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ABSTRACT

Artemisia annua L. is an important medicinal plant used as an original source of
artemisinin for treating malaria. Although there is a wide distribution of A. annua in
Hyrcanian Areas (Mazandaran, Guilan, and Golestan Provinces in N Iran), no
considerable effort has been made for diversity assessment. In this study, morphological,
phytochemical, and molecular characterization of A. annua accessions in this area were
assessed using 4 quantitative characteristics (height, fresh weight, dry weight, and
trichome density), artemisinin content, and 15 ISSR primers. Using these traits, a high
level of morphological, phytochemical and molecular diversity was revealed among A.
annua accessions in the provinces (populations) of Hyrcanian Areas. At inter-population
level, the highest value of artemisinin was observed in Mazandaran Province. Moreover,
significant correlation between artemisinin content and trichome density was observed
that could be useful for indirect selection of artemisinin yield in different accessions of A.
annua. In addition, fifteen ISSR primers generated a total number of 222 amplified
bands, consisting of 177 and 45 polymorphic and monomorphic loci across the 60
accessions, respectively. These results indicate that ISSR-PCR is a reliable tool for
fingerprinting A. annua at the intra-population level. Our results altogether are valid
contributions for gene bank management and Artemisia annua breeding programs.
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INTRODUCTION (Fathi et al., 2008; Keivani et al., 2010;
Moghaddam et al., 2011; Haddadi et al.,
2012; Ranjbar et al., 2014; Aryakia et al.,
2015, Nasiri et al., 2016). Among plant
germplasm, medicinal plants could be
considered as valuable sources because of
their potential for drug discovery against

food and agricultural research (Pazouki et various pharmacological targets including
al 2010; Govindaraj et al 2015: cancer, HIV/AIDS, Alzheimer’s, malaria,

Humphreys, 2003; Aryakia et al., 2017), and pain using a multifaceted approach

which can be achieved using morphological, E‘?Tb"."n? bgtamcall, | phyt(t)chﬁmlcal,
phytochemical, and molecular assessments lofogical, an molecular — techniques

Plant genetic diversity is an important
advantage against possible adversaries that
threaten the survival of species (Jump et al.,
2008). Assessment of plant genetic diversity
is one of the innovation activities relevant to
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(Balunas and Kinghorn, 2005). From this
perspective, Artemisia annua L. is well
known as an original source of artemisinin
for treating malaria, having also medical
properties (reviewed by Ridder et al., 2008;
Ghafoori et al., 2013; Samimizad et al.,
2016). Accordingly, many studies were
performed for evaluation of diversity in
Artemisia (Aryakia et al., 2012; Ghafoori et
al., 2013; Delabays et al., 2001; Singh et al.,
2015; Nazar and Mahmood, 2011; Ranjbar
et al., 2015) reporting a high level of
artemisinin content (Mannan et al., 2010),
morphological variation (Yang et al., 2010)
and molecular diversity (Chen et al., 2014).
The results of these studies could be used in
developing an important database for the
support of several objectives, such as
genebank management, botany, evolutionary
and ecological studies, or breeding
programs. Although wide distribution of A.
annua was reported from Hyrcanian area of
Iran (Podlech, 1986; Naghavi et al., 2014),
no considerable effort has been made for
diversity assessment. Hyrcanian Areas of
Iran, with complex topography and the
maritime effect of Caspian Sea, have
markedly different precipitation regimes at
different parts, consisting of the rich floristic
diversity revealed in a total number of 3,234
species belonging to 856 genera and 148
families of vascular plants (Akhani et al.,
2010). Therefore, in this study, for the first
time, the aim was to assess diversity of 60 A.
annua accessions belonging to Hyrcanian
Areas of 3 provinces of Iran (Mazandaran,
Golestan and Guilan) using morphological,
phytochemical, and molecular markers.

