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Abstract

Background and Obijective: Ajowan (Carum copticum L.) is one of the important annual spice
and medicinal plants cultivated in various regions of the world, particularly in the Middle East,
Iran, and India. Fennel (Foeniculum vulgare Mill.) is also an important aromatic and medicinal
plant and is among Iran’s export commodities. Fennel's seeds are the major essential oil-
producing organ. Both species belong to the family Apiaceae. In recent years, with the cultivation
and domestication of indigenous medicinal plant populations in Iran, several superior genotypes
with high yield and economic cultivation potential have been identified and are currently at the
stage of registration and release. In the introduction of new cultivars, yield, phytochemical,
molecular, and cytogenetic characteristics should be investigated and documented as components
of cultivar identification. The simultaneous use of molecular markers and cytogenetic
characteristics can facilitate the identification and discrimination of genotypes at different genetic
levels and provide complementary information on genetic diversity and chromosomal structure.
Given the economic and medicinal importance of these two species and the need for accurate
identification of superior genotypes, simultaneous assessment of molecular diversity and
cytogenetic characteristics can contribute to completing the identification profiles of these
genotypes. Therefore, this study aimed to develop molecular profiles using SCoT markers,
document the chromosome number, evaluate karyotype characteristics, and ploidy variation of
superior ajwaan and fennel

Materials and Methods: Three ajowan populations, including Sarbisheh (gene bank code
37251), Shiraz (12313), and Khorasan (1085), and two fennel populations, including Ardabil
(10589) and Isfahan (945), were investigated. For molecular diversity analysis, genomic DNA
was extracted from young leaves and amplified using six Start Codon Targeted (SCoT) markers.
PCR products were separated by electrophoresis on 2% agarose gels, and bands were scored as a
binary matrix based on their presence or absence. Primer performance was evaluated using
Polymorphic Information Content (PIC), Effective Multiplex Ratio (EMR), Resolving Power
(RP), and Marker Index (MI). In addition, genetic diversity indices, including observed number
of alleles (Na), effective number of alleles (Ne), Shannon’s information index (I), expected
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heterozygosity (He), and unbiased expected heterozygosity (uHe), were estimated, and genetic
similarity among populations was determined based on Nei’s genetic similarity. For cytogenetic
analysis, young roots were subjected to pretreatment, fixation, hydrolysis, and staining, and
chromosome preparations were obtained using the squash method. Suitable metaphase plates
were identified using a light microscope and photographed with a digital camera. Chromosome
number, chromosome dimensions, and karyotypic symmetry indices were then measured and
compared.

Results: In the molecular analysis of fennel populations using six SCoT markers, a total of 60
bands were detected, of which 56 (93.33%) were polymorphic. The highest values of PIC, EMR,
RP, and MI were 0.422, 15, 10, and 6.33, respectively, obtained from SCoT11. Based on the
genetic diversity indices Na, Ne, I, He, and uHe, the Isfahan population (945) of fennel exhibited
higher genetic diversity than the Ardabil population (10589), and Nei’s genetic similarity between
the two populations was 0.783. In ajowan, 50 bands were detected, of which 45 (90%) were
polymorphic. The highest values of PIC, EMR, RP, and MI were 0.401, 16, 9.55, and 6.42,
respectively, obtained from SCoT20. The highest and lowest genetic similarity were observed
between the Sarbisheh and Shiraz populations (0.876) and between the Sarbisheh and Khorasan
populations (0.757), respectively. Among the ajowan populations, Shiraz (12313) showed the
highest genetic diversity, whereas Sarbisheh (37251) exhibited the lowest. Cytogenetic analysis
revealed chromosome numbers of 2n=18 in ajowan and 2n=22 in fennel populations. In ajowan,
chromosome length ranged from 2.29 to 2.34, the centromeric index ranged from 0.348 to 0.371,
and the symmetry index ranged from 72.190 to 76.460. In fennel, chromosome length was 2.954
and 3.009 in the Ardabil and Isfahan populations, respectively, while the centromeric index was
0.391 and 0.350, and the symmetry index was 66.056 and 65.481, respectively. Despite these
numerical differences, statistical analyses revealed no significant differences in chromosome
traits or karyotypic symmetry indices among the populations of either species.

