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ABSTRACT 

INTRODUCTION HISTORY AND POPULATION GENETICS OF FALCARIA 

VULGARIS (APIACEAE) IN THE UNITED STATES 

SARBOTTAM PIYA 

2013 

Falcaria vulgaris Bernh. (sickleweed), native to Eurasia, occurs disjunctly in the 

Midwest and the East Coast of the United States. In parts of Iowa, Nebraska and South 

Dakota, it is an aggressive weed potentially turning to invasive. The main objectives of 

this study were (1)  to reconstruct the introduction history and spread of the plant, (2) to 

develop and apply molecular markers to study the genetics of sickleweed populations in 

the United States. I used herbarium records and a suite of molecular markers to 

accomplish the project objectives. I surveyed 178 US herbaria, including those in the 

sixteen states where USDA has reported the sickleweed occurrence. Nuclear 

microsatellite markers developed for Daucus carota were screened for their 

transferability to sickleweed. I also sequenced the trnL intron, trnL-F intergenic spacer, 

and trnQ-rps16 intergenic spacer regions of chloroplast DNA and ITS region of nuclear 

ribisomal DNA to study the genetic diversity. Herbarium records indicated that 

sickleweed was first introduced no later than 1922, and independent introduction of this 

plant took place in the East Coast state and in the Midwest of the United States. The 

species has been documented in 37 counties of 15 states of the United States. No recent 

sickleweed records have been reported for the last 17 years in the U.S. except in Iowa, 

Nebraska and South Dakota. Nuclear microsatellite data revealed three distinct genetic 

races of sickleweed in the Midwest. Chloroplast sequence data revealed six chlorotypes 

nested into two main lineages suggesting at least two introductions of sickleweed in the 
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Midwest. All data sets- herbarium records, nuclear microsatellites, nuclear and 

Chloroplast DNA sequences support the occurrence of multiple introductions. Presence 

of multiple alleles in individuals suggested polyploidy in sickleweed. High genetic 

diversity along with evidence of multiple introductions and polyploidy suggest that 

sickleweed, if not controlled in a timely fashion, can emerge as a serious invader.  
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CHAPTER 1 

LITERATURE REVIEW 

Invasive species and their impacts 

Invasive species are a serious threat to global biodiversity (Sala et al. 2000; Lee 

2002; Duncan et al. 2004; Lachmuth et al. 2010; Alyokhin 2011) and are often harmful 

to ecosystem processes (Gordon 1998), agriculture (Cox 2004) and human health 

(Chauvel et al. 2006). Niche displacement of native plants from the oak forest by the 

invasive plant Carpinus betulus (Kwiatkowska et al. 1997), local extinction of native 

Spartina foliosa from Alameda Island, Coyote Hills and San Bruno marshes, and 

replacement of this species by introduced S. alterniflora and the hybrid S. foliosa x S. 

alterniflora (Ayres et al. 1999; Ayres et al. 2004) are two examples of invasive plants 

impacts on biodiversity. At the ecosystem level, invasive plants may alter the 

geomorphological processes, the hydrological cycle and biogeochemical cycle (Gordon 

1998).  In addition, these plants reduce the productivity of agricultural crops, pastures, 

and rangelands (Cox 2004) and some are harmful to human health (Chauvel et al. 2006).  

Billions of dollars are spent every year for the management and control of invasive 

species (Walker & Steffen 1997; Lee 2002; Duncan et al. 2004), and it is predicted that 

the control and management of invasive species will be one of the biggest challenges in 

the decades to come (Allendorf & Lundquist 2003). 

Hypotheses on success of introduced species  

Several hypotheses have been proposed to explain the success of introduced 

species in novel habitats. These hypotheses are often classified into three major groups 

(as summarized in Table 1.1) and are briefly described here. 
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Increased resource competitive ability is believed to be a driving force of 

invasiveness in the novel habitat as the introduced species are released from their natural 

enemies (Richardson et al. 2000a; Keane & Crawley 2002; Levine et al. 2004; Hierro et 

al. 2005). The enemy release hypothesis argues that fewer enemies in the introduced 

range give introduced species a competitive advantage over native species which already 

have a large number of enemies (Colautti et al. 2004; Torchin & Mitchell 2004). In some 

cases, a mutualistic relationship between an introduced species and a native species is 

established that helps the introduced species increase its abundance in the new range 

(Richardson et al. 2000a). Introduced plants can also succeed in the new environment by 

avoiding competition by extracting the unused resources (Hierro et al. 2005). Integration 

of the concept of evolution and the enemy release hypothesis forms the basis of the 

evolution of increased competitive ability (EICA) hypothesis (Hufbauer & Torchin 

2007). EICA argues that the escape from natural enemies favors selection pressure to 

divert resources to the traits that promote their competitive ability (Blossey & Notzold 

1995; Hufbauer & Torchin 2007). Hybridization between two species or two different 

source populations is another mechanism that may promote the evolution of invasiveness 

through the evolution of novel genotypes, fixing heterosis or by dumping genetic load 

(Ellstrand & Schierenbeck 2000). There are also several cases where allelopathic 

introduced species have succeeded in the new environments by releasing certain 

biochemical compounds toxic to native plants, thus supporting the novel weapon 

hypothesis (Callaway & Aschehoug 2000; Bais et al. 2003; Cappuccino & Arnason 

2006). 
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Table 1.1 Hypotheses explaining invader success following introduction 

Hypothesis Reference 

Hypotheses that explain enhanced resource competitive ability 

Enemy release Keane and Crawley (2002) 

Mutualist facilitation Richardson et al. (2000a) 

Biotic resistance Levine et al. (2004) 

Empty niche Hierro et al. (2005) 

Evolutionary hypotheses 

Evolution of increased competitive ability Blossey and Notzold (1995) 

Hybridization Ellstrand and Schierenbeck (2000) 

Hypotheses that explain allelopathy as the promoter of invasion 

Novel weapon hypothesis Callaway and Aschehoug (2000) 

Species introduction, naturalization and the process of invasion  

According to current review by Valery et al. (2008),  “a biological invasion 

consists of a species’ acquiring a competitive advantage following the disappearance of 

natural obstacles to its proliferation, which allows it to spread rapidly and to conquer 

novel areas within recipient ecosystems in which it becomes a dominant population”. 

Biological invasion consists of a series of stages where any introduced species must 

overcome a variety of barriers before proceeding to the next stage (Blackburn et al. 

2011). The major steps include introduction, naturalization/establishment and 

spread/invasion. When a species overcomes a geographic barrier, the species is called an 

introduced species. Founding individuals in the introduced population usually have low 

genetic diversity due to a founder effect and as a result, the population may suffer from 

inbreeding depression (Sakai et al. 2001). Inbreeding depression will further minimize 
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population size and may lead to elimination of the species from the introduced range. 

Approximately 99% of the casually observed introduced species fail to establish in their 

introduced range (Kowarik 2005). However, genome duplication (Comai 2005) and/or 

asexual reproduction (Sakai et al. 2001; Allendorf & Lundquist 2003; Frankham 2005) 

can minimize the effect of inbreeding depression in some introduced species. According 

to Soltis and Soltis (2000) the polyploids exhibit null to negligible effects of inbreeding 

depression. Redundant genes in polyploids provide the potential for them to escape the 

effects of deleterious recessive mutations in inbreeding populations (Comai 2005). 

Studies have shown that polyploids can grow in diverse habitats compared to diploid 

individuals (Treier et al. 2009).  Polyploid individuals can form new genotypes through 

genome rearrangement in a short period of time after polyploidization (Soltis & Soltis 

2000). In the long run, duplicate genes may undergo adaptive divergence that may 

facilitate evolution of invasiveness (te Beest et al. 2012). Likewise, asexually 

reproducing species may escape inbreeding depression (Sakai et al. 2001) so that escaped 

populations start reproducing at a much higher rate  (Frankham 2005). 

There are also instances where the introduced populations have higher or equal 

genetic variation compared to their native populations (Kelager et al. 2013). The 

mechanism that facilitates the increase of genetic variation in the founding populations 

includes introduction of a large number of propagules (Kolar & Lodge 2001; Allendorf & 

Lundquist 2003), multiple introductions (Novak & Mack 1995; Sakai et al. 2001; 

McCauley et al. 2003; Lavergne & Molofsky 2007; Meimberg et al. 2010; Gaudeul et al. 

2011), gene flow between introduced populations (Sakai et al. 2001) and hybridization of 

introduced populations with genetically divergent native populations (Ayres et al. 1999; 
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Allendorf & Lundquist 2003).Higher intra-specific genetic diversity provides better 

opportunities for the creation of adapted genotypes through genetic reshuffling and 

recombination, and also provides wide options for natural selection of genotypes suitable 

for the environment thereby producing a population that can better exploit resources  in 

the introduced range (Lavergne & Molofsky 2007). Therefore, understanding the founder 

effect in introduced populations will allow us to predict the invasion potential of the 

introduced species.  

