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Abstract
Central Asia and Atlantic Europe are both the main areas where Glaucium grows. There are four species, four subspecies, two types, and sects available for Glaucium Sect. Acropetala Mory.  Glaucium itself is a genus that consists of 19 species, eight subspecies, and 16 variants. Identifying species is of great importance in biogeography, biology, ecology, and protection fields. In Iran, there are ten species, four subspecies, and 14 variants of Glaucium. Considering that they are both genetically and physically flexible, it is taxonomically difficult to classify them. In spite of the fact that there are numerous Glaucium species widely distributed in Iran, the details available about their dispersion tendency, genetic diversity, and divergence method have remained meager. Consequently, we have used morphological approaches along with molecular SCoT markers (start codon targeted markers) to examine 90 accessions of seven distinct Glaucium species which have been gathered from different environments of Iran. The aims of this study are as follows: 1) identifying species of Glaucium using molecular SCoT markers, 2) determining these taxa’s genetic structure in Iran, and 3) examining their inter-species relationship. According to the outcomes, the species can be specified employing both SCoT markers and morphological techniques. 
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1. Introduction

There exist four subfamilies of Papaveraceae s. str, namely, Eschscholzioideae Ernest, Platystemonoideae Ernest, Chelidoniodeae Ernest, and Papaveroideae Ernest (Ernest 1962, Kadereit 1993). After that, the Platystemonoideae subfamily was then reclassified by Kadereit et al. (1994) to be a part of Papaveroideae subfamily. In phylogenetic studies of Papaveraceae, Hoot et al. (1997) employed a combination of morphological and molecular data for the purpose of supporting the monophyly of both Eschscholzioideae and Papaveroideae, which also comprises Platystemonoideae as well. Initially, Dicranostigma Hook. f. et Thoms and Glaucium Mill were incorporated into the Chelidonoideae subfamily. However, based on the morphological investigations of Kadereit et al. (1994), they were later considered as a sister group to Papaveroideae. 
The main areas where we can find Glaucium are Central Asia and Atlantic Europe (Kaderiet, 1993). There are four species, four subspecies, two types, and sects available for Glaucium Sect. Acropetala Mory. Glaucium itself is a genus that consists of 19 species, eight subspecies, and 16 variants (Mory, 1979). In Iran, Glaucium has 11 (Cullen, 1966) to 13 (Mobayen, 1985; Gran & Sharifnia, 2008) distinct species. Additionally, five species are considered endemics for Iran which are: G. contortuplicatum Boiss., G. mathiolifolium Mobayen, G. calycinum Boiss., G. golestanicum, and G. elegantissimum Mobayen.  Afterwards, according to  Cullen (1966) and Mory (1979), G. vitellinum Boiss. & Buhse and G. oxylobum Boiss. & Buhse and G. calycinum are considered synonyms. In 1985, Mobayen downgraded G. flavum Crantz var. vitellinum (Boiss. & Buhse) Mobayen and G. flavum subsp. vitellinum (Boiss. & Buhse) to varietal and subspecies levels. On the other hand, they were presented as dissimilar species by Gran and Sharifnia (2008).  Furthermore, G. leiocarpum Boiss. is considered as a synonym of G. flavum and G. elegans Fisch. & C. A. Mey. var. integerrima Mobayen as a synonym of G. elegans var. elegans (Tavakkoli, 2016). 