MATERIALS AND METHODS
Plant Materials

The seed of the sixty accessions of A. annua
were collected from the provinces of Iran
(Mazandaran, Golestan and Guilan) (Table 1

and Figure 1) and cultivated under
greenhouse condition (day/night
photoperiod, day/night temperature and

1266

humidity were 16/8 hours, 28/22°C and
60+5%, respectively) in lIranian Biological
Resource Center (IBRC), Karaj, Iran.
Morphological characteristics and
artemisinin content were assessed at the
flowering stage.

Morphological Characteristics

Four quantitative characteristics of A. annua
accessions including height (m), fresh
weight (g), dry weight (g) and trichome
density were assessed (Table 2). Trichome
density measurement was done according to
the method described by Graham et al.
(2010). Briefly, trichomes on the abaxial
surface were visualized using a Zeiss
fluorescent dissecting microscope (fitted
with a 470/40 nm excitation filter/ 525/50
nm emission filter). Images were recorded
using Axio Vision 4.7 software (Carl Zeiss
Ltd. Herts., UK) (Figure 2). Finally,
trichome number was counted manually
across 3x0.5 mm’ per leaflet. Significant
differences between means of provinces
were determined by Duncan’s multiple
range tests at a level of P< 0.05.

Determination of Artemisinin

Plant samples and standards were quantified
simultaneously by HPLC with Diode Array
Detector (HPLC-DAD). For each accession,
powder sample (5 g) was extracted in a
Soxhlet extractor with 100 mL petroleum ether
and n-Hexane (2:1) for 4 hours. The extraction
solvent was removed using rotary evaporator
and was reconstituted in 5 mLI of ethanol.
Analysis of artemisinin was performed using
an Agilent 1200 Series system (Agilent
Technologies, Germany) composed of a
G1379A degasser, a G1311A quaternary
pump and a G1316A column oven set at 30°C,
containing a Zorbax Eclipse plus C8 (250x4.6
mm, 5 um) column with a flow rate of 1 mL
min™, coupled to a G1315B Photodiode-Array
Detector (PAD) set to scan from 190 to 400
nm. Analysis was
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Table 1. Geographical origins of A. annua accessions.