When a founder population succeeds to survive and forms a self-sustaining 

population, the population is said to be naturalized (Sakai et al. 2001). If the introduced 

species is pre-adapted, the probability that the species will successfully naturalize 

increases (Bossdorf et al. 2008; Lachmuth et al. 2010).  Naturalized species spread in 

disturbed and natural habitats after going through a lag period, the period between the 

introduction of a species until it becomes invasive (Richardson et al. 2000b; Mooney & 

Cleland 2001; Allendorf & Lundquist 2003). During the lag phase plants undergo 

genetic, ecological, and demographic changes as they become adjusted in the new 

environment (Ellstrand & Schierenbeck 2000; Sakai et al. 2001). Demographic 

characteristics such as high fecundity, reproduction at earlier age, short generation time, 

and effective dispersal mechanisms are important features that might influence the spread 

of a naturalized plant species (Sakai et al. 2001). A study by Aikio et al. (2010) showed 

that most invasive weeds have a lag period of approximately 20 to 40 years. For example, 

Bromus tectorum was first introduced to North America in1889 and remained localized 

around intermountain Western North America for 20 years before undergoing rapid range 

expansion (Mack 1981).  
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Understanding the introduction history and population structure of sickleweed 

Study of herbarium specimens 

Herbarium records are the most reliable primary source of information to 

reconstruct introduction and colonization history of a species when detailed historic data 

are not available (Strother & Smith 1970; Mack 1991; Barney 2006). Herbarium 

specimen labels provide valuable information that can be used to document time of 

introduction of non-native plants (Wester 1992; Woods et al. 2005; Valliant et al. 2007), 

the number of independent introductions (Barney 2006), early invasion pathways in the 

introduced range (Stuckey 1980; Lavoie et al. 2007) and distributional changes of plants 

over time, as in Ambrosia artemisiifolia (Chauvel et al. 2006; Lavoie et al. 2007), 

Bouteloua curtipendula (Laughlin 2003), Bromus tectorum (Novak and Mack 2001; 

Valliant et al. 2007), Cortaderia selloana and C. jubata (Lambrinos 2001), Oenothera 

spp. (Mihulka & Pysek 2001), Solidago spp. (Weber 1998), Vincetoxicum spp. (Sheeley 

& Raynal 1996) and many other species (Woods et al. 2005). However, specimen-based 

information can sometimes be misleading because of errors associated with incorrect 

identification and geographic and temporal biases (Delisle et al. 2003; Chauvel et al. 

2006; Crawford & Hoagland 2009). In addition, results tend to be spurious if a long 

history of specimen collections is not considered (Pysek & Prach 1993). Therefore, 

herbarium data need knowledgeable and cautious interpretation. Molecular data derived 

from analysis of extant populations combined with herbarium data, a commonly used 

approach (Novak & Mack 2001; Valliant et al. 2007), may yield better insight into the 

introduction history and spread of any introduced species. 
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Studies based on molecular markers 

The most frequently used molecular markers for the study  of introduced plants 

include allozymes (Husband & Barrett 1991; Novak & Mack 1993; Valliant et al. 2007), 

Random Amplified Polymorphic DNA [RAPD] (Baumel et al. 2001), Amplified 

Fragment Length Polymorphism [AFLP] (Amsellem et al. 2000; Kang et al. 2007; 

Lachmuth et al. 2010) and microsatellites (Marrs et al. 2008; Meimberg et al. 2010). 

These markers have been used to study genetic diversity within and among populations, 

identify the source population, find the number of introductions [Bromus tectorum 

(Novak & Mack 1993); Centaurea stoebemicranthos (Marrs et al. 2008); Senecioina 

equidens (Lachmuth et al. 2010); Ambrosia artemisiifolia (Gaudeul et al. 2011)] and 

track routes of introduction [Bromus tectorum (Novak & Mack 2001; Valliant et al. 

2007); Rubus alceifolius (Amsellem et al. 2000); Senecio inaequidens (Lachmuth et al. 

2010)]. For population genetic studies, hyper-variable, co-dominant, single locus based 

DNA markers that are easy to develop and screen are the markers of choice (Sunnucks 

2000). Microsatellite markers (also known as simple sequence repeats or SSR) possess all 

these characteristics (see Table 1.2); therefore, they are one of the most widely used 

molecular markers in population genetics. Hence, I have selected microsatellite markers 

to study the population genetics of sickleweed. In addition, I am also using nuclear and 

chloroplast sequence data in my study.  

Nuclear DNA markers are bi-parental in inheritance while chloroplast DNA 

markers are maternally inherited; they differ in their utilities to reveal real-time processes 

operating in populations. Therefore, analyses of sickleweed populations from their native 

and introduced ranges using nuclear and chloroplast DNA markers can provide insights 

into sickleweed evolution (Sunnucks 2000) and invasion pathways (Estoup & 
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Guillemaud 2010) that may contribute in risk assessment and effective management of 

this species in the United States.  

Table 1.2 Comparison among various molecular markers commonly used in population genetics 

Marker PCR 

assay 

Single 

locus 

Co-

dominant 

Transfer 

to new 

taxa 

Polymorphism Replicability Recurring 

cost 

Sequence Yes Yes Yes Yes Low-high High Low 

RFLP No Yes Yes Yes Low-moderate High High  

RAPD Yes No No Yes High Variable  Low 

AFLP Yes No No Yes High High  Medium 

Microsatellite Yes Yes Yes Some  High High Low 

Allozymes No  Yes Yes Yes Low-moderate High  Low  

-Adapted from Sunnucks (2000) 

Study system 

Falcaria vulgaris Bernh. [family Apiaceae; 2n=22 (Goralski et al. 2009)], 

commonly known as sickleweed, is native to the central and southern parts of Western 

Europe, the European part of the Former Soviet Union, the Caucasus, Western Siberia, 

Central Asia, Asia Minor and Iran (Larina 2008). It is an introduced plant of Northern 

Europe (DAISIE 2008), Africa, South America (Larina 2008) and the United States 

(USDA 2011). In the United States, it has been reported to occur in sixteen states and 

exhibits disjunct distribution on the Midwest its historic range includes the states of 

Illinois, Iowa, Kansas, Louisiana, Missouri, Nebraska, Oklahoma, South Dakota, 

Wisconsin and Wyoming, and that in the East its historic range includes the states of 

Maryland, Massachusetts, New York, Pennsylvania, Virginia and West Virginia [Figure 

1.1 (USDA 2011)]. 
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Figure 1.1 Worldwide distribution of Falcaria vulgaris (left, source:  http://eunis.eea.europa.eu 

/species/152255/gbif), distribution in the United States (right, courtesy: USDA PLANTS (USDA 

2011). 

Information on the introduction and distribution of sickleweed in the United 

States is fragmented and scant. Gress (1923) first reported this species from Pennsylvania 

in the United States. As time progressed, the species was reported from other states as 

well [Kansas (Gates 1940); Missouri (Fernald 1942); Louisiana (Thomas & Raymods 

1987)]. Additionally, this species has been included in the annotated checklists of some 

state floras- Missouri (Steyermark 1963); Iowa (Eilers & Roosa 1994); Kansas (Woods et 

al. 2005); Louisiana (MacRoberts & MacRoberts 2006); Massachusetts (Magee & Ahles 

2007) and Pennsylvania (Rhoads & Block 2007). Except for these reports of the species 

at the regional level, there is no in-depth analysis of its introduction and distribution at 

the national level. 

The oldest herbarium record of sickleweed in South Dakota dates back to 1961 

(the record is housed at South Dakota State University). The plant was first detected at 

Fort Pierre National Grassland (FPNG) in 1992, and at that time this species had infested 

about 65 hectares of land. Now the plant has spread over more than 8000 acres in FPNG 

(Korman 2011). Continuous increase in area coverage of sickleweed at FPNG has 

attracted the attention of ecologists in the Midwest. The plant also occurs at Buffalo Gap 
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National Grassland (BGNG) and its control at BGNG was initiated in 2008 (Korman 

2011) but the effort to eliminate sickleweed has not been successful yet. The plant has 

also been listed as a potentially invasive plant by Nebraska Invasive Species Council 

(NISC 2011).  

Sickleweed is usually 30-60 cm tall with upright solid stem and fleshy tap root, 

leaves are primarily divided into 3-5 leaflets which are linear or linear-lanceolate with 

denticles along the edges giving them a sickle shape, the inflorescence is compound 

umbel with white flowers (Larina 2008). The flowers are andromonoecious with 

distinctly protandrous hermaphroditic flowers [See Knuth (1908)] which suggests that it 

is a cross pollinating plant. Knuth (1908) also mentions that pollination in sickleweed 

may be mediated by flies and beetles, and Larina (2008) refers to sickleweed as a bee-

pollinated plant. Sickleweed exhibits some characteristics of invasive plant species, 

including the production of a large number of seeds, an effective seed dispersal 

mechanism whereby the seeds attached to the stem are carried away by the wind as the 

stems break at the nodes after senescence (Korman 2011), and the ability of the plant to 

reproduce asexually through root sprouting (Gress 1923; Korman 2011). These 

characteristics are perhaps facilitating its emergence as an aggressive weed in this part of 

the Midwest.  

 I am studying herbarium records and using molecular markers (nuclear 

microsatellite markers and chloroplast DNA sequences) to address the following 

objectives- 
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1. Reconstruct the introduction history and spread of sickleweed in the United 

States. 

2. Develop molecular resources for population genetics study of sickleweed. 

3. Infer the number of introductions and understand how such introduction(s) have 

influenced the genetic diversity and structure of sickleweed populations in the 

Midwest United States. 
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CHAPTER 2 

INFERRING INTRODUCTION HISTORY AND SPREAD OF 

FALCARIA VULGARIS BERNH. (APIACEAE) IN THE UNITED 

STATES BASED ON HERBARIUM RECORDS 

ABSTRACT 

Herbarium records were studied to infer the introduction history and spread of the 

exotic Eurasian sickleweed (Falcaria vulgaris Bernh.) in the United States. The spread of 

the plant was reconstructed using the location of early collections as possible sites of 

primary introduction, and the location of subsequent collections as potential pathways 

along which this species spread. Herbarium records indicate that sickleweed was first 

introduced no later than 1922, and independent introduction of this plant took place in the 

East and in the Midwest of the United States. The species has been found in 37 counties 

of 15 states of the United States. No sickleweed records have been reported for the last 17 

years in the U.S., except in the state of Iowa, Nebraska and South Dakota. The plant has 

been characterized as an aggressive weed by experts in the latter two states, where it is 

locally established and has infested most notably portion of the Fort Pierre National 

Grassland and Buffalo Gap National Grassland in South Dakota. It is also reported from 

several sites in Nebraska from roadsides. It is important to verify the existence of sickle-

weed in areas from where the herbarium specimens were previously collected to help 

identify areas at risk. Control strategies need to be implemented and policies should be 

developed to enlist the participation of public lands managers, transportation departments 

and private land-owners to control and manage this species before it becomes a more 

widespread invader.  