According to Vafadar et al, 2010, trichomes can be used for delimiting taxa at the sectional level, based on their morphology, spread, and diversity.  Based on Mory (1979), the Glaucium classification can be done by considering the trichomes’ morphological and structural aspects. The following are the morphological descriptions of the genus: These plants are either annual, biennial, or perennial. There are Corymbose branches present on their stems. Their leaves have lobed appearance which are classified into pinnatified, pinnapartite, and pinnatisect forms, they also can be whole-shaped sometimes. The flowers are considered terminal, axillary, or solitary. They have two sepals, which may be hairy or not, along with four caduceus Petals, which can be yellow, orange, reddish-orange, or dark red, and can have marks or not. Their anthers could differ between straight and oval; they also have varied filaments. They have multiple stamens, which can be either orange or golden. 
The appearance of their ovary can be viewed as hairy or glabrous, and erect or tuberculate. Their capsules are around 28 cm in length, which are siliquiform, meaning that they can be cylindrical or straight. Additionally, they have two valves along with a spongy septum that enables their dehiscence. They possess a two-lobed stigma that has divergent, flat, or curved shapes. There exist numerous seeds which have no appendages. Consequently, in the context of identifying and taxonomically classifying the genus, there are several helpful characteristics including the shapes of filaments and branch leaves, as well as the trichomes’ cellular structure on sepals and immature fruits, along with the dimensions of buds, siliquae, and anthers. Fatma Mungan Kiliç et al. (2019) studied the Glaucium taxa’s phylogenetical, morphological, and also palynological aspects. According to their studies, multiple aspects vary among different species, especially their micromorphological features and clade formation within the phylogenetic trees, which are established using DNA sequence data, namely matK and ITS3-6. Both DNA analysis and morphological characteristics, especially the stem trichomes of Glaucium genus in Turkey, are used to divide them into the Pubescentae and Glabrousae sub-groups. Gran and Sharifnia (2008) studied 18 Glaucium taxa micromorphologically, analyzing 37 quantitative and 28 qualitative features, and concluded that G. haussknechtii and G. grandiflorum species are synonyms. Conversely, Fatma Mungan Kiliç et al. (2019) expressed that they are actually two distinct species by analyzing their pollen, seed, morphological, and phylogenetic information. Accordingly, based on their stem cells, they declared that Glaucium taxa are categorized into two separate groups. The taxa whose stems are pubescent include the following: G. corniculatum subsp. refractum, G. grandiflorum var. torquatum, G. corniculatum subsp. corniculatum, G. grandiflorum var. grandiflorum, G. secmenii, and G. grandiflorum var. haussknechtii; the petlas within this group are considered red or reddish-orange. On the other hand, the taxa whose stems are glabrous include the following: G. cappadocicum, G. leiocarpum, G. flavum, and G. acutidentatum; the petals within this group are considered yellow or yellowish-orange. Additionally, thin and prominent partitions divide their seeds. Consequently, 90 specimens that were collected from seven distinct Glaucium species have been examined from both molecular and morphological perspectives. The goal is to explore the following topics about under-study species: 1) Their interspecific and infraspecific genetic diversity, 2) The relation between geography and their genetic variation, 3) The difference between genes of taxa and populations, and 4) If there occurs a gene flow among Glaucium species in Iran.  