Conclusion: The findings demonstrated that SCoT markers were highly effective in detecting
polymorphism and genetic differentiation among the superior populations of ajowan and fennel.
SCoT11 in fennel and SCoT20 in ajowan exhibited the highest discriminatory efficiency and may
therefore be useful for the preliminary screening of genotypes. In contrast, the relative stability
of karyotypic characteristics indicated that the observed molecular differences were not
necessarily accompanied by major chromosomal changes. Therefore, the integration of molecular
and cytogenetic data can provide a suitable basis for genetic fingerprinting, genotype
identification, and the management and conservation of genetic resources in these medicinal
plants.
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Table 1. Comparison of the means of different Ajowan populations at the Alborz Research Station, Karaj (Final

project report, (Jafari, 2019)

. Plant height Canopy diameter Biomass yield Seed yield
Genotype code Origin (cm) (cm) (kg ha™ 1) (kg ha™ 1)
37251 Sarbisheh 55.0c¢ 1714 Db 4897.2 b 14124 a
12313 Shiraz 69.4b 186.0 ab 6230.4 a 14916 a
1085 Khorasan 85.0a 220.0a 4580.4 b 12540 a
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Table 2. Comparison of the means of two fennel populations at the Alborz Research Station, Karaj (Final project

report (Jafari, 2019)
Genotype Origin Plant height Canopy diameter Biomass yield Seed yield
code (cm) (cm) (kgha™ 1) (kg ha™ 1)
10589 Ardabil 143.3a 98.00b 5237.1a 23486 b
945 Isfahan 141.2a 119.30a 5795.6 a 34779 a
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Figure 1. Banding pattern of superior fennel and aojwan genotypes using the SCOT60 primer. Right figure:
Fennel samples from left to right after leader, three replicates respectively, from 10589 (Ardabil) and 945
(Isfahan) populations. Left figure: Ajwain samples from left to right after the leader, three replicates

respectively, from (37251) Sarbisheh, (12313) Shiraz, and (1085) Khorasan populations and two negative control
samples; Ladder (50-1500bp).
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Table 5. Characteristics and polymorphism percentage of SCoT primers in fennel and Ajowan

Species Name Primer name AT(°C) PICValue Total band PPB% EMR PB RP MI
Fennel SCoT3 55 0.397 8 87.5 6.125 7 4.0 2.48
SCoT11 55 0.422 15 100 15 15 10.0 6.33
SCoT13 53 0.306 8 75 45 6 2.33 1.37
SCoT21 53 0.350 10 100 10 10 5.0 3.50
SCoT40 54 0.417 14 100 14 14 9.0 5.84
SCoT60 55 0.333 5 80 3.2 4 2.0 1.07
Primername  AT(°C) PICValue Totalband PPB% EMR PB RP MI
Ajowan SCoT3 55 0.391 4 100 4 4 2.50 1.56
SCoT11 55 0.305 4 75 2.25 3 2.25 0.69
SCoT13 53 0.386 11 100 11 11 6.00 4.25
SCoT21 53 0.189 6 50 15 3 77 0.28
SCoT20 57 0.401 16 100 16 16 9.55 6.42
SCoT60 55 0.382 9 89 7.12 8 5.50 2.72
PIC: Polymorphism Information Content SSaae Sl g gime MI: Marker Index Sl e ls
PPB%: Percentage of Polymorphic Bands SSeaes usys PB:Polymorphic Bands SSaas gl sl
EMR: Effective Multiplex Ratio S 30 cews  RP:Resolving Power sl @yu8
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Table 6. Genetic diversity indices in fennel and Ajowan populations

SpeciesName Papulation Gene nbank code Na Ne I He uHe

fennel Ardabil 10589 0/833 1.092 0.094 0.061 0.076
Isfahan 945 1.333 1.278 0.253 0.168 0.202
Papulation Gene nbank code Na Ne I He uHe

Ajowan Sarbisheh 37251 0.980 1.213 0.207 0.135 0.162
Shiraz 12313 1.380 1.433 0.361 0.246 0.295
Khorasan 1085 1.280 1.359 0.301 0.205 0.246

Na: Observed number of alleles
He: Expected heterozygosity

o sdnlice & pline JJT s
s 50 gw;mﬂ

Ne: Effective number of alleles . 17 ;5. sluw
I: Shannon’s information index . jls jasle

uHe: Unbiased expected heterozygosity .. e S\l 5 50 RSN

SCOT (b 5T 5l salinal b ol 5 4ol 52 B 53 o 4l 5o -V Joi

Table 7. Similarity matrix among genotypes of fennel and ajowan using SCoT primers

Species Name Papulation

10589 (Ardabil)

945 (Isfahan)

fennel 10589 (Ardabil)
945 (Isfahan)

1.00

Species Name Papulation

37251 (Sarbisheh)

12313 (Shiraz) 1085 (Khorasan)

Ajowan 37251 (Sarbisheh)
12313 (Shiraz)

1085 (Khorasan

1.00
0.839 1.00

o oSk (A Jsas) slw ol Sols sz
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Table 8- Analysis of variance and means of karyotypic and chromosomal traits in the studied populations of

ajowan

Full name of Chromosome traits Abbrev. MS Fvalue Meam

Treat Error 37251 12313 1085

(df=2) (df=6) (Sarbisheh) (Shiraz) (Khorasan)
Long arm length L 0.006 0.003 1.95 1.52 1.44 1.49
Short arm length S 0.002 0.006 0.24 0.815 0.859 0.846
Chromosome length CL 0.003 0.008 0.33 2.34 2.29 2.34
Arm ratio AR 0.065 0.051 1.26 2.144 1.855 1.950
Ratio of the longest to shortest chromosomes  r-Value  0.002 0.003  0.63 0.569 0.621 0.600
Form percentage of chromosome F% 0.011 0.016 0.73 1.931 2.053 2.005
Centromeric index Cl 0.000 0.000 0.82 0.348 0.371 0.360
Total form percentage TF% 5436 5759 0.94 34.769 37.461 36.098
Symmetry index S% 1415 1066 1.32 73.139 76.460 72.190
Difference in relative chromosome length DRL% 0.296 0.259 1.14 3.535 3.036 3.616
Intrachromosomal asymmetry indices Al 0.003 0.003 0.90 0.443 0.384 0.422
Interchromosomal asymmetry indices A2 0.000 0.000 0.92 0.097 0.085 0.102
Karyotype formula KF n=4m+5sm  n=3m+6sm  n=3m+6sm
L 2 sa5k Jsb Cl Sl pasla KF SHENPICN P
S 258 555k Jsb TF(%) S IS o) m S slalse 055905 5
CL r93305,5 Jsb S (%) ool Lasls SM S lolie Gle o550, 8
AR 2954 o DRL(%) o Jsb aals G St Sslesk Gle oy, 8
r-Value sy 4 obsS 55l coms Al 233295 0353 B pae pasls

F(%) £o305 S JSa aa)s A2 235095 on OB pae el
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Figure 2. Karyotypes and ideograms of Ajowan populations; from top to bottom: accession 37251 (Sarbisheh),
accession 12313 (Shiraz), and accession 1085 (Khorasan)
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Table 10. Comparison of mean karyotypic and chromosomal traits between two fennel populations using an
independent-samples t-test

Karyotypic and 10589 (Ardabil) 945 (Isfahan)

chromosomal traits (Mean + SD) (Mean = SD) T value (df) (P value)
L 1.800 £ 0.179 1.960 £ 0.262 —0.874 (4) 0.432
S 1.153 £ 0.109 1.049 £ 0.043 1.548 (4) 0.197
CL 2.954 + 0.096 3.009 + 0.251 —0.357 (4) 0.739
AR 1771+ 0.438 2.100 £ 0.362 —1.001 (4) 0.373
r-Value 0.677 £0.111 0.570 + 0.091 1.279 (4) 0.270
F% 1.778 £ 0.208 1.592 £ 0.156 1.240 (4) 0.283
Cl 0.391 +£0.044 0.350 = 0.036 1.211 (4) 0.293
TF% 39.129 + 4.586 35.025 + 3.439 1.240 (4) 0.283
S% 66.056 + 1.011 65.481 + 6.375 0.154 (4) 0.885
DRL% 3.758 £ 0.233 31.893+0.974 —0.234 (4) 0.827
Al 0.337+£0.118 0.440 = 0.090 —1.195 (4) 0.298
A2 0.116 + 0.003 0.131 +0.031 —0.742 (4) 0.499
KF n =7m +3sm +1st n =5m +5sm +1st

# The full name of karyotypic and chromosomal traits is given in Table 8. el el A Jsdr 53 s53m5 S 5 o oS Slao JulS oL
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Figure 3. Karyotypes and idiograms of fennel populations (from top to bottom: accession 10589 (Ardabil) and
accession 945 (Isfahan).
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