heritability was high
(h?>170) for all the traits studied (Table 2).

The 2-year analysis revealed significant differences in studied populations
for all the characteristics, while the effects of year were also significant for all
the characteristics except for seed yield. The PXE (Populationx Environ-
ment) interaction effects were also significant for all the characteristics except
for plant height, days to 50% flowering, and leaf essential oil content. In 2019,
Qazvin2 population revealed the highest (86.2 cm) and Abarkuhl had the lowest
(43.1 cm) plant height (Table 3). The highest days to 50% flowering was attrib-
uted to Hormozganl population while that of Bandarkhamir population was the
lowest (Table 3). While Qazvinl population possessed the highest plant fresh
(368.2 g) and dry weights (177.3 g), the lowest plant fresh weight (75.2 g) was
found for Abarkuhl and the lowest plant dry weight was observed for Abarkuh2
(37.5 g) (Table 3). The number of umbels varied from 17 to 54 with an average
of 33.86 (Table 2). The highest and lowest number of umbels were recorded for
Lar and Qazvinl, respectively (Table 3). Moreover, the highest and lowest 1000-
seed weights were obtained for Hormozganl (4.35 g) and Hormozgan3 (1.94 g)
(Table 3). Seed yield in Abadeh was the highest (64.8 g) while the lowest values
were recorded for Abarkuh2, Khatam, and Ettehad2. Regarding harvest index,
the highest values were measured in Kerman (79.1%) and Hormozganl (78.7%),
while the lowest ones belonged to Khatam and Qazvinl populations (Table 3).

In 2020, Qazvin2 proved the population with highest plant height (63 cm)
while Abarkuh2 was the shortest (28.83 cm) (Table 3). Bandarkhamir, Mahllat2,
and Semirom2 had the earliest flowering times while Ettehadl (189 days) was
the slowest. The highest plant fresh (275.5 g) and dry weights (153.43 g) were
observed in Qazvinl but Abarkuhl and Bardsir exhibited the lowest. The lowest
and highest number of umbels were measured in Qazvinl (42.3) and Hormoz-
gan2 (86.7) (Table 3). Furthermore, the lowest and highest 1000-seed weights
were recorded for Hormozganl (3.30 g) and Ferydun-Shahr 2 (1.41 g), respec-
tively (Table 3). Finally, Kerman and Khatam had the highest (58.2 g) and lowest
(17.2 g) seeds yield per plant, respectively (Table 3). The harvest index with an
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average of 0.63 varied from 14 to 79.1 (Table 2). The lowest and highest har-
vest index were measured in Qazvinl (13.26) and Hormozganl and Lar (84.15)
(Table 3).

Leaf and Seed Essential Oil Contents

In both studied years, relatively moderate to low genotypic and phenotypic coeffi-
cients (CV% <25) were obtained for seed essential oil content, while a relatively
high leaf essential oil content (CV% >25) was recorded in 2020 (Table 2). Moreo-
ver, a high broad sense heritability (h2b> 80%) was observed for both leaf and seed
essential oil contents in both studied years (Table 2). Maximum leaf essential oil
percentages in both agronomic years (1% and 1.2%, respectively) were obtained
for Abarkuh2 population but the lowest (0.152% and 0.25%, respectively) were
observed in Ettehadl (Fig. 2a). In 2019, seed essential oil percentage was observed
to vary from 0.7 to 2.46% with an average value of 1.58% (Fig. 2b). However, in
2020 Abarkuh?2 population recorded the highest (2.85%) while Ettehadl (1.02%)
showed the lowest seed essential oil content (Fig. 2b).

Correlation Analysis

Table 4 reports the correlation coefficients established among the characteristics in
2 years. In 2019, plant height showed positive correlation with plant fresh weight
(r=0.67, p<0.01) and plant dry weight (r=0.62, p<0.01) Moreover, number
of umbels per plant exhibited significantly positive correlations with seed yield
(r=0.73, p<0.01) and harvest index (r=0.63, p<0.01) as did 1000-seed weight
with seed yield per plant (r=0.61, p<0.01) and harvest index (r=0.51, p <0.05).
Finally, harvest index established significant negative correlations with plant fresh
weight (r=—0.66, p <0.01) and plant dry weight (r=—0.66, p <0.01) (Table 4).