2.Matters and Approaches

2.1. Plant Materials
	
Table 1 presents our study of seven distinct Glaucium species, located in Iran, from both molecular and morphological perspectives. In order to perform SCoT and morphometric research, we utilized 90 and 99 plant specimens, respectively; it should be noted that 5 to 15 samples per species were indeed used. Several sources for ensuring the precise identification of species have been utilized (Mobayen 1985, Gran & Sharifnia 2008). Table 1 also provides the exact place of the used specimens. Islamic Azad University Science and Research Branch Herbarium of Tehran, Iran (IAUH) is where the coupons are located. 
2.2. Morphological Investigations

A comprehensive set of 60 morphological characteristics, comprising 36 quantitative and 24 qualitative features, have been studied; however, the supplemental Table is not included there. 
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Table 1. Glaucium species and populations, their localities and voucher numbers
		Taxa 



	Locality 
	Latitude
	Longitude
	Altitude(m)

	G. corniculatum var. flaviflorum DC.
		Khorassan: Neyshabur, Rood village 



	37° 07' 48 "
	49° 54' 04" 
	165

	G. calycinum var. calycinum Boiss.
	Esfahan: Delijan to Khomein, 20 km Khomein 
	38 ˚ 52' 93"
	47 ˚25̍ 92̎
	1133

	G. grandiflorum  subsp. refractum (Nábělek) Mory
	Tehran: Ghum, Veshnaveh village 
	37° 07' 08" 
	49°54' 11" 
	159

	G. contortuplicatum var. cantortuplicatum Boiss.
	Gilan: Ghazvin road to Rasht, 960 m 
	38 ˚ 52' 93"

	47 ˚25̍ 92̎

	1133

	G. elegans var elegans Fisch. & C.A.Mey.
	Tehran: 4 km N. W. Karaj, mountains of Baraghan 
	38˚52' 93"

	47 ˚25̍ 92̎
	1139

	G. oxylobum var. oxylobum  Boiss. & Buhse
	Golestan: Golestan national park, below Alme 
	35 ˚50' 36"
	51˚ 24' 28"
	2383

	G. fimbrilligerum  Boiss.
	Bandar Abbas: Kuh-e Genu, 1700 m, 25 Feb 
	35 ˚42'29"

	52 ˚20'51"

	2421



For computing the Euclidean distance, the data were normalized with a mean of 0 and variance of 1 to analyze the groups (Podani, 2000). 

2.3. DNA Extraction and SCoT Assay

We randomly collected leaves from 4 to 11 studied plant populations and then dried them using silica gel powder. In 2019, Esfandani-Bozchaloyi et al. used a CTAB-activated charcoal procedure for DNA extraction purposes (Esfandani-Bozchaloyi et al., 2019). Afterward, to assess the purification of the DNA we previously extracted, an agarose gel that was 0.8% was employed. Table 2 presents multiple 25 SCoT primers developed by Collard and Mackill (2009), and 10 of them contained numerous polymorphic bands that were apparent and also expanded. 
2.4. Data Analyses

2.4.1. Morphological Investigations

According to Podani (2000), the first step before computing the Euclidean distance among taxonomic pairs was to normalize the morphological features (Mean= 0, Variance= 1). The plant specimens were classified using the UPGMA ordination approach (Podani, 2000). 
2.4.2. Molecular Analyses 
The SCoT bands, in genetic diversity studies, were encoded as binary symbols where their absence = 0 and existence = 1. According to Freeland et al., (2011) the Shannon’s information index (I), polymorphism percentage, Nei’s genetic diversity (H), and effective number of total alleles have been evaluated.  For the purpose of indicating the gene diversity between individuals, using GenAlex 6.4, Peakall & Smouse (2006) conducted an Analysis of Molecular Variance (AMOVA) with 1000 permutations; additionally, Meirmans & Van Tienderen (2004) performed Nei’s Gst analysis using GenoDive ver.2 (2013) as well. Moreover, G'ST est and D est, respectively, represent the standardized measurement of genetic diversity, which is discussed by Hedrick (2005), and Jost's measurement of diversity, which is detailed by Jost (2008); accordingly, we employed them for population gene diversity purposes. The Bayesian-based sample configuration approach (Pritchard et al., 2000), along with the highest likelihood-based K-means clustering method of GenoDive’s version.2 (2013) have been both utilized for studying the genetic structure of individuals. In order to compute the gene flow, Nm, which is gene flow’s estimation from Gst, have been computed by I employing PopGene ver. 1.32 (1997); the formula is: Nm = 0.5(1 – Gst)/Gst. 

3. Results
3.1. Identification of species and their interrelationships

 3.1.1. Morphometry 
Analysis of Variance (ANOVA) test proved that the species under study considerably differ from each other (P 0.01) in the context of their quantitative morphological aspects. The significant differences among the under-study taxa were revealed using the PCA approach. Approximately 77% of the total variance was explained by the three top parameters. 
    There are three PCA axes; the first one has the strongest correlation (>0.7) and incorporates the height of seeds, the height of stipules, the seed system, the form of petals, stem hair, peduncle and pedicel hair, leaves hair, and also the length/breadth of bract, therefore, explaining 59% of the total variance. The second axis comprises the bract and peduncle heights. 