Keywords: Falcaria vulgaris, herbarium specimen, introduced plant, sickleweed.  
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INTRODUCTION 

A tremendous exchange of biotas has occurred since the exploration age began in 

the early 15th century (Mooney and Cleland 2001). Some introduced plant species were 

advertently introduced for their medicinal, ornamental and forage values and some were 

introduced for the production of fiber, timber and fuel wood (Cox 2004). In many cases, 

exotic plants were accidentally introduced as contaminants in crop seed or animal fodder, 

with domesticated animals and ship ballast, and as hitchhikers with military movements 

(Mack 1991; Sakai et al. 2001; Cox 2004; Chauvel et al. 2006). Theoretically, very few 

introduced plants become invasive; however, the number of introduced invasive plant 

species has reached more than 1000 in the United States alone (Mooney and Cleland 

2001; USDA, ARS 2012). With the increase in the number of invasive plant species and 

their range expansion, the urgency to study and understand the biological process of plant 

introduction, establishment, spread and invasion in novel habitats is being realized 

(Pimentel et al. 2000). 

Herbarium records are the most reliable primary source of information to 

reconstruct introduction and colonization history of a species when detailed historic data 

are not available (Strother and Smith 1970; Mack 1991; Barney 2006). Herbarium 

specimen labels provide valuable information that can be used to document the time of 

introduction of non-native plants (Wester 1992; Woods et al. 2005; Valliant et al. 2007), 

the number of independent introductions (Barney 2006), the early invasion pathways in 

the introduced range (Lavoie et al. 2007; Stuckey 1980) and distributional changes of 

plants over time as in Ambrosia artemisiifolia (Chauvel et al. 2006; Lavoie et al. 2007), 

Bouteloua curtipendula (Laughlin 2003), Bromus tectorum (Novak and Mack 2001; 
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Valliant et al. 2007), Cortaderia selloana and C. jubata (Lambrinos 2001), Oenothera 

spp. (Mihulka and Pysek 2001), Solidago spp. (Weber 1998), Vincetoxicum spp.(Sheeley 

and Raynal 1996) and many other species (Woods et al. 2005). However, herbarium 

specimen based information can sometimes be misleading because of errors associated 

with incorrect identification and geographic and temporal biases (Delisle et al. 2003; 

Chauvel et al. 2006; Crawford and Hoagland 2009). In addition, results tend to be 

spurious if a long history of specimen collections is not considered (Pysek and Prach 

1993). Therefore, herbarium data need knowledgeable and cautious interpretation. 

Falcaria vulgaris Bernh. (Syn. F. rivini, F. sioides; family Apiaceae; 2n = 22 

[Goralski et al. 2009]), commonly known as sickleweed, is native to the European part of 

the former Soviet Union, the Caucasus, Western Siberia and Central Asia. It is also 

distributed in the central and southern parts of Western Europe, the Mediterranean, Asia 

Minor, and Iran. It is an introduced species in Africa, and North and South America 

(Larina 2008). It has been reported in sixteen states in the United States (USDA, NRCS 

2011) and exhibits disjunct distribution in the midwestern and eastern USA. In the 

Midwest, its range includes the states of Illinois, Iowa, Kansas, Louisiana, Missouri, 

Nebraska, Oklahoma, South Dakota, Wisconsin and Wyoming; and in the East, it 

includes Maryland, Massachusetts, New York, Pennsylvania, Virginia and West Virginia. 

In South Dakota, it occurs in the Fort Pierre National Grassland (FPNG; ca. 3200 ha 

infested in 2005), Buffalo Gap National Grassland (BGNG; ca. 40 ha), and locally on the 

campus of South Dakota State University (Korman 2011). Several large populations of 

sickleweed occur in six counties in Nebraska (our field observation; R. Kaul and K. 

Decker, University of Nebraska) where this species has been labeled a Category II 
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invasive plant (invasive species whose eradication is still feasible; NISC 2011). No 

literature suggests invasiveness of this plant in any states other than South Dakota and 

Nebraska. 

The sickleweed plant is usually 30-60 cm tall with upright solid stems and a 

fleshy tap root; leaves are pinnately divided into 3-5 leaflets that are linear or linear-

lanceolate and often curved to give the leaflets a sickle shape; leaflet margins have 

denticles. The inflorescence is a compound umbel with white flowers (Larina 2008). The 

flowers are andromonoecious and protandrous (See Knuth and Muller 1908). Phenotypic 

plasticity of its growth habit [annual or biennial (Clapham et al. 1989) or even perennial 

(Bojnansky and Fargasova 2007; Korman 2011)] and reproductive system [monoecism 

(See Knuth and Muller 1908) and vegetative propagation through rootstocks (Gress 1923; 

Larina 2008; Korman 2011)] help make this plant aggressive. Korman (2011) showed 

that this plant is negatively impacting species diversity and forage production of native 

grassland at FPNG. 

Information on the introduction and distribution of sickleweed in the United 

States is fragmented and scant. Gress (1923) first reported this species in the United 

States (Pennsylvania). There are also short notes on the detection of this species in other 

states (Gates 1940, Kansas; Fernald 1942, Missouri; Thomas and Raymond 1987 

Louisiana). Additionally, this species has been included in some state floras, e.g., 

Steyermark 1963, Missouri; Eilers and Roosa 1994, Iowa; Woods et al. 2005, Kansas; 

MacRoberts and MacRoberts 2006, Louisiana; Magee and Ahles 2007, Massachusetts; 

Rhoads and Block 2007, Pennsylvania. Other than these reports of this species at the 

regional level, there is no in-depth study on its introduction and distribution at the 
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national level. Information for species introduction and spread in a new habitat can help 

predict the invasiveness of introduced species and may also be useful for control 

(Ricciardi et al. 2000; Kolar and Lodge 2001; Lambrinos 2001; Lavoie et al. 2003; Dybas 

2004; Lerdau and Wickham 2011). In addition, this information can give clues on 

probable sites of invasion (Weber 1998). We are using herbarium records and relevant 

literature to study the introduction history and spread of sickleweed and to determine 

current distribution in the USA. The objectives of this study are to assess and infer 1) 

when and where this species was introduced, 2) current temporal spread of the species 

and 3) the number of independent introductions. 

METHODS 

Specimens from herbaria in the sixteen states, where the USDA Plants Database 

has reported the occurrence of sickleweed, were examined. The list of the herbaria 

(Appendix 1) was obtained from Index Herbariorum 

(http://sciweb.nybg.org/science2/IndexHerbariorum.asp), a directory of public herbaria of 

the world. Herbarium curators/collection managers of these herbaria were contacted for 

information on their holdings of sickleweed. The information requested for each 

specimen included voucher/accession number, date collected, collector(s) and collection 

locality. As the collections of many introduced species can be unmounted or unprocessed 

in herbaria, we requested information on unmounted sickelweed specimens (if any) as 

well. The small number of specimens and the monotypic nature of the genus led to fast 

communication of data from herbaria and experts. Information was also obtained from 

online specimen databases (BKL, HUH, ISM, KANU, KSC, LSU, Oklahoma Vascular 

Plant Database, RM, TROPICOS). Abbreviations for these herbaria follow those of 
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Holmgren et al. (1990). Most sickleweed specimens were housed in the major 

agricultural herbaria in the Midwest (ISC, NEB, SDC); these were visited to examine 

specimens. Vouchers that had been collected by the same collector from the same locality 

on the same date (duplicates) were regarded as one specimen following Chauvel et al. 

(2006). Specimens collected from countries other than the United States were not 

included in this study. The sites of earliest collections of herbarium specimens were 

considered to be the possible sites of early introduction, whereas the sites of subsequent 

collections were interpreted to be the possible pathways along which this species spread. 

Following Barney (2006), we assumed that the species is always present once it was 

collected from a county. Based on this assumption, a temporal distribution map of the 

species (at county level) was constructed using ArcGIS 9.3 (ESRI 2008).  

RESULTS 

Falcaria vulgaris specimens in herbaria 

Among the 178 herbaria contacted, we received responses from 76 herbaria. 

Among these, 42 herbaria (BALT, BDWR, BTJW, BUPL, CAMU, CORT, DEK, DWC, 

DWU, ECH, EMNH, FWVA, ILL, ISU, KEN, KNOX, KSTC, LAF, LSUS, LYN, MCN, 

MOAR, MOR, MVSC, MWI, NWOSU, NYS, ORU, PHIL, PLAT, RMS, RUHV, SDU, 

SEMO, SMS, TAWES, URV, VAS, WARM, WILLI, WVW and YELLO) had no 

sickleweed specimens. At the remaining 34 herbaria (BH, BHSC, BKL, CM, CSCN, 

DUR, F, FARM, GH, ISC, ISM, KANU, KSC, LSU, MASS, MO, NEB, NEBC, NLU, 

NO, ODU, OKL, OKLA, OMA, PA, PH, RM, SDC, UMO, UWM, UWSP, VPI, WIS 

and WVA), we found 195 sickleweed specimens collected from the United States. After 

excluding the duplicate specimens, we examined a total of 143 sickleweed specimens. 
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These specimens were collected from 1922 to 2011 from 32 counties of 15 states. We 

noted 5 more counties where sickleweed has been reported (J. T. Kartesz, Biota of North 

America) but for which we found no specimen evidence. Among the 16 states from 

which USDA Plants Database reported the occurrence of sickleweed, we were unable to 

locate sickleweed specimens from Maryland in any of the herbaria we contacted. To our 

knowledge, sickleweed has been reported from 37 counties in 15 states in the United 

States. The majority of specimens examined were from Iowa, Nebraska, and South 

Dakota, and there were no collections from any other state made during the last 17 years 

(Table 2.1). GH houses the highest number of specimens collected from different states, 

including the oldest collections from Iowa, Oklahoma, Massachusetts, Nebraska, 

Pennsylvania, and Wisconsin. SDC houses the highest number of recently collected 

specimens. 