In 2020, plant fresh weight revealed positive correlation with plant dry weight
(r=0.79, p<0.01) and plant height (r=0.52, p<0.01). Moreover, it exhibited a
negative correlation with harvest index (r=-0.67, p<0.01). Plant dry weight and
Harvest index showed a significantly negative correlation (r=—0.79, p<0.01). The
number of umbels per plant showed positive correlation with seed yield per plant
(r=0.70, p<0.01) and 1000-seed weight (r=0.41, p <0.01) (Table 4). Furthermore,
the same trait was also positively correlated with harvest index in 2019 but no such
correlation was established in 2020 (Table 4). Finally, leaf and seed essential oils
were positively correlated in both years.

Cluster Analysis of Morpho-Physiological Data

A dendrogram was constructed based on morpho-physiological traits. The den-
drogram classified all the genotypes into four groups in either of the studied years
(Fig. 3a, b). In 2019, Group 1 comprised 15 populations (namely, Bandarkhamir,
Mahllatl, Lar2, Ettehadl, Hormozgan1, Abadeh, Qeshm, Mahllat2, Kerman, Bard-
sir, Semirom1, Bandarabbas, Ferydunshahrl, Hormozgan2, and Lar 1) while Group
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2 consisted of the populations of Abarkuhl and Abarkuh2, rich in leaf and seed
essential oil contents. Group 3 consisted of the populations of Qazvinl, Qazvin2 and
Khatam. Finally, the four populations of Hormozgan3, Ferydunshahr2, Semirom?2,
and Ettehad2 were assigned to the fourth group. The members of this group had the
highest quantities of plant height, and plant fresh and dry weights (Fig. 3a).

Group 1 in 2020 included 13 populations (namely, Bandarkhamir, Semirom?2,
Hormozgan2, Ferydunshahr2, Semiroml, Ettehad2, Hormozganl, Abadeh, Mahl-
lat2, Qeshm, Ferydunshahrl, Bandarabbas, and Kerman), while the second con-
sisted of the populations of Ettehadl, Hormozgan3, Mahllatl, and Lar2. The Third
one had the five populations with the shortest plant height as well as the highest
leaf and seed essential oil percentages (namely, Bardsir, Qazvin2, Larl, Abarkuhl,
and Abarkuh2). Finally, the last group belonging to 2020 contained only the two
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Fig.2 Comparison of the essential oil content of leaves (a) and seeds (b) of 24 population of Moshgak

population in 2 years of 2019 and 2020. Means with different letter are statistically significant at 5% level
probability
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populations of Qazvinl and Khatam characterized by the lowest seed yield per
plant, high fresh and dry weights, and the shortest plant height (Fig. 3b).

ISSR Amplification and Level of Polymorphism

ISSR analysis based on 15 primers revealed a range of 150-2000 bp in band size.
High polymorphic average was obtained (96.37%) for studied primers. Number
of polymorphic bands per primer ranged from 8 to 18 with an average value of
14.46 (Table S1). The average of PIC value as an index for extracting information
from each marker was 0.48 (Table S1). The lowest value (0.32) was observed in
P11[(CA)8RT)] while the highest (0.56) belonged to P7[(AG)8YT)] (Table S1). The
amplified product was separated on agarose gel 1.2%, shown as an example in Fig.
S1.

Cluster Analysis of Molecular Data

Cluster analysis was carried out to study relationships among the studied populations
and their geographical origins (Fig. 4). The best coefficient for cluster construction
was determined via the Mantel test (r=0.83). The cluster analysis classified the pop-
ulations into six clusters. The first one (I) comprised only the Northwestern popula-
tions while the second one (II) contained four subclusters from the Northwestern,
Central, and Southern origins. Clusters III, IV, V, and VI included populations from
most of the geographical origins examined. However, in most cases, the populations
were not classified based on geographical patterns.