[bookmark: t2]Table 2.  SCoT primers used for this study and the extent of polymorphism
	Primer name
	Primer sequence  (5’-3’)
	TNB
	NPB
	PPB
	PIC

	SCoT-1
	CAACAATGGCTACCACCA
	12
	12
	100.00%
	0.35

	SCoT-3
	CAACAATGGCTACCACCG
	14
	11
	89.99%
	0.43

	SCoT-6
	CAACAATGGCTACCACGC
	15
	15
	100.00%
	0.14

	SCoT-11
	AAGCAATGGCTACCACCA
	15
	13
	90.33%
	0.47

	SCoT-14
	ACGACATGGCGACCACGC
	25
	25
	100.00%
	0.55

	SCoT-15
	ACGACATGGCGACCGCGA
	28
	23
	94.74%
	0.47

	SCoT-16
	CCATGGCTACCACCGGCC
	13
	12
	95.31%
	0.34

	SCoT-17
	CATGGCTACCACCGGCCC
	10
	10
	100.00%
	0.67

	SCoT-18
	ACCATGGCTACCACCGCG
	19
	15
	83.89%
	0.53

	SCoT-19
	GCAACAATGGCTACCACC
	19
	19
	100.00%
	0.49

	Mean
	-
	16
	14
	93.28%
	0.48

	Total
	-
	165
	150
	-
	-


TNP: total number of bands; NPB: number of polymorphic bands; PPB: percentage of polymorphic bands; PIC: polymorphism information content
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Figure 1. The UPGMA clustering of morphological characters in Glaucium species indicating species delimitation

Lastly, the third one incorporates the flower count per inflorescence. Multiple hierarchical and clustering methods’ results appeared to be comparable. Accordingly, Fig. 1 presents a UPGMA clustering and Fig. 2 displays a PCA analysis of morphological features.  Various species’ samples have been usually collected and thus grouped into distinct clusters, which approves that Glaucium species have been classified into two primary clusters based on their morphological features. 
There were no middle structures available in the examined models. Fig.1 represents two main clusters developed by the UPGMA tree. The first main cluster contains the G. elegans var. elegans species which appeared to be considerably different from other species.
Additionally, considering the morphological similarity, the second main cluster was divided into two sub-clusters. The species within the first sub-cluster are: G. grandiflorum subsp. refractum, G. calycinum var. calycinum, and G. corniculatum var. flaviflorum, and the second sub-cluster involves the following species: G. fimbrilligerum, G. contortuplicatum var. cantortuplicatum, and G. oxylobum var. oxylobum. 
Fig. 2 presents the PCA approach being conducted on the species, and classifying them into distinct groups based on their morphological aspects; it should be noted that no overlaps was observed there. Accordingly, the results of the PCA aligns with those in the aforementioned UPGMA tree. 

3.1.2. Species Identification and Genetic Diversity

The Glaucium species were investigated on the concept of the genetic linkage among them using ten SCoT primers, and for all seven mentioned Glaucium species, they presented consistent repeatable polymorphic bands. There have been 150 amplified polymorphic bands observed among all seven Glaucium. These generated amplified fragments appeared to range from 100 to 3000 base pairs (bp). 
Although the standard average number of polymorphic bands per primer was 14, SCoT-14 and SCoT-17, with 25 and 10 polymorphic bands, had the highest and the least numbers, respectively. 10 mentioned SCoT primers possess an average PIC of 0.48, varying between 0.14 for SCoT-6 and 0.67 for SCoT-17. 
Table 3 presents the evaluation of the genetic diversity among seven aforementioned Glaucium species which were amplified by SCoT primers. The unbiased predicted heterozygosity (H) had an average of 0.19; however, it ranged from a low of 0.019 for G. corniculatum var. flaviflorum, to a high of 0.333 for G. grandiflorum subsp. refractum. 
Moreover, the results of Shannon’s data index had an average of 0.24, possessing a similar pattern to the unbiased predicted Heterozygosity (H), meaning that its highest value appeared to be 0.458 which was indeed in G. grandiflorum subsp. refractum species, while the lowest value of 0.099 belongs to G. corniculatum var. flaviflorum.
 The number of total alleles (Na) ranges from 0.176 in G. fimbrilligerum to 0.401 in G. contortuplicatum var. cantortuplicatum. Additionally, the number of total effective alleles (Ne) are ranging between 1.087 for G. elegans var. elegans and 1.304 for G. elegans var. elegans and G. contortuplicatum var. cantortuplicatum. The species under study demonstrated a considerable amount of genetic differentiation (P =0.01) based on the AMOVA approach.  
According to the mentioned analysis, 31% of the overall variance was observed within the species, while 69% of it appeared between species. This graph illustrates the genetic differentiations among species 1 and 2, each represented with distinct colors, 3, and 4-7 which is in line with the Neighbor-Joining Dendogram analysis. The differences between species’ alleles led to genetic diversity among them. Considering the low Nm value, which is 0.75, it can be concluded that there is a limited amount of both gene flow and shared ancestor alleles between our Glaucium species. Furthermore, this concept is also supported by population analysis which also aligns with Nm results. Additionally, genetic differentiation is also confirmed by the results of K-Means and STRUCTURE analysis. Nevertheless, a few shared alleles have been recognized by the least square approach across some of these species, including G. 
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Table 3. The genetic diversity parameters of under study Glaucium species. (N = number of samples, Ne = number of effective alleles, I= Shannon’s information index, He = gene diversity, UHe = unbiased gene diversity, P%= percentage of polymorphism, populations)
	Pop
	N
	Na
	Ne
	I
	He
	UHe
	%P