Information from Herbarium Records 

Collection history of Falcaria vulgaris—Sickleweed was first reported by Gress 

(1923) as a new species to the United States. He was the collector of the oldest specimen 

of sickleweed, which was collected from the agricultural field at Mercersberg, Franklin 

County, Pennsylvania, on September 2, 1922 (Figure 2.1). This specimen is housed at 

Gray Herbarium (Gress, s.n., GH) with a duplicate at Carnegie Museum of Natural 

History (Gress, s.n., CM). Sickleweed was subsequently reported in New York (August 

1923; Holtzoff, 289002, BKL), West Virginia (August 1954; Hicks and Bartley, 32, 

WVA), Virginia (June 1974; Harril and Wise, 31616, VPI), and Massachusetts (August 

1989; Sorrie and Weatherbee, 4884, GH; NEBC; MASS). The specimen collected from 
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Massachusetts in August 1989 (Sorrie and Weatherbee, 4884, GH; NEBC; MASS) 

represents the most recent collection from the eastern USA. 

Table 2.1 Earliest and the most recent specimen records of Falcaria vulgaris in the United States 

State Oldest 

herbarium 

record 

Voucher information Most recent 

herbarium 

record 

Voucher information 

Illinois 28 June 1955 Rexroat, 49125, ISM 11 July 1957 Martens, s.n., SOTO 

Iowa  1 Oct 1930 Harmon, s.n., GH; ISC 20 Aug 2011 Nepal, Neupane and Piya, 

101, SDC 

Kansas 29 May 1932 Anthony, s.n., KANU 28 June 1951 Blocker, 26719, KSC 

Louisiana  28 Apr 1984 Thomas and Raymond, 

88299,NLU 

15 May 1984 Thomas and Taylor, 

88740,NLU 

Massachusetts 25 Aug 1989 Sorrie and Weatherbee, 

4884, GH; NEBC; 

MASS 

25 Aug 1989 Sorrie and Weatherbee, 

4884, GH; NEBC; MASS 

Missouri  19 July 1941 Miller, 35958, UMO 10 Sept 1991 Ellis, s.n., MO 

Nebraska  16 Sept 1946 Kinch, s.n., GH 20 Aug 2011 Nepal, Neupane and Piya, 

101, SDC 

New York 1 Aug 1923 Holtzoff, 289002, BKL 30 May 1928 Holtzoff, 289003, BKL 

Oklahoma 30 July 1957 Engleman, 105664, 

OKL 

1 July 1974 Hamman,s.n.,DUR 

Pennsylvania 2 Sept 1922 Gress, s.n., GH 29 July 1962 PH 

South Dakota 9 June 1961 Unknown, s.n., SDC 20 May 2009 Korman, 470, SDC 

Virginia 27 June 1974 Harril and Wise, 31616, 

VPI 

16 Aug 1980 Wieboldt, 71984, VPI  

West Virginia 5 Aug 1954 Hicks and Bartley, 32, 

WVA 

5 Aug 1954 Hicks and Bartley, 32, 

WVA 

Wisconsin 29 July 1981 Thompson, 0013345, 

WIS 

11 Aug 1991 Thompson, 0013345, 

WIS 

Wyoming 9 Sept 1995  Dorn, 600764, RM 9 Sept 1995  Dorn, 600764, RM 
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The oldest specimen from the Midwest is from Sioux County, Iowa, collected on 

October 1, 1930 (Harmon, s.n., GH, ISC). The next report was from Atchison County, 

Kansas, in 1932. The species was then reported from Missouri (July 1941; Miller, 35958, 

UMO), Nebraska (September 1946; Kinch, s.n., GH), Illinois (June 1955; Rexroat, 

49125, ISM), Oklahoma (July 1957; Engleman, 105664, OKL), South Dakota (June 

1961; Unknown, s.n., SDC), Wisconsin (July 1981; Thompson, 0013345, WIS), 

Louisiana (April 1984; Thomas and Raymond, 88299, NLU) and Wyoming (September 

1995; Dorn, 600764, RM). After 1995, specimens were collected only from the states of 

Iowa, Nebraska and South Dakota. The oldest and latest herbarium specimens collected 

from different states in the United States are presented in Table 2.1. 

Collection site—The first herbarium specimens from the East (Pennsylvania) and 

the Midwest (Iowa) were both collected from agricultural fields. In Pennsylvania, the first 

sickleweed specimen was collected from a field where clover (Trifolium spp.) and 

timothy grass (Phleum pratense) were being cultivated. Similarly, the oldest herbarium 

specimen from South Dakota was collected from an agricultural field, but most of the 

recent specimens are from grasslands (FPNG and BGNG, South Dakota). In Nebraska, 

most specimens were collected from the roadsides with the specific locality not provided. 

Table 2.2 shows the number of sickleweed specimens collected from different habitats at 

different time periods. 

Introduction, spread and naturalization— On most of the sickleweed herbarium 

labels, the species is noted to be introduced and native to Europe and Asia, but without a 

mention of the actual country of origin of the accession. The status of the plant was given 

as “naturalized”, “adventive” or “common” in most of the counties at the time of 
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collection, but in few cases the plant was described as “rare”. There is no information on 

how this species was introduced to the United States. There exists, however, some 

literature about collector’s observation of the species in the field that provides some 

valuable clues. Gress (1923) reported this species as new to the United States, whereas 

Cratty (1930), Gates (1940), Thomas and Raymond (1987) mentioned this species as new 

to Iowa, Kansas and Louisiana, respectively. Collectors have also mentioned that the 

species was new to the state on some of the herbarium labels. In most cases, the species 

was detected long after introduction and by the time it had become established as a 

relatively large population (Fernald 1942; Thomas and Raymond 1987). A century long 

collection of sickleweed specimens in the USA shows that the spread of the species is 

concentrated mainly in the Midwest (Figure 2.2a-d).  

Table 2.2 Number of sickleweed specimens collected from different habitats during different time 

periods 

Year Agricultural 

land 

Railroad/Roadway Grassland Unknown Total 

1920-1940 5 2  2 9 

1941-1960  2 3 6 11 

1961-1980 1 1 1 2 5 

1981-2000  10 3 2 15 

2001-2011  5 150  155 
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Figure 2.1 Earliest record of F. vulgaris from Pennsylvania- collector Gress. (Image Source: Emily 

Wood, GH). 
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Figure 2.2 Spatial distributions of sickleweed records in the United States counties up to (a) 1950 (b) 

1975 (c) 2000 and (d) 2012.The arrows in Fig. 2(a) indicate the counties where sickleweed was first 

detected. The distribution maps were created using our data, information from herbarium records 

and geo reference data from BONAP (Biota of North America Program). 
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C D 



33 
 

DISCUSSION 

Sickleweed herbarium records in the introduced range—In the United States, 

sickleweed has been collected since 1922, but the number of sickleweed collections is 

relatively small (Table 2.2). There is no record of collection from the East and some 

states in the Midwest (except Iowa, Nebraska and South Dakota) for the last 17 years. 

Usually, adventive species are repeatedly collected if they persist and are abundant 

(Wester 1992). In some cases, the lower genetic diversity of introduced plants results in 

inbreeding depression thereby causing the species to disappear (Ellstrand and Elam 

1993). In the Czech Republic, Pergl et al. (2012) reported the disappearance of 

Heracleum mantegazzianum from 76% of the sites where the species had once colonized. 

In United States, sickleweed may likewise have disappeared from several sites where it 

had once colonized. Mitchell and Tucker (2000) and Weldy and Werier (2012) reported 

that sickleweed has disappeared from New York. However, it is not possible to ensure the 

extinction of a species from a specific locality merely on the basis of herbarium data.  

Sometimes collectors show no interest in collecting a species once it is represented in the 

herbarium from a particular locality (Stuckey 1980; Chauvel et al. 2006). This is true for 

many exotic plant species. Although no sickleweed specimen has been collected recently 

in Massachusetts and Pennsylvania, the plant has been listed in a recent publication as an 

adventive species for Massachusetts and Pennsylvania (Magee and Ahles 2007; Rhoads 

and Block 2007; The Pennsylvania Flora Project) recognizing that the plant may still 

occur in these states. To reconstruct the spread of the plant, we assumed that the species 

was potentially present in each of the counties where it was once collected. 
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Introduction and spread of sickleweed—Sickleweed was introduced in the first 

quarter of the twentieth century in the United States. According to Gress (1923), the 

farmer whose field in Pennsylvania was the source of the earliest USA collection had 

detected the plant about five years before the collection date. In the Midwest, sickleweed 

was first collected in 1930 from a farm field in Iowa. A letter sent by the county agent of 

Sioux County to the curator of ISC, R. I. Cratty (Figure 2.3), mentions that the species 

was previously misidentified as Cicuta maculata. Also, Cratty (1930) mentions that the 

farmer of the field where the specimen was collected had detected this weed about 15 

years before the collection date of the specimen. It is not unusual that introduced plants 

are noticed only after they are well established and cover a large area (Wester 1992). It 

appears that sickleweed was detected approximately at the same time in the early 20th 

century in the East and in the Midwest of the United States. Cox (2004) reported that 

several ruderal plants have been introduced accidentally to the USA from Europe as 

contaminants in crop seed and animal fodder (Cox 2004). Since sickleweed was first 

reported as a weed from agricultural fields in both East and Midwest states, we assume 

that this species was introduced accidentally, and perhaps as a seed contaminant.  