Table 4 The relationship between different traits based on correlation coefficients (r) between agro-mor-
phological characters and essential oil content of leaves and seeds in 24 Moshgak populations calculated
for 2019 (lower part of the table) and 2020 (upper part of the table)

Trait PH DF PFW PDW NUP  SW SY HI VOL  VOS
PH 1 0.03 0.52%%* 0.38 -026 -0.11 -0.11 -044* -0.01 -0.06
DF -0.05 1 0.23 0.18 0.013 -0.05 -=0.13 -=0.25 -0.09 -0.11
PFW  0.67%* 0.27 1 0.79%%* -006 -039 -0.06 -0.67%* -026 -0.18
PDW 0.62%* 0.2 0.85%%* 1 0.1 -0.27 0.06 -0.79%% -030 -0.12
NUP -0.06 -033 -0.31 -0.23 1 0.41*  0.70%* 0.19 -028 -0.27
SwW  -029 0.18 -0.27 —0.04 0.12 1 0.13 0.4* -0.06 -0.05
SY 0.02 -0.17 -0.24 —0.1 0.73%% 0.61** 1] 0.46%* -031 -0.35
HI -039 -0.13 -0.66** —0.66** 0.63** 0.51* 0.75%* 1 0.08 —0.06
VOL -022 0.33 -0.18 0.31 -02 =007 -022 0.13 1 0.53%*
VOS -0.02 0.11 -0.1 —-0.05 -0.26 0.03 -0.11 0.03 0.58** 1

PH plant height, DF days to 50% flowering, PFW plant height, PDW plant dry weight, NUP number of
umbels per plant, SW 1000-seeds weight, SY seed yield per plant, HI harvest index, VOL volatile oil con-
tent of leaves, VOS volatile oil content of seeds

*Significant at 5% probability level
**Significant at 1% probability level
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Fig. 3 Dendrogram generated
from cluster analysis of 24
Moshgak population based on
agro-morphological characters
and essential oil content using
Ward clustering method based
on the Squared Euclidean dis-
similarity calculated of 2019
(a) and 2020 (b). The dashed
black line is cut-off value and
each color means a group (Color
figure online)
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PCoA Results

PCoA was also carried out to reveal the variations among the populations in more
detail. While the results revealed 30.42% of the total variation for the first PCo
(Fig. 5), they largely confirmed those of the dendrogram in that most of the popula-
tions were not grouped based on their geographical patterns.

Genetic Structure of Populations

The population genetic structure of 120 Moshgak accessions examined was inves-
tigated with respect to their geographical patterns (Fig. 6). The population level
genetic diversity indices are reported in Table 5. The highest values of number of
alleles (2), number of effective alleles (1.75), Shannon index (Z) (0.60), genetic vari-
ation (0.41), and polymorphic loci were observed in the Southern and Central popu-
lations, while the lowest values were obtained in the Northern population from Qaz-
vin (Table 5). AMOVA results showed significant variations (p <0.001) (Table 6).
Accordingly, 95.68% of the total variance was detected within the populations and
the remaining 4.32% among the groups. The Fgy; value of 0.043 obtained in this
study demonstrated a low variance among the groups (Table 6).

Results of STRUCTURE analysis showed that the highest one was observed at
K=4 (Fig. S2). Figure 6 presents the clusters of accessions according to admix-
ture model. Each column in this Figure represents an individual while the differ-
ent colors demonstrate the gene sets and the sections with different colors in each
column show the admixture in that genotype. The dark colored admixture signifies
degrees of common ancestry of the accessions; hence, they might not be attributed
to a specific population.