	G. corniculatum var. flaviflorum DC.
	13.000
	0.378
	1.107
	0.099
	0.002
	0.019
	22.31%

	G. calycinum var. calycinum Boiss.
	12.000
	0.276
	1.261
	0.253
	0.236
	0.137
	39.68%

	G. grandiflorum  subsp. refractum (Nábělek) Mory
	10.000
	0.255
	1.145
	0.458
	0.447
	0.333
	67.53%

	G. contortuplicatum var. cantortuplicatum Boiss.
	12.000
	0.401
	1.304
	0.211
	0.154
	0.177
	23.23%

	G. elegans var. elegans Fisch. & C.A.Mey.
	17.000
	0.177
	1.087
	0.193
	0.357
	0.199
	53.66%

	G. oxylobum var. oxylobum  Boiss. & Buhse
	15.000
	0.299
	1.256
	0.343
	0.294
	0.105
	37.96%

	G. fimbrilligerum  Boiss.
	5.000
	0.176
	1.154
	0.255
	0.235
	0.239
	41.83%
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[bookmark: f2]Figure 2. The PCA plots of morphological characters in Glaucium species indicating species delimitation. Sp1: G. corniculatum var. flaviflorum, sp2: G. calycinum var. calycinum, sp3: G. grandiflorum subsp. refractum, sp4: G. contortuplicatum var. cantortuplicatum, sp5: G. elegans var. elegans, sp6: G. oxylobum var. oxylobum, sp7: G. fimbrilligerum

[bookmark: t4]Table 4. Pair-wise FST values among the under study Glaucium species. (Above diagonal = FST value, bellow diagonal =P value)
	
	sp1
	sp2
	sp3
	sp4
	sp5
	sp6
	sp7

	sp1
	-
	0.010
	0.010
	0.010
	0.010
	0.010
	0.010

	sp2
	0.922
	-
	0.010
	0.010
	0.010
	0.010
	0.010

	sp3
	0.597
	0.843
	-
	0.020
	0.010
	0.010
	0.010

	sp4
	0.339
	0.513
	0.825
	-
	0.010
	0.010
	0.010

	sp5
	0.620
	0.500
	0.793
	0.859
	-
	0.010
	0.010

	sp6
	0.536
	0.779
	0.775
	0.576
	0.698
	-
	0.010

	sp7
	0.778
	0.568
	0.709
	0.554
	0.831
	0.780
	-



According to the results of STRUCTURE analysis, which uses an admixture sample, these species’ genomes contain just a small amount of these shared alleles. Therefore, it can be concluded that there is a high genetic differentiation among these species.
 