If introduced species have commercial value, then they could have been purposely 

introduced; otherwise they could be assumed to be accidentally introduced (Wester 

1992). In some parts of its native range, sickleweed has been traditionally used as a 

medicinal herb to treat skin ulcers, stomach disorders, liver diseases, and kidney and 

bladder stones, and has also been eaten as a vegetable (See Khazaei and Salehi 2006). 

Fernald (1942) reported the occurrence of a sickleweed population in Missouri near a 
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Figure 2.3 Letter sent by county agent Rex B. Conn to R. I. Cratty (ISC curator) informing about the 

occurrence of sickleweed in Sioux County, Iowa. 
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community with a large number of German immigrants, suggesting the population could 

have been intentionally introduced from central Europe.  

Based on the distribution map constructed using herbarium specimens (Figure 

2.2), we see two disjunct distributions with earliest detections in both the East and in the 

Midwest being nearly simultaneous. We therefore propose two primary introductions of 

sickleweed in the United States. The sickleweed population in Franklin County, 

Pennsylvania, is possibly the source population for the eastern USA and the population in 

Sioux County, Iowa for the Midwest. Propagules then may have been dispersed from 

these primary sites to the other sites (Figure 2.2a) through various mechanisms. 

Transportation of plant propagules may occur through the attachment of seeds to muddy 

vehicles or tires used for human and freight transportation (Kowarik and von der Lippe 

2007). Additionally, the cutting and transporting of hay that included sickleweed with 

mature seed could account for the spread. Furthermore, when the sickleweed plant 

senesces, it breaks at the nodes, and plant segments tumble in the wind to disperse the 

seed (See Limpert et al. 2004; Korman 2011). Also, the seeds might have been 

transported from the primary sites by mammals and birds. For example, there is some 

evidence of sickleweed seeds being transported from the plant’s native range to other 

countries within Europe by ducks and other water birds (Brochet et al. 2009). If 

molecular data derived from analysis of herbarium specimens and extant populations 

were combined with the herbarium data, is a commonly used approach (see Novak and 

Mack 2001; Valliant et al. 2007), better insight into the entry and spread of sickleweed in 

the USA could be had. 
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Current control efforts and future prospects—Attempts to control sickleweed 

at FPNG in South Dakota have shown how difficult this weed can be once it becomes 

established. It was first detected at FPNG in 1992, and at that time this species had 

infested only 65 hectares of land. But attempts to manage the outbreak began only after a 

decade had passed and the plant was spreading aggressively and overtaking grassland 

vegetation. An attempt to control the species spread using prescribed fire proved 

ineffective. Herbicide treatment with Dupont Telar XP® has been practiced since 2004 to 

control spread of the weed and has proven effective with repeat applications, although not 

all of the area infested has been treated and new patches are being found outside of 

treated areas (Korman 2011) with current infestation now an estimated 8,000 acres. This 

example illustrates the need to eradicate exotic plant infestations as soon as they are 

detected. Eradication of invasive species can be easy when a few plants are found early 

by appropriate survey, or the population size is small and confined to a small area 

(Wester 1992), but when the area of infestation increases, the cost of control and 

management increases exponentially (Rejmanek and Pitcairn 2002). 

In Nebraska, we observed the occurrence of several large populations of sick-

leweed along roadsides. According to Pysek and Prach (1993), if invasive species occur 

along roadsides or railroad tracks, these sites not only harbor the plant, but also serve as 

corridors for their spread. Plants growing along roadsides are more likely to be 

transported by vehicles and may also spread to nearby pastures and hay fields by means 

of wind or other agents. In Nebraska, sickleweed is listed as a Category II invasive plant 

by the Nebraska Invasive Species Council (2011). Thus far, no major program has been 

launched for its control and management (K. Decker, University of Nebraska - Lincoln), 
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but recently the large population in Lancaster County, Nebraska, has been treated with 

herbicide and all plants appear to be dead (R Kaul, University of Nebraska- Lincoln). 

Infestations at FPNG and BGNG in South Dakota and along roadsides in Nebraska that 

represent diverse habitats make it necessary that control strategies involve cooperation 

among public land managers, transportation departments, and private landowners to hope 

for effective long term control and management. This study on the distribution and spread 

of sickleweed is pursued for purposes of realizing better control strategies and 

management practices in the region. In this paper, we present information compiled to 

interpret the status of recent sickleweed populations relative to those of the past. The 

absence of recent sickleweed records from states other than Iowa, Nebraska, and South 

Dakota suggests that this species is growing undetected or not currently present in those 

states. However, should it become established over a period of time, it may become 

invasive elsewhere when a sufficient number of propagules is transported to congenial 

environments as discussed by Kolar and Lodge (2001). In this study we used herbarium 

data to reconstruct the introduction history of sickleweed and its subsequent dispersal in 

the United States. Additionally, knowing the environmental limits of this plant along with 

the dispersal pathways will help us predict areas vulnerable to future invasion. 
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CHAPTER 3 

CHARACTERIZATION OF NUCLEAR AND CHLOROPLAST 

MICROSATELLITE MARKERS FOR FALCARIA VULGARIS 

(APIACEAE) 

ABSTRACT 

Falcaria vulgaris (sickleweed) is native to Eurasia and a potential invasive plant 

of the United States. No molecular markers have been developed so far for sickleweed. 

Characterization of molecular markers for this plant would allow investigation into its 

population structure and biogeography thereby yielding insights into risk analysis and 

effective management practices of the plant. In order to characterize the molecular 

markers, DNA samples were collected from eight populations in Iowa, Nebraska and 

South Dakota. Nuclear microsatellite markers developed for other Apiaceae taxa were 

screened and tested for inter-generic transferability to sickleweed. The chloroplast trnL 

intron and trnL-F intergenic spacer regions were sequenced and the sequences were used 

to design primers to amplify the microsatellites present within each region. We 

characterized eight polymorphic microsatellite markers for sickleweed that included six 

nuclear and two chloroplast markers. Our result showed inter-generic transferability of 

six nuclear microsatellite markers from Daucus carota to F. vulgaris. The markers we 

characterized are useful for population genetics study of F. vulgaris. 

Keywords: Falcaria vulgaris; invasive species; microsatellite; trnL intron; trnL-trnF 

intergenic spacer; sickleweed 
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INTRODUCTION 

Sickleweed (Falcaria vulgaris Bernh.; Apiaceae) is native to Europe and Asia [1] 

and was introduced to the United States in the early 1920s [2]. It has been reported from 

35 counties across 16 states in the United States and exhibits disjunct distribution in 

midwestern and eastern USA [3]. Sickleweed exhibits some characteristics of invasive 

plant species, including the production of a large number of seeds, an effective seed 

dispersal mechanism whereby the seeds attached to the stem are carried away by the wind 

as the stems break at the nodes after the plant senescence, and the ability of the plant to 

reproduce asexually through root sprouting. These characteristics are perhaps facilitating 

its emergence as an aggressive weed in the Midwest [4]. Continuous increase in areal 

coverage of sickleweed in Fort Pierre National Grassland (FPNG) and Buffalo Gap 

national Grassland (BGNG) of South Dakota has attracted attention of ecologists in the 

Midwest. The plant has also been listed as potentially invasive plant by the Nebraska 

Invasive Species Council [5]. 

Both nuclear and chloroplast DNA markers are commonly used for the genetic 

analysis of invasive plant populations particularly to predict the invasiveness of the 

introduced species, identify the source populations and to help design effective control 

programs for invasive species [6]. Microsatellite markers are one of the most preferred 

molecular markers because they are co-dominant, hyper-variable and are highly 

reproducible [7, 8]. However, development of novel microsatellite markers is an 

expensive and laborious task [9]. Cross-species transfering of microsatellite markers and 

identification of chloroplast microsatellites using universal chloroplast markers are 

methods that can avoid high cost and long time needed for marker development [10, 11]. 
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Markers are useful for investigating population structure and phylogeography of 

introduced species, and are also useful for  comparative studies of different species [10], 

and analyzing the process of population divergence and speciation [12]. No molecular 

markers have previously been developed for sickleweed that would allow us to study the 

genetic structure of this plant. Here we report on inter-generic transferability of six 

nuclear microsatellite markers from Daucus carota to F. vulgaris, and two polymorphic 

chloroplast microsatellite markers. 

METHODS 

Screening of microsatellite markers 

We reconstructed a phylogeny of the family Apiaceae based on nuclear ribosomal 

Internal Transcribed Spacer (ITS) DNA sequences available in GenBank and we 

searched for microsatellite markers developed for taxa closely related to Falcaria 

vulgaris. Based on our phylogenetic analysis, we decided to screen microsatellite markers 

developed for Daucus carota and Heracleum mantegazzianum. We selected 85 

microsatellite markers with di-, tri- and tetra- nucleotide repeats developed for Daucus 

[13,14] and six markers developed for Heracleum [15] for the genetic analysis of 

sickleweed. Fresh leaf tissues were collected in silica gel from eight populations (Table 

3.1) from Iowa (one population), Nebraska (three populations) and South Dakota (four 

populations). Voucher specimens except for the populations from Boyd County, 

Nebraska were deposited at South Dakota State University Herbarium (SDC). The silica 

gel dried leaf samples were ground to a fine powder and total DNA was extracted using 

DNeasy Plant Minikit (Qiagen corp., Valencia, CA).  
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For screening the microsatellite markers, PCR was carried out in a reaction 

mixture of 15μl containing 50ng genomic DNA, 3μl of 5X buffer (Promega), 1.2μl of 

10mM dNTPs (Promega), 2μl of 25mM MgCl2 (Promega), 1μl each of 10pM forward 

and reverse primers and 2 units of Jump Start Taq polymerase (Sigma-Aldrich). The PCR 

conditions were an initial denaturation of 4 minutes at 94
0
C followed by 40 cycles of 1 

minute denaturation at 94
0
C, 20 seconds of annealing temperature and 1 minute extension 

at 72
0 

C, and final extension of 5 minutes at 72
0
C. Electrophoresis was carried out in 

1.2% agarose gel to evaluate the quality of PCR products and the presence of repeat motif 

in the amplicons was verified by re-sequencing the PCR products.  