Based on the admixture model, the Moshgak accessions were divided into four
clusters (color codes: red [A], green [B], blue [C], and yellow [D]) (Fig. 6). The
first cluster, in Fig. 6, cluster A included the accessions belonging to the Central,
Southern, Southwestern, Northwestern, and Southeastern regions. While cluster B
included the accessions from all the regions, cluster C contained those from South-
western, Northwest, Central, and Southern regions and cluster D included only those
from Southern, Northwestern, and Central regions.

Discussion

The ANOVA conducted revealed significant differences in most of the studied
characteristics in 2 studied years. High heritability of most of the studied char-
acteristics was not unexpected since the studied characteristics were not only
quantitatively inherited but also can be affected by the environment. This con-
firms the similar trends reported in fennel (Lal 2008) and D. anethifolia (Arbabi
et al. 2018). The population X year interaction was also significant for all the traits
studied except for plant height and days to 50% flowering, possibly due to differ-
ent responses of Moshgak populations to the environments examined in different
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Fig.4 Dendrogram of 120 studied Moshgak accessions based on ISSR markers according to the
Unweighted Pair Group Mean Algorithm (UPGMA) with the Jaccards similarity index. The dashed red
line is cut-off value. I: First group, II: Second group, III: Third group, IV: Fourth group, V: Fifth group,
VI: Sixth group. Colors represent geographical areas (Color figure online)
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years. However, interaction of population X year had relatively low effects on
such morphological characteristics as plant fresh weight and number of umbels
(Table 3). For example, Abarkuhl possessed the lowest plant fresh weight and
Qazvinl showed the lowest number of umbels per plant in both years. The results
are in line with those previously reported similar trends for morphological char-
acteristics (Shojaiefar et al. 2015; Arabsalehi et al. 2018). The intensity of PXE
interaction in 2019 was high for seed yield per plant as evidenced by the high-
est value recorded for Abadeh population. This is while Kerman had the maxi-
mum value for this trait in 2020. Although higher interaction effects of GXE are
reported to reduce selection efficiency in different environments (Yan and Hunt
1998), it is of utmost importance to plant breeders to discern particular genotypes
adaptation to specific environments (Flores et al. 1998; Yan and Kang 2003).

A high variation was also obtained in essential oil percentage (EOs) in general,
and in both seed and leaf essential oil contents in particular, in both studied years.
This is in line with previous researches for EOs in Moshgak (Mostafavi et al.
2008; Sabbaghi Rahimi and Rahimmalek 2019). Similarly, findings of Shojaiefar
et al. (2015) showed the high variation in the EOs of fennel in 2 years. It has been
established that EOs is highly influenced by environmental factors and plant spe-
cies (Tohidi et al. 2017; Sarfaraz et al. 2020).
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The results of correlation analysis revealed no correlations between the studied
traits and leaf or seed essential oil over the 2 agronomic years, while both leaves
and seeds essential oil were found to be significantly correlated in both years.

The number of umbels per plant was found positively correlated with seed yield
in the 2 studied years, indicating that improving this trait as a yield component
might improve yield in Moshgak populations. Similar trend was also obtained in Ira-
nian fennel (Bahmani et al. 2012). From a different perspective, number of umbels
and harvest index (r=0.63, p<0.01) in 2019 revealed a significantly positive cor-
relation while no such correlation was established between these traits in 2020. It
may be noted that Arbabi et al. (2018) reported high and significant correlations
among the morphological traits of Moshgak genotypes collected from different sites
in southeastern parts of Iran.

The populations studied in the 2 agronomic years were classified into three
groups according to their morphological characteristics. Distinct groups were
identified for each year in terms of their plant height, plant fresh and plant dry
weights, and EOs. In both years, higher genotypic and phenotypic variations in
all the morpho-physiological traits were detected except for days to 50% flower-
ing. Finally, cluster 2 (Fig. 2a) consisting of the two populations of Abarkuhl
and Abarkuh2 exhibited the lowest plant fresh and dry weights, shortest plant
height, and high EOs in the 2019. Based on the strong correlation of EOs with
plant dry and fresh weights as well as that with plant height, it may be suggested
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article) (Color figure online)

that Moshgak breeders need to focus on these plant growth attributes in order to
choose the best populations with the highest essential oil content.

The present study assessed the genetic diversity and structure among and
within Moshgak genotypes using ISSR markers. The PIC was used to evaluate the
validation of polymorphic bands in genetic variation among the populations. Pre-
vious studies had classified polymorphism content into three categories of high,
medium, and low according to the PIC ranges PIC>0.5, 0.5>PIC>0.25, and
PIC <0.25, respectively (Isshiki et al. 2008; Soleimani et al. 2012; Fadaei Heidari
et al. 2016). However, all the primers in the present study revealed PIC values
in the range of 0.5 >PIC > 0.25 with an average value of 0.48, implying the effi-
ciency of the ISSR markers employed in developing acceptable polymorphism
loci useful for evaluating genetic diversity in Moshgak populations. Similar PIC
ranges had also been reported for D. anethifolia (Sabbaghi Rahimi and Rahim-
malek 2019) and other Apiaceae species including Trachyspermum ammi (Fadaei
Heidari et al. 2016) and Foeniculum vulgare (Maghsoudi Kelardashti et al. 2015).

Genetic diversity among populations as detected by molecular markers and
morphological characteristics is an efficient and functional tool for further plant
breeding purposes. Previous studies have reported relationships established
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Table5 Summary of genetic variation statistics for 226 ISSR markers in 120 accessions of 24 Moshgak
populations collected from geographical regions of Iran

Populations Sample size  Na® Nb® H® ¢ NPL® PPL{(%) He? Nm" Gst
North 10 183 1.5 029 044 188  83.19 - - -
Northwest 20 199 175 041 059 224  99.12 - - -
Center 35 2 175 041 060 226 100 - - -
Southeast 10 186 1.57 033 049 196  86.73 - - -
Southwest 15 194 1.66 037 055 214  94.69 - - -
South 30 2 173 041 059 226 100 - - -
Multi population 120 2 179 043 062 - - 043 326 0.13

4Observed number of alleles
PEffective number of alleles
“Gene diversity

dShannon’s information index
“Number of polymorphicloci
fPercentage of polymorphic loci
SExpected heterozygosity

"Gene flow. Nm=estimate of gene flow from Gst or Ges. E.g., Nm=0.5(1 — Gst)/Gst; See McDermott
and McDonald, Ann. Rev. Phytopathol. 31:353-373 (1993)

iDiversity among populations

Table 6 Analysis of molecular variance (AMOVA) among and within Moshgak populations collected
from six geographical regions of Iran using ISSR markers

Source of variation drt Mean of square Variance Percentage of P value Fgr
components  variation

Among groups 5 21.97 0.53 4.32 <0.001  0.043
Within populations 114 11.79 11.79 95.68
Total 119

“Degrees of freedom

among molecular characteristics, morphological characters, and geographic ori-
gin. Moreover, strong relationships have been reported between morphological
traits and molecular markers in medicinal plants. Genetic diversity in Perovskia
abrotanoides using ISSR markers has been assessed. Hashemifar and Rahim-
malek (2018), for example, found an association between morphological and
molecular data. In the present research, a weak correlation was obtained between
molecular and morphological characteristics, confirming the similar findings
reported in the literatures (Pirkhezri et al. 2010; Fadaei Heidari et al. 2016; Sab-
baghi Rahimi and Rahimmalek 2019). This may indicate that morphological
diversity is generally independent of ISSR diversity. Morphological characteris-
tics mainly reveal polymorphisms in the coding regions, while molecular markers
are the result of both non-coding and coding regions (Martinez et al. 2003).
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It was hypothesized that cross-pollination, natural hybridization, and seed
propagation might have contributed to the diversity observed. This finding is con-
sistent with that observed in ajowan (Fadaei Heidari et al. 2016). Pollination sys-
tem has been claimed as another possible reason for the low association between
molecular and morphological evaluations (Gaffney et al. 2011). In most Apiaceae
plants, a geitonogamous mode highly dependent on wind and insect is presented
in their pollination systems (Ahmadi et al. 2014). Furthermore, environmental
factors such as habitat fragmentation and plant biological traits as well as pol-
lination system (i.e., degree of self- or cross-pollination) might also be involved
in determining morphological traits to affect the weak relationship established
between morphological and molecular markers (Soloukiet al. 2008; Ahmadi et al.
2014).