4. Discussion

4.1. Species Identification and Taxonomic Consideration

This paper evaluates the relation between under-study species by analyzing their morphological and genetic information, acquired by SCoT markers. The Glaucium species appeared to be highly distinct from one another in their morphological aspects, based on the results of their quantitative, acquired by the PCA analysis, and qualitative, acquired by ANOVA analysis. Moreover, in order to classify the species, we can consider characteristics like stipule length, shape and length of bract, pollen color, fruit discharge mechanism and type, fruit burst type, the shape of the calyx, the shape of petals, peduncle and pedicel hair, and the length and width of stem leaves and petals. Both qualitative and quantitative aspects of the species affected their morphological variation. 
4.2. Genetic Structure and Gene Flow
For the first time in Iran, SCoT markers have been utilized in Glaucium species for the determination of genetic relations, diversity, and species delimitation among them. Additionally, in Iran, for analyzing Geranium species on their genetic diversity as well as their phylogenetic aspects, the ISSR technique together with proper statistical means can be used (Esfandani-bozchaloyi et al., 2017a, 2017b, 2017c).  According to this study’s results, both the genetic identity and diversity of Glaucium species can be assessed by the SCoT molecular markers; accordingly, the mentioned markers can also be useful in these species’ identification and delimitation.  Alarcón et al. 2012, Esfandani Bozchaloyi et al., 2017d have also highlighted some other efficiency of SCoT markers.  AMOVA and STRUCTURE analyses indicate that, despite the Glaucium species having some shared alleles, they still possess distinct genetics. Glaucium species exhibit various pollination mechanisms that just have slight differences. The approaches used in this study were designed to evaluate gene flow in an indirect manner; the occurrence of gene flow over the studied species indicates that it could be because of either an ongoing gene flow or ancestral shared alleles. The SCoT markers revealed an Nm value which suggested that the gene flow between Glaucium species appeared to be limited; additionally, this finding was also supported by the results of STRUCTURE analysis, which indicated that these species are more likely to possess a distinct genetic structure. However, according to the results of reticulation analysis for SCoT markers, certain levels of gene flow have been observed there.  In spite of great morphological variations, these species were clearly distinct from one another and had no intermediate structures. 
Fatma Mungan Kiliç et al., (2019) analyzed morphology, palynology, and phylogeny aspects of 10 Glaucium taxa. Even though some of these taxa's morphology aligns with descriptions in Flora of Turkey (Cullen, 1966), there are still certain differences. Furthermore, our results were compared with the findings of Mory (1979), revealing that the morphological and palynological features exhibited a considerable similarity in this comparison. 18 Glaucium taxa underwent a micromacromorphology study, where their 37 quantitative and 28 qualitative traits were analyzed; this study identified G. haussknechtii and G. grandiflorum species as synonyms (Gran and Sharifnia, 2008). Concerning Glaucium taxa stem hairs, Fatma Mungan Kiliç et al., 2019 classified them into two groups. Glabrous stem taxa are: G. acutidentatum, G. flavum, G. cappadocicum, and G. leiocarpum. On the other hand, pubescence stem taxa are: G. grandiflorum var. grandiflorum, G. corniculatum subsp. refractum, G. grandiflorum var. haussknechtii, G. corniculatum subsp. corniculatum, G. secmenii, and G. grandiflorum var. torquatum.  The matK and ITS3-6 DNA sequences were used to classify the Glaucium taxa into two main clades in the ML trees, according to the phylogenetic analysis results.  This classification aligns with their characteristics, including the testa outline of the seeds, the petal color, and the stems’ hair, as well as their ovary tubercle. In summary, the Glaucium species were identified considering their morphology and using SCoT markers in this study. The Glaucium species are distinct during the processes of speciation as well as adaptation to a new environment, they still possess interspecific genetic exchange. The evolution of the Glaucium species, their process of being adapted to new environments, and population diversity are owing to gene flow, local adaptation, and intense inbreeding. It is of great importance to identify the species of the plants under study to be capable of studying the concepts of evolution, phylogenetic systematics, biodiversity, and biogeography appropriately. Both processes of hybridization, occurrence of gene flow through the process of interbreeding between two phylogenetically related species, and speciation, development of new species from a single ancestral species, are essential concepts to comprehend (Al-Quran, 2008). According to Freeland et al. 2011, and Frichot et al. 2013, gene flow, geographic separations, and local adaption are the key factors that have led to variations in genetics and consequently species diversity.  
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