Table 3.1 Collection sites of the sickleweed population  

SN  Collection site  Population name Latitude  Longitude  Sample 

Size 

1 Onawa, Iowa IA 42
0
57’9.62”  96

0
7’34.68”  12 

2 Wayne, Nebraska  WA 42°14’7.18”  97°8’32.24”  12 

3 Boyd, Nebraska  NE29 42
0
52’2.99”  98

0
45’7.22”  12 

4 Boyd, Nebraska  NE30 42
0
57’9.63” 98

0
40’9.93” 12 

5 Alkali West FPNG, South 

Dakota 

AW 44
0
10’57.85’  100

0
17’42.87”  12 

6 Grass Creek FPNG, South 

Dakota  

GC 44
0
11’45.35”  100

0
18’26.49”  12 

7 BGNG, South Dakota BG 43
0
55’56.12”  102

0
24’8.54”  12 

8 Brookings, South Dakota BRK 44
0
18’53”  96

0
47’38”  12 
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For chloroplast microsatellite, we sequenced the trnL intron and trnL-F intergenic 

spacer (using the primer pair 5’-CGAAATCGGTAGACGCTACG-3’ and 5’-

ATTTGAACTGGTGACACGAG-3’) of chloroplast DNA. We searched for nucleotide 

repeats within the region and found two mononucleotide repeats with more than ten 

mononucleotide repeats and designed the primers using primer3 software 

(http://primer3.wi.mit.edu/) to amplify these mono-nucleotide repeats. 

Genotyping, test for potential artifacts and data analyses 

For genotyping, PCR was carried out in a reaction mixture of 15μl containing 

50ng genomic DNA, 3μl of 5X buffer, 1.2μl of dNTPs, 2μl of 25mM MgCl2, 0.5μl of 

10pM forward primer, 0.5μl of 10pM forward primer tagged with M13 tail 

(ACGACGTTGTAAAACGAC), 1μl of 10pM reverse primers each and 2 units of Taq 

polymerase. The PCR conditions were similar to that of primer screening PCR 

conditions. The PCR products were genotyped using 3730x1 DNA analyzer (Applied 

Biosystems) at the Iowa State University DNA Facility.  

Genemarker V2.4.0 (Softgenetics) was used to visualize the genotyping data and 

create allele reports. The possible genotyping artifacts such as stuttering, large allele 

drop-out and presence of null alleles were tested using Micro-Checker [16]. The analysis 

of microsatellite polymorphisms including number of alleles, observed and expected 

heterozygosity were performed using Arlequin V3.1 [17], the polymorphism information 

content (PIC) value was computed using the Excel Microsatellite Toolkit [18] and 

haploid diversity for chloroplast microsatellite was computed using Genalex V. 6.41 [19]. 
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RESULTS AND DISCUSSIONS 

The probability of microsatellite marker transferability reduces with distance of 

phylogenetic relationship [20]. There are several examples of microsatellite marker 

transferability within a genus but few at higher taxonomic levels. For example, 

microsatellite transferability success rate within genera of eudicots is approximately 60% 

compared to 10% across genera [10]. Therefore, it is always beneficial to identify 

phylogenetically close relatives before screening microsatellite markers for cross species 

transferability when microsatellites markers are not available for sister species within the 

genus. In our phylogenetic analysis, we found Apium graveolens, D. carota, Eryngium 

alpinum and H. mantegazzianum were the only taxa with microsatellite markers 

developed within the Apiaceae clade and they were all distantly related to F. vulgaris. 

Previous studies have shown transferability of Daucus and Heracleum microsatellite 

markers to species in other genera [13, 15]; therefore, we chose microsatellite markers 

developed for these two genera to test their transferability to sickleweed. 

None of the six H. mantegazzianum microsatellites marker amplified the F. 

vulgaris DNA; however, all six markers did amplify the DNA of H. maximum which was 

used as a positive control in this test. The transferability of these microsatellite markers 

(see [15] for primer sequences) from H. mantegazzianum to H. maximum has not been 

previously reported. With Daucus microsatellite primers, 26% of the primers amplified 

Falcaria DNA. Daucus primers tested for the amplification of Falcaria were classified 

based on the quality of electrophoretic bands: six primers produced clean band with 

nearly expected amplicon size (7%), 16 primers produced multiple bands (19%) and 63 

primers produced no band (74%). The six markers that produced clean bands are 
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presented in Table 3.2. The six identified nuclear microsatellites and two chloroplast 

microsatellite primers were used for genotyping sickleweed samples collected from eight 

populations.  

The signals of the genotyping results were clean and did not show stuttering 

bands. Micro-Checker showed no evidence of scoring error due to stuttering and large 

allele drop-out. The program identified no genotyping error due to null alleles either. Our 

test of genotyping artifacts suggests that any deviation from Hardy-Weinberg equilibrium 

in our analysis is the result of change in allele frequency and not due to genotyping 

artifacts. 

All six nuclear microsatellite loci were polymorphic with mean number of allele 

per locus of 8.8 (range 3 to 19) and most of these loci, except ESSR80, had high 

polymorphism content value (Figure 3.1). Three out of six nuclear microsatellite loci 

were monomorphic for the population from Iowa. This could be because of small sample 

size of the population. Two, three and five loci showed significant deviation from Hardy-

Weinberg equilibrium for the populations from Iowa, Nebraska and South Dakota, 

respectively (Table 3.3).  

 

 

 

 

Figure 3.1 Polymorphism information content values displayed by the microsatellite loci 
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Table 3.2 Characteristics of microsatellite markers for F. vulgaris 

a
The fluorescent dye used to label forward primer is given in parentheses. 

Locus
a 

Primer sequences (5’-3’) Repeat motif 
Tm 

(
0
C) 

Size range  

Nuclear microsatellites   (bp) 

ESSR9 

(FAM) 

F: ATCTGGGGAACTTGCTGTTG 

R: AGCATCAGCAGCAGCTACAA 

 

(TGC)6 

58 290-311 

ESSR80 

(FAM) 

F: ACAGCCAGATGAGCAGGACT 

R: GAGATTTGGCAATGTGGGAT 

(CA)9 

 

53 235-239 

GSSR24 

(FAM) 

F:GCCAACCATCAAAATCACTTCT 

R:GAATAACTGCCTGCAATACCG 

(TC)12 

 

51 281-321 

GSSR25 

(FAM) 

F:CCAGAAACTGATTTTTAATTTAGGC 

R:CGTTTTTCAATAAAACCTCAATC 

(CATA)21 53 166-222 

GSSR154 

(FAM) 

F: CTTATATGTGATGGCGTCGAAA 

R: GACTGCACCGCTCCTAACTC 

(TC)11 53 302-316 

BSSR53 

(FAM) 

F:GCTTTAGAACTTCTTCTAGTCGTCCA 

R:CTCATGAGCTCACTTCATCTAACTCC 

(AT)8 53 193-211 

Chloroplast microsatellites    

CSSR1 

(FAM) 

F: GTTCAAATGGGGAGTCCTTG 

R: TAT CCC CAA AAA GCC CAT T 

(A)11 53 376-377 

CSSR2 

(FAM) 

F: CGG AAG TTT CAA TGG AAG GA 

R: TAA TTC CGG GGT TTC TCT GA 

(T)11 53 177-179 
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Table 3.3 Number of samples (n), Number of alleles (A), observed heterozygosity (Ho) and expected 

heterozygosity (He) of different nuclear microsatellite markers for the samples from Iowa, Nebraska 

and South Dakota 

  Iowa  Nebraska  South Dakota 

Locus n A Ho He n A Ho He n A Ho He 

ESSR9 12 3 na na 36 7 0.52
* 

0.80 48 5 0.73
* 

0.71 

ESSR80 12 1 na na 36 2 0.02 0.03 48 3 0.02
* 

0.06 

GSSR24 12 3 1.00
* 

0.52 36 12 0.80
* 

0.84 48 11 0.91
* 

0.92 

GSSR25 12 4 0.33 0.42 36 3 0.27 0.33 48 9 0.48 0.43 

GSSR154 12 3 1.00
* 

0.65 36 7 0.69
* 

0.80 48 5 0.43
* 

0.68 

BSSR53 12 1 na na 36 3 0.06 0.05 48 6 0.16
* 

0.39 

* 
Departure from Hardy-Weinberg equilibrium at p<0.05. 

na – Locus is monomorphic and test for H-W equilibrium was not done 

Among six nuclear microsatellite loci, three loci (ESSR9, GSSR24 and GSSR25) 

produced three to four alleles for some samples (Figure 3.2). These multiple alleles per 

sample indicates that sickleweed in the novel range might have undergone gene 

duplications perhaps through polyploidization [21]. 
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Figure 3.2 Electropherograms of a sample at GSSR 25 locus. Similar multiple peaks were present at 

GSSR24 and ESSR9 loci. Multiple peaks displayed by several loci suggest that sickleweed in the 

United States might have undergone polyploidization 

Chloroplast DNA markers are often used for the studies at higher taxonomic 

levels as they have very slow evolutionary rates and do not reveal much variation within 

species [22]. However, chloroplast microsatellites have been effectively used for the 

study of  intra-specific variation in plants [11]. The two chloroplast microsatellite 

markers used in our study were also polymorphic and detected two (CSSR1) and three 

alleles (CSSR2). The average mean haploid diversity for these two loci was 0.23 and 

these two loci detected three chloroplast haplotypes. The number of alleles and the 

haploid diversity of these two loci in different populations are presented in Table 3.4. 