Code IBRC no Species Province Latitude Longitude Altitude (m) asl
1 IBRC P1000347  Artemisia annua L. Guilan 36°39'41.7" 49° 31'58.7" 579
2 IBRC P1000356  Artemisia annua L. Guilan 36°49'44.3" 49° 25'45.1" 202
3 IBRC P1000358  Artemisia annua L. Guilan 37°08'13.1" 49° 40'11.2" 138
4 IBRC P1000359  Artemisia annua L. Guilan 37°11'36.9" 49° 29'28.1" 41
5 IBRC P1000363  Artemisia annua L. Guilan 37°09'17.1" 48°59'37.7" 921
6 IBRC P1000365 Artemisia annua L. Guilan 37°17' 48.0" 49° 19'47.4" 10
7 IBRC P1000367  Artemisia annua L. Guilan 37°31'52.3" 49°09' 54.8" 19
8 IBRC P1000370  Artemisia annua L. Guilan 37°37'15.5" 49°02'42.8" 20
9 IBRC P1000371  Artemisia annua L. Guilan 37°56'39.7" 48° 54' 32.5" 16
10 IBRC P1000375  Artemisia annua L. Guilan 38° 25' 23.7" 48° 52' 44 4" -15
11 IBRC P1000376  Artemisia annua L. Guilan 38°09'21.9" 48°52'22.1" 22
12 IBRC P1000381  Artemisia annua L. Guilan 37°24'50.7" 49°39'12.4" -10
13 IBRC P1000387  Artemisia annua L. Guilan 37°04' 33.2" 49°52'03.6" 188
14 IBRC P1000397  Artemisia annua L. Guilan 37°08'51.4" 50° 12'45.5" -2
15 IBRC P1000402  Artemisia annua L. Guilan 37°04' 21.7" 49°59'52.9" 235
16 IBRC P1000008  Artemisia annua L. Golestan 36° 46' 16.0" 54°00'50.2" -23
17 IBRC P1000009  Artemisia annua L. Golestan 36°51'48.0" 54° 35'19.0" 120
18 IBRC P1000010  Artemisia annua L. Golestan 36°52'44.2" 54° 39'45.3" 123
19 IBRC P1000011  Artemisia annua L. Golestan 36° 53'45.9" 54° 44' 22.3" 180
20 IBRC P1000012  Artemisia annua L. Golestan 36° 58' 47.4" 54° 44' 22.3" 62
21 IBRC P1000013  Artemisia annua L. Golestan 37°02'20.9" 55°04' 40.5" 84
22 IBRC P1000014  Artemisia annua L. Golestan 37°02' 05.5" 55°16'59.7" 479
23 IBRC P1000015 Artemisia annua L. Golestan 37°01'27.1" 55°17'13.0" 424
24 IBRC P1000018  Artemisia annua L. Golestan 36° 59'09.8" 55°18'11.0" 538
25 IBRC P1000020  Artemisia annua L. Golestan 37°10'12.0" 55°10'02.9" 65
26 IBRC P1000021  Artemisia annua L. Golestan 37°15'58.4" 55°12'23.3" a7
27 IBRC P1000022  Artemisia annua L. Golestan 37°17'50.4" 55°18'44.8" 68
28 IBRC P1000024  Artemisia annua L. Golestan 37°18'36.7" 55° 27" 47.1" 74
29 IBRC P1000026  Artemisia annua L. Golestan 37° 27'59.3" 55°31'14.0" 200
30 IBRC P1000027  Artemisia annua L. Golestan 37°33'55.7" 55° 37' 49.6" 200
31 IBRC P1000030  Artemisia annua L. Golestan 37° 37" 34.9" 55°42'55.4" 283
32 IBRC P1000035 Artemisia annua L. Golestan 37° 37 44.8" 55°51'34.1" 502
33 IBRC P1000038  Artemisia annua L. Golestan 37°38'40.1" 55° 42' 22.6" 295
34 IBRC P1000039  Artemisia annua L. Golestan 37°44' 22.7" 55°53'56.9" 650
35 IBRC P1000473  Artemisia annua L. Mazandaran 36° 35' 04.7" 51°46'18.9" -1
36 IBRC P1000474  Artemisia annua L. Mazandaran 36° 34' 14.0" 51°52'56.1" -6
37 IBRC P1000486 Artemisia annua L. Mazandaran 36° 27' 42.3" 52°15'42.9" 71
38 IBRC P1000492  Artemisia annua L. Mazandaran 36° 35' 47.5" 52° 40'49.1" 1
39 IBRC P1000498  Artemisia annua L. Mazandaran 36°41' 37.0" 52°44' 27.7" -12
40 IBRC P1000499  Artemisia annua L. Mazandaran 36° 34' 03.3" 52° 48' 38.8" 4
41 IBRC P1000501  Artemisia annua L. Mazandaran 36° 30' 58.5" 52° 57" 47.0" 23
42 IBRC P1000502  Artemisia annua L. Mazandaran 36° 29'59.9" 53°04' 48.2" 111
43 IBRC P1000503  Artemisia annua L. Mazandaran 36° 23' 39.8" 53°09'37.1" 212
44 IBRC P1000512  Artemisia annua L. Mazandaran 36° 19' 43.6" 53°10' 40.0" 287
45 IBRC P1000518  Artemisia annua L. Mazandaran 36° 10' 23.9" 53°16' 03.7" 711
46 IBRC P1000522  Artemisia annua L. Mazandaran 36° 40' 04.7" 53°04'31.4" 1
47 IBRC P1000523  Artemisia annua L. Mazandaran 36° 46' 14.2" 53°07' 25.9" 1
48 IBRC P1000527  Artemisia annua L. Mazandaran 36° 50' 05.2" 53°16'15.9" -14
49 IBRC P1000537  Artemisia annua L. Mazandaran 36°42' 25.7" 53° 38'55.4" 33
50 IBRC P1000540 Artemisia annua L. Mazandaran 36° 44'53.1" 53°54'19.8" 3
51 IBRC P1000541 Artemisia annua L. Mazandaran 36° 42' 03.1" 53°48'05.7" 315
52 IBRC P1000544  Artemisia annua L. Mazandaran 36° 39' 31.7" 53° 48' 29.5" 1008
53 IBRC P1000547  Artemisia annua L. Mazandaran 36° 16' 32.5" 52°53'18.9" 290
54 IBRC P1000548  Artemisia annua L. Mazandaran 36° 11' 55.5" 52°56' 09.1" 395
55 IBRC P1000551  Artemisia annua L. Mazandaran 36° 07' 40.0" 53°02'57.1" 560
56 IBRC P1000572  Artemisia annua L. Mazandaran 36° 04' 10.6" 52°50'13.8" 1785
57 IBRC P1000573  Artemisia annua L. Mazandaran 36° 05' 07.9" 52°54'18.8" 936
58 IBRC P1000574  Artemisia annua L. Mazandaran 36° 29' 54.7" 52° 46' 09.0" 16
59 IBRC P1000586  Artemisia annua L. Mazandaran 36° 12' 00.4" 52°00' 30.8" 1760
60 IBRC P1000578  Artemisia annua L. Mazandaran 36° 22'28.1" 52°21'07.8" 229
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Figure 1. Collection sites of A. annua in three provinces.