AMOVA analysis displayed that most of the genetic diversity could be attrib-
uted to within-population diversity, as confirmed by similar observations reported
on other Apiaceae plants (Fadaei Heidari et al. 2016; Sabbaghi Rahimi and Rahim-
malek 2019). The high genetic diversity within the groups could be explained by
such varied factors as propagation, population size, breeding system, fertility, seed
dispersal and pollinators (Sabbaghi Rahimi and Rahimmalek 2019). In Moshgak,
the umbel and umbellate are round in shape, of moderate size with a strong odor that
can attract pollinators. Furthermore, Moshgak is considered to be an aromatic plant
whose pollination mostly occurs by wind and insects. Thus, its remarkable pollen
distribution leads to a wide dispersal of alleles in the neighboring region, which
improves its within-population genetic variation. Another interesting point worth
noting is the high seed yield of Moshgak that might lead to its high seed dispersal by
wind. Moreover, the plant height, moderate seed size, and high rate of seed falling
are other factors that could contribute to its seed dispersal by wind and its allele dis-
tribution over a wide region, thereby giving rise to its enhanced within-population
genetic diversity.

The low Fgr of 0.043 and the high gene flow (Nm=3.26) showed that the genetic
diversity of Moshgak was independent of geographical pattern. This is consistent
with previous reports on other Apiaceae species such as Nigella sativa (Kapital et al.
2015).

Based on the ISSR results, a moderate genetic differentiation was observed among
the populations (Gst=0.13). Nei and Li (1979) divided the genetic differentiation
coefficients into three classes of low (Gst <0.05), moderate (0.15> Gst>0.05), and
high (Gst>0.15) (Maghsoudi Kelardashti et al. 2015). The present study detected
a moderate differentiation and a relatively high gene flow among the populations.
Similar data have also been obtained in other researches of Moshgak, including in
those of Sabbaghi Rahimi and Rahimmalek (2019), which used SRAP markers. The
high gene flow might be attributed to high seed dispersal, population size, and plant
mating pattern (Sabbaghi Rahimi and Rahimmalek 2019).

Based on the results obtained from STRUCTURE, a high admixture was obtained
in most of the studied genotypes (Fig. 6). These results are consistent with those
reported on Moshgak (Sabbaghi Rahimi and Rahimmalek 2019). Pollen distribu-
tion might serve as a crucial factor for the admixture in the Apiaceae (Maghsoudi
Kelardashti et al. 2015). Another probable reason for this admixture is high level
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of seed shattering in D. anetifolia. High seed shattering have also been observed in
other Apiaceae plants with moderate to large seed size such as Ferula assa-foetida
(Hassanabadi et al. 2019). The size of seeds and their wings also play a crucial role
in shattering and scattering by wind (Sabbaghi Rahimi and Rahimmalek 2019) and
consequently cause a high admixture ratio in these genera. Overall, a knowledge of
the wild populations might lead to new insights useful for genetic studies aimed at
protecting the natural population diversity, while the information thus gained could
also be beneficial in the selection of populations with favorable characteristics.

Conclusion

The results revealed significant variations in morpho-physiological traits and
molecular markers in the Moshgak populations. The highest genetic diversity
was obtained within the populations. Moreover, a high admixture of accessions
was observed among the populations. Essential oil content elevated in most of
the studied population in the 2nd year. Finally, according to the genetic distances,
EOs, and the morphological characteristics, Abarkuh and Kerman populations
might be recommended as appropriate populations for further breeding purposes
of Moshgak.
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