Table 3.4 Number of alleles (n) and haploid diversity (h) of two chloroplast microsatellite markers 

 

 

 

 

Locus 

Iowa Nebraska South Dakota 

n h n h n h 

CSSR1 2 0.32 1 0 1 0 

CSSR2 2 0.32 2 0.27 2 0.47 
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These polymorphic microsatellite markers can be used for the study of population 

structure and gene flow in the introduced as well as in the native range and will 

ultimately be useful in the identification of source population(s). Use of non-recombinant 

chloroplast microsatellite markers and nuclear microsatellite markers will exactly 

determine if the gene flow is the result of seed or pollen flow [11]. 

The nuclear and chloroplast microsatellite markers together can provide important 

insights about the genetic structure of populations. Because nuclear DNA markers are bi-

parental while the chloroplast DNA markers are maternally inherited, they differ in their 

utilities to reveal real-timeprocesses operating in the populations. Therefore, analyses of 

sickleweed populations from native and introduced ranges using these markers will 

provide insights into sickleweed evolution [7] and invasion pathways [23] and may 

contribute in the risk assessment and effective management of this species in the United 

States. 

Screening of more microsatellite markers, particularly markers based on 

Expressed Sequence Tags (ESTs) from other species of Apiaceae family, may reveal 

other microsatellites markers that may be useful for sickleweed because studies have 

shown that ESTs based microsatellite markers show greater transferability than 

anonymous microsatellites as the genes are highly conserved across different genera [24, 

25]. Similarly, there are several other universal chloroplast primers (see [11]) that can be 

sequenced to identify chloroplast microsatellite markers. These microsatellite markers are 

useful not only for the population genetics study of sickleweed but may be useful for the 

comparative study of species across Apiaceae. 
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CONCLUSIONS 

Our results demonstrated successful inter-generic transferability of microsatellite 

markers from Daucus carota to Falcaria vulgaris. Since these two species belong to two 

distantly related genera, transferability of microsatellite markers between these species 

indicates that these microsatellite markers may work for other genera within Apiaceae. 

We are also reporting two chloroplast microsatellite markers for sickleweed. Sequencing 

other chloroplast regions using universal chloroplast markers may reveal more 

chloroplast microsatellite markers. These nuclear and chloroplast microsatellite markers 

are polymorphic and there are useful for population genetics and phylogeographic studies 

of sickleweed.  
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CHAPTER 4 

POPULATION GENETICS OF FALCARIA VULGARIS BERNH 

(APIACEAE) IN THE UNITED STATES 

ABSTRACT 

Sickleweed (Apiaceae; Falcaria vulgaris Bernh.), native to Europe and Asia, is an 

introduced species in the United States and grows as an aggressive weed in certain areas 

of Iowa, Nebraska and South Dakota. In this Chapter, I am reporting on the application of 

the molecular markers characterized in Chapter 3 for studying the population genetic 

structure of sickleweed in the United States. I used six microsatellite markers to genotype 

96 individuals from eight populations in the Midwest. I also developed nuclear Internal 

Transcribed Spacer (ITS) and chloroplast trnL-trnF and trnQ-rps16 DNA sequences to 

study the sequence variation in sickleweed populations. Microsatellite data identified 

three genetic races to which sickleweed individuals in the Midwest belong to. Overall 

population genetic diversity was very high (Hˈ =0.76): two populations from Fort Pierre 

National Grassland exhibited the highest genetic diversity (0.99), while two populations, 

one from Brookings County, South Dakota (0.56) and one from Onawa County, Iowa 

(0.41), exhibited the lowest genetic diversity. Total genetic differentiation among 

populations was also high (0.20) compared to values reported for most of plant species. 

There was no correlation between geographical distance and genetic distance suggesting 

human mediated dispersal. Chloroplast DNA sequence data revealed six chloroplast 

haplotypes nested into two main lineages suggesting at least two independent 

introductions of sickleweed in the Midwest. High genetic differentiation and high genetic 

diversity also support the occurrence of multiple introductions. Presence of multiple 
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alleles across multiple microsatellite loci suggested polyploidy, which is probably a post 

introduction evolutionary strategy of sickleweed to alleviate the effect of inbreeding. 

Higher genetic variation in the introduced range attributable to multiple introductions, 

polyploidy and clonal reproduction may be inducing the evolution of invasiveness in 

sickleweed. The results from this study provide valuable insights into the rapid evolution 

of sickleweed in the Midwest with the potential implications to management practices 

that may prevent this species from becoming more serious invader. 

Keywords: Falcaria vulgaris, microsatellite, multiple introductions, polyploidy, trnL-

trnF, trnQ-rps16 

INTRODUCTION 

Introduced species can have severe repercussions on global biodiversity (Sala et 

al. 2000; Lee 2002; Provan et al. 2005; Lachmuth et al. 2010; Alyokhin 2011), therefore 

it is necessary to be vigilant about every plant introduced to a plant community 

(Simberloff et al. 2011). The negative effects of introduced plant species after they 

become invasive include loss of native biodiversity (Allendorf & Lundquist 2003), 

alteration of geo-morphological processes, modification of hydrological and 

biogeochemical cycles (Gordon 1998); and reduction in productivity of agricultural 

crops, pastures, and rangelands (Cox 2004). Increasing international commerce has 

facilitated tremendous exchange of biotas (Mooney & Cleland 2001) that is expected to 

increase with time; therefore, the number of invasive plants is also expected to rapidly 

increase (Frankham 2005). It is impossible to control the introduction of plant species but 

timely identification of an introduced plant that can emerge as invasive can ward off huge 

ecological and economic losses. Therefore, it has become essential to identify the  plants 
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that can become invasive as early as possible (Kolar & Lodge 2001) so that proper 

management can be developed before the species starts spreading. Knowledge of the 

genetic structure of the extant populations and gene flow among the populations is 

important to predict the long term persistence of the invading species (Nater et al. 2013).  

Conservation biology theory suggests that a population with low genetic diversity 

would tend to undergo extinction due to genetic drift and inbreeding depression 

(Ellstrand & Elam 1993; Young et al. 1996); however, there exists a genetic paradox for 

invasive species (Allendorf & Lundquist 2003). Introduced species that represent a subset 

of their source population, usually have reduced genetic diversity compared to the source 

population, but they may be capable of successfully expanding their range in the novel 

habitat by outcompeting and replacing the locally adapted native species (Allendorf & 

Lundquist 2003). A major obstacle for the establishment of introduced species in the new 

range is to overcome the negative effects associated with small population size and low 

genetic diversity (Leung et al. 2004; Taylor & Hastings 2005). Multiple introductions 

(Lavergne & Molofsky 2007), a large number of founder individuals (Allendorf & 

Lundquist 2003), gene flow among populations (Slatkin 1987), polyploidy (Comai 2005) 

and asexual reproduction (Sakai et al. 2001; Frankham 2005) are some of the 

mechanisms how invasive species can offset the negative consequences of small 

population size and reduced genetic diversity.  

Multiple introductions and high propagule pressure increase the genetic diversity 

of the introduced population (Allendorf & Lundquist 2003). High genetic diversity and 

gene flow among populations are two important factors that may promote successful 

spread of an established population (Sakai et al. 2001). Higher intra-specific genetic 
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diversity would provide better opportunities for the creation of adapted genotypes 

through genetic reshuffling and recombination, and also provide options for natural 

selection of genotypes better suited for the environment thereby producing a population 

that can better exploit the novel conditions of the introduced range (Lavergne & 

Molofsky 2007). Therefore, studies on the population genetic structure of introduced 

plants are useful to predict their invasiveness (Sakai et al. 2001; Valliant et al. 2007). At 

the same time, such studies may also be useful to identify source populations (Novak & 

Mack 2001; Genton et al. 2005; Provan et al. 2005; Valliant et al. 2007) and to help 

design effective control measures for invasive species (Sakai et al. 2001).  

Polyploidy and the ability to reproduce asexually are two important phenomena 

that are common among invasive plants (Sakai et al. 2001; Pandit et al. 2011). The 

duplicate genes in polyploids allow them to escape the effects of deleterious recessive 

alleles common to bottlenecked population (Comai 2005). In the long run, the duplicate 

genes may undergo adaptive divergence that may facilitate evolution of invasiveness (te 

Beest et al. 2012). Likewise, asexually reproducing species, in addition to escaping from 

inbreeding depression (Sakai et al. 2001), usually develop more compatibility with the 

habitat in which the plant grows (Rejmanek 2000), and propagate faster than normal rate 

(Frankham 2005). 

Most of the current studies on invasion biology are focused on invasive plants 

with severe impacts (Pysek et al. 2008) and our knowledge of potentially invasive 

naturalized plants that are at lag phase of establishment is very limited (Kowarik 2005). 