performed using the following gradient
elution: Solvent A was 0.9 mM Na,HPO,,
3.6 mM NaH,PO, buffer (pH 7.76), and
Solvent B was acetonitrile. The gradient
program was initiated with 70% A, 30% B
for 5 minutes, and gradually increased to
60% B and 40% A in the next 13 minutes.
Each run was followed by a 10 minutes
wash with 85% acetonitrile. Before injection
of the next sample, the column was
equilibrated with mobile phase A for 10
minutes. Before injection of each sample (20
pL), filtration was done through a 0.45 pL
filter. The column temperature was set at
30°C with detection wavelength at 258 nm.
Standard artemisinin with purity of 98% was
purchased from Sigma Chemical Company
and standard solutions of artemisinin were
prepared by dissolving 1 mg of artemisinin
in 10 mL ethanol.

Molecular Characteristics

Fresh leaves were collected and powdered in
a pre-chilled mortar using liquid nitrogen,
and the DNA was then extracted using
herbal genomic DNA extraction kit (IBRC
MBKO0011, Iran). Fifteen ISSR primers
(Table 3) that produced clear and

reproducible banding patterns were used.
DNA amplifications were performed in 20
WL reaction final volume containing 0.5 pL
of template DNA (approximately contain 20
ng template DNA), 0.5 pL of primer (10
pmol), 9 uL PCR-grade water and 10 pL of
2X Tagq Master Mix Red (0.2 units pl™)
(Ampligon, Denmark). The PCR
amplification program was performed in a
T100™ thermal cycler (Bio-Rad Company)
as: 4 minutes at 94°C, followed by 35 cycles
of 45 seconds at 94°C, 1 minute with varied
temperatures (Table 3) as per the melting
temperature of the ISSR primers used, 1
minute 30 seconds at 72°C and a final 10
minutes extension at 72°C. Amplification
products were separated by electrophoresis
in a 1.5% (w/v) horizontal agarose gel using
1X TAE buffer at 110V for 3 hours. After
soaking in ethidium bromide solution for 15
min, ISSR banding patterns on gels were
observed using gel doc system (G: BOX,
Syngene, UK). The ISSR markers were
scored as present (1) or absent (0) depending
on fragment amplification, and this data
generated the binary data matrix. GenAIEX6
was used to analyze variations at inter and
intra-population level based on Analyses of
Molecular ~ Variation (AMOVA). A
dendrogram was constructed using the
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Table 2. Means and standard deviations obtained for the artemisinin content and the four morphological characters assessed, in different study sites. ¢

Dry weight (g plant™) Trichome number

Fresh weight (g plant™)

Height

Artemisinin content

Province

(m plant™)

(ng g' DW)

6.57 +£4.49 (¢)

1536 £4.37(a)
16.5+3.11(a)

247.07 + 168.85(a)
241.32 + 148.98(a)

276.08 + 168.46(a)

257.82 +160.7

535.67 + 397.59(a)
439.89 + 282.28(a)
526.46 + 327.76(a)

501.35 +330.35

2.65+ 0.34(a)
2.4 +0.4(a)

Guilan

10.82 + 7.37(ab)
12.82 £7.77 (a)

10.62 +7.29

Golestan

17.59 + 4.51(a)

16.68 +4.11

2.57 +0.43(a)
2.53+04

Mazandaran

Mean

“ The highest content for each character was bolded.

JAST
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(b)
Figure 2. A. annua leaves showing trichomes:
(a) High and (b) Low densities.

Unweighted Pair Group Method with
Arithmetic average (UPGMA) algorithm to
illustrate the genetic relationships among 60
A. annua ecotypes (Darwin ver. 6; Available
through: http://darwin.cirad.fr/darwin).

RESULTS AND DISCUSSION

Based on geographical distribution, high
level of morphological and phytochemical
diversity was observed among A. annua
accessions (Table 2), although artemisinin
content was the only character that showed
significant differences among provinces.
However, maximum mean value of
artemisinin  (12.82+7.77), dry weight
(276.08£168.46 g), and trichome number
(17.59+4.51) were observed in Mazandaran
Province, while the maximum fresh weight
(535.67£397.59 g) and plant height
(2.65+0.34 m) were observed in Guilan
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Table 3. List of primers, their sequence, annealing temperature, total number of bands, number of polymorphic
and monomorphic loci and polymorphism percent generated by ISSR primers in 60 A. annua accessions.

Sequence (5'-3") Annealing T. Total number of Number of  Number of Polymorphic

(°C) bands amplified  polymorphic loci  monomorphic loci  percentage
(GA)BT 56.6 10 9 1 90
(GA)8C 48.0 15 15 0 100
(GA)8BYC 57.0 21 20 1 95.23
(GA)BYG 49.0 13 12 1 92.30
(AG)8YC 48.0 19 19 0 100
SSWN(GACA)3 41.1 16 16 0 100
HVH(TCC)5 57.0 16 9 7 65.25
BDB(TCC)5 57.0 12 6 6 50
GGGT(GGGGT)2G 57.0 19 15 4 78.94
(ACTG)4 45.0 9 4 5 44.44
(CT)8RG 48 12 12 0 100
HVH(CT)7T 50.4 16 5 11 31.25
GCW(GA)6G 57.0 14 8 6 57.14
(GA)BC, (AG)8YT 48.0 11 11 0 100
(GA)8C, (AG)8YC 48.0 19 16 3 84.21
Total 222 177 45
Mean 14.8
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[ DOR: 20.1001.1.16807073.2019.21.5.13.0]

Province. In addition, the 4 morphological
guantitative  characteristics could not
discriminate the taxonomic arrangements at
inter-population level (data not shown).
Previous studies showed the importance of
geographical factors on morphological and
phytochemical diversity (Baghalian et al.,
2005; Ghafoori et al., 2013; Aryakia et al.,
2016) which could be considered in
breeding programs and evolutionary and
ecological studies (Jessing et al., 2014;
Ranjbar et al., 2015). These results indicate
Mazandaran Province as a potent area for
exploration and exploitation of the resources
of A. annua, artemisinin and related
compounds with industrial and medicinal
applications.

Pearson’s correlation analysis could also
find  significant  relationships  among
characters. In  general, morphological
characters including height, fresh and dry
weight were significantly correlated (Table
4). These correlations have also been
reported in other species (Parker et al., 2010;
Aryakia et al., 2016) which might be due to
evolutionary ~ consequences  underlying
within phenotypic characters (Davis, 2001;
Mclellan, 2005). For example, phenotypic
characters such as plant size could influence
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plant fecundity and flowering time (Ollerton
and Lack, 1998).

Overall, significant correlation between
artemisinin content and trichome density
was observed (Table 2 and Figure 2), which
was previously reported by Singh et al.
(2015) as an important strategy of further
increase of artemisinin yield in A. annua.
Totally, these results might be considered in
evolutionary and  ecological  studies
(Valverde et al., 2001; Agren and Schemske,
1994), breeding programs (Delabays et al.,
2001) and phylogenic studies (Spring,
2000).

Among the 20 ISSR primers tested herein,
only 15 were chosen due to the success of
amplification of polymorphic patterns
(Table 3 and Figure 3) among 60 A. annua
accessions. The total number  of
polymorphic bands was 177 and varied
between 4 for the primer (ACTG)4 to 20 for
the primer (GA)8YC. The average number
of bands per primer was 14.8. Percentages of
polymorphism per ISSR primer varied from
31.25% for HVH(CT)7T to 100% obtained
for (GA)8C, which was similar to those
previously reported in different Artemisia
species (Huang et al.,, 2011; Nazar and
Mahmood, 2011) and other genus (Tesfaye
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Table 4. Correlation between characters of A. annua.

Artemisinin Height Fresh weight Dry weight
Height 0.102
Fresh weight 0.023 0.545**
Dry weight 0.062 0.518** 0.978**
Trichome no 0.269* 0.181 -0.037 0.034

*, **: Significant at 5 and 1%, respectively.
et al., 2014; Kumar et al.,, 2010). This
indicates ISSR-PCR as a reliable tool for
fingerprinting at the intra-population level.

Analyses  of  Molecular  Variance
(AMOVA) showed that intra-population
variability was higher than inter-population
variability (Table 5), which was similar to
previously published reports in Chondrus
crispus (Wang et al, 2008) and
Pleurochaete squarrosa (Spagnuolo et al.,
2007). Probably, the high intra-population
diversity made them less amenable to cluster
analysis (Figure 4). It might be due to the
predominant sexual reproduction pattern of
A. annua growing in Hyrcanian Areas
(Mazandaran, Guilan and Golestan).

ISSR markers have been widely used in
assessment of genetic relationships at intra-
and inter-population level (Thul et al., 2012;

Liu et al., 2013). However, there are few
reports for application of ISSR markers for
Artemisia that are mainly focused on genetic
diversity assessment at intra-population
level of other Artemisia species (Huang et
al., 2011; Nazar and Mahmood, 2011). Our
results show that the ISSR markers have
robust reproducibility, and can provide a
suitable alternative approach for evaluating
inter-population genetic diversity.

CONCLUSIONS

Based on morphological, phytochemical,
and molecular assessment of 60 A. annua
from Iran, high level of diversity was
revealed. Results showed that 4
morphological ~ characters  were  not

Table 5. Hierarchical Analyses of Molecular Variance (AMOVA) for ISSR variation surveyed in 60 A.

annua accessions.

Source df? Ss® MS*© Percentage of variance (%)
Inter-population 2 233.72 11.36 1
Intra-population 57 82.2041 17.29 99

Total 59 315.9241 28.65 100

2 Degree of freedom; ® Sum of Squares, © Mean of Squares.

10 11

12 13 14 15 16 17 18 19

prﬂ:

Figure 3. PCR amplification illustrates variability of ISSRs using primer (GA)8C. Golestan (1-3, 11-13),
Mazandaran (5, 6, 9, 18-20, 22), and Guilan accessions (4, 7, 8, 10, 14-17, 21).
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Figure 4. Dendrogram of the genetic dissimilarities among 60 A. annua accessions, achieved by the UPGMA
method, based on 15 ISSR markers.

discriminative, but assessment of other
morphological characteristics might elevate
discrimination accuracy at the inter-
population level (Aryakia et al., 2016;
Naghavi and Jahansouz, 2005). Highest
artemisinin  content was detected in
Mazandaran population and significant
relationship  was  observed  between
artemisinin and trichome density, which
might be considered in evolutionary and
agricultural  studies. Since ISSR-PCR
showed as a reliable tool for fingerprinting
at the population level, evaluating genetic
variation/relationships of other Artemisia
species using different ISSR primers at the
level of individuals, accessions, and other
taxonomic levels were recommended. Wide
range of diversity observed at the intra-
population level might be considered for
several subjects, such as genebank
management, breeding programs, and
medicinal usage.
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