Therefore, recently naturalized plants should also be studied to determine their potential 

for invasion and improve management strategies on time (Wilson et al. 2011). In this 
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chapter, I am reporting on the population structure of the naturalized species- Falcaria 

vulgaris Bernh. (Family Apiaceae). Sickleweed, as the plant is known by common name, 

is native to southern and central Europe and extends eastward through central Asia and 

the Middle East. It is an introduced species in Africa, northern Europe, and North and 

South America (DAISIE 2008; Larina 2008). It has been reported in sixteen states in the 

United States (USDA, NRCS 2011) and exhibits disjunct distribution in the midwestern, 

southern and eastern regions. However, field observations and herbarium records suggest 

that this plant no longer occurs in the eastern and southern regions and has been reported 

recently only from three states in the Midwest that include Iowa, Nebraska and South 

Dakota (Piya et al. 2013). In South Dakota, Fort Pierre National Grassland (FPNG) and 

Buffalo Gap National Grassland (BGNG) are the two grasslands where this plant has 

expanded its distribution and abundance (Korman 2011). Several large populations of 

sickleweed have also been reported along roadsides in Nebraska where the Nebraska 

Invasive Species Council has listed this plant as a potentially invasive plant (NISC 2013). 

The plant also occurs in much smaller areas in Onawa, IA and Brookings, SD. 

Sickleweed is described as annual, biennial or perennial (Clapham et al. 1987; 

Korman 2011). It produces  protandrous andromonoecious flowers for sexual 

reproduction (Knuth & Muller 1908) and produces large numbers of seeds. The plant 

exhibits a characteristic seed dispersal mechanism: when the plant senescences, the stems 

break at the nodes and tumble in wind to disperse the seed (Korman 2011). In addition, 

the plant can reproduce asexually through its root stock (Gress 1923; Korman 2011). The 

plasticity in life history traits (habit, seed dispersal mechanism, and clonal reproduction) 

is perhaps attributable to its emergence as an aggressive weed in the Midwest.  
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In this study, I am using DNA markers with different modes of inheritance 

(biparental: nuclear ribosomal ITS DNA sequences and microsatellites; maternal: 

chloroplast DNA sequences) to address the following objectives: 

I. Study the genetic structure of Midwest populations of sickleweed in the 

United States. 

II. Evaluate the potential relationship between genetic diversity of sickleweed 

and its observed aggressiveness. I hypothesized that those populations that 

exhibited the most aggressive expansion (FPNG and BGNG) would 

exhibit high genetic diversity as estimated by expected heterozygosity and 

effective population size. 

III. Determine whether sickleweed populations in the United States were 

established from a single introduction. 

METHODS 

Sample collection 

Information about the sample collection sites is presented in Table 3.1 (Chapter 

3). Fresh leaf tissues were collected in silica gel from 12 plants per population. Samples 

were collected from individuals growing >10 meters apart to avoid sampling clones of 

the same individual. The silica gel dried leaf sample was ground to a fine powder using 

mortar and pestle and DNA was isolated from the ground leaf tissue using DNeasy Plant 

Minikit (Qiagen corp., Valencia, CA).  

Microsatellites genotyping 

As described in Chapter 3, six microsatellite markers developed for Daucus 

carota were successfully transferred to sickleweed (Piya & Nepal 2013), therefore, I used 
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these markers to genotype sampled individuals to accomplish the objectives as outlined 

above. For genotyping, PCR was carried out in a reaction mixture of 15μl containing 

50ng genomic DNA, 3μl of 5X buffer, 1.2μl of dNTPs, 2μl of 25mM MgCl2, 0.5μl of 

10pM forward primer, 0.5μl of 10pM forward primer tagged with M13 tail, 1μl of 10pM  

reverse primers each and 2 units of Taq polymerase. The PCR conditions were an initial 

denaturation of 4 minutes at 94
0
C followed by 40 cycles of 1 minute denaturation at 

94
0
C, 20 seconds (varies with primer pairs; see Table 3.2) of annealing temperature and 1 

minute extension at 72
0 
C, and final extension of 5 minutes at 72

0
C. The PCR products 

were genotyped using 3730x1 DNA Analyzer (Applied Biosystems) at Iowa State 

University DNA Facility. 

GeneMarker V2.4.0 (Softgenetics) was used to visualize the genotyping data and 

create allele reports. Possible genotyping artifacts such as stuttering, large allele drop-out 

and presence of null allele were tested using MICRO-CHECKER (Van Oosterhout et al. 

2004).  

Data analyses 

Population genetic parameters such as  average number of alleles (na), effective 

number of alleles (ne) and Shannon diversity index (Hˈ) for each locus were computed 

using PopGene (Yeh & Boyle 1997). Total gene diversity (HT) was partitioned into 

within population (HS) and among population gene diversity (DST). GST, the proportion of 

genetic diversity that resides among populations, was computed as the ratio of DST to HT. 

Observed and expected heterozygosity, test for deviation from Hardy-Weinberg 

equilibrium, and linkage disequilibrium for each locus were calculated using the program 

Arlequin V3.0 (Excoffier et al. 2005). Population fixation indices (FIS) for each 
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population were calculated using FSTAT V1.2 (Goudet 1995). Expected heterozygosity 

(HE) was used to estimate effective population size (NE) under two different mutation 

models: infinite allele model (IAM) and stepwise mutation model (SMM). 

Mathematically, the population genetic parameters were calculated as follows. 

i. Average number of alleles per locus (Na) 

Na = (1/K)∑   
   i 

Where K is the total number of loci and ni is the total number of alleles detected 

per locus.  

ii. Effective number of alleles (Ae) 

Ae = 1/(1 – h) = 1/Σpi 

Where, h = 1 – Σpi
2 

= heterozygosity in a locus and pi is frequency of the i
th 

allele 

in a locus.  

iii.  Shannon diversity Index (H’) 

  

Where H is the Shannon diversity index and  pi is the proportion of individuals belonging 

to i
th

 genotype and R is the total number of genotypes. 

iv. Effective population size (Ne) 

Infinite Allele Model (IAM) 

 Ne = (He/1-He)/4µ (Crow & Kimura 1970) 

Stepwise mutation model (SMM) 

 Ne = [1/(1-He)
2
 - 1]/8µ (Ohta & Kimura 1973) 

Where, µ is mutation rate and He is the expected heterozygosity. 



70 
 

Private alleles for each population (alleles that are present only in one 

population), if present, were determined using Genalex 6.5 (Peakall & Smouse 2006). 

Arlequin (Excoffier et al. 2005) was used to calculate pair-wise genetic differentiation 

(FST) and perform analysis of molecular variance (AMOVA). Bayesian analysis of spatial 

genetic structure of the sampled populations was carried out using the program 

STRUCTURE Version 2.2 (Pritchard et al. 2000). I performed 20 independent runs for 

each value of K ranging from 1 through 11. Each run included 10,000 burn-in iterations 

and 50,000 replicates. The best K value was selected by computing ∆K following Evanno 

et al. (2005). The individuals with the proportion of inferred ancestry (Q) ≥0.7 were 

assigned to a cluster and those with Q less than 0.7 were not assigned to any cluster. 

Mantel’s test for isolation by distance (Mantel 1967) was performed using IBDWS 3.23 

(http://ibdws.sdsu.edu/~ibdws/) to test the relationship between natural log of 

geographical distance and genetic distance (FST/1-FST). 

Chloroplast and Nuclear DNA sequence data 

Six samples from each of the populations were randomly chosen to amplify the 

chloroplast trnL intron, trnL-F intergenic spacer and trnQ-rps16 intergenic spacer. One 

sample per population was used to amplify the nuclear ribosomal Internal Transcribed 

Spacer (ITS) DNA sequence. Aforementioned  nuclear and chloroplast DNA regions 

were amplified by PCR in a reaction mixture of 25μl containing 50ng genomic DNA, 5μl 

of 5X buffer, 1μl of dNTPs, 2.5μl of 25mM MgCl2, 2.5μl of 10pM primers and 2 units of 

Taq. The PCR conditions were an initial denaturation of 5 minutes at 94
0
C followed by 

27 cycles of 1 minute denaturation at 94
0
C, 1 min of annealing at 55

0
C and 2 minutes 

extension at 72
0
C, and final extension of 10 minutes at 72

0
C. Primer pairs used were 

http://ibdws.sdsu.edu/~ibdws/
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TCCTCCGCTTATTGATATGC and GGAAGTAAAAGTCGTAACAAGG for ITS, 

CGAAATCGGTAGACGCTACG and ATTTGAACTGGTGACACGAG for trnL-trnF 

and GCGTGGCCAAGCGGTAAGGC and GTTGCTTTCTACCACATCGTTT for trnQ-

rps16 intergenic spacer, respectively. The PCR products were purified using QIAquick 

PCR purification kit (Qiagen Corp., Valencia, CA). The purified PCR products were sent 

to the DNA facility at Iowa State University for sequencing using a 3730x1 DNA 

Analyzer (Applied Biosystems). 

DNA sequences were edited using the program Sequencher 5.0 (GeneCodes). 

Sequences were aligned using ClustalX (Larkin et al. 2007). Nucleotide diversity, 

number of haplotypes and haplotypes diversity of these sequences were computed using 

DnaSP5 (Librado & Rozas 2009). Network tree of the chloroplast haplotypes were 

constructed using Network (http://www.fluxus-engineering.com/sharenet.htm). 

Maximum parsimony analysis of chloroplast DNA sequences was performed in the 

program PAUP 4.0 (Swafford 2003). 

RESULTS 

Microsatellite markers 

The characteristics of the microsatellite markers are described in Chapter 3. All 

sampled populations deviated from Hardy-Weinberg equilibrium at the majority of the 

loci and no significant linkage disequilibrium was observed. The average number of 

alleles detected per microsatellite locus was 8.83 with the range of 3 to 19. GSSR24 was 

the most polymorphic locus among the six loci (see Table 3.3, Chapter 3). Total gene 

diversity (HT) of these six loci averaged 0.524 with 0.428 within population gene 

diversity and 0.096 among populations gene diversity (Table 4.1). Total allelic diversity 

partitioned among population (GST) was 0.184.  
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Table 4.1 Nei (1973, 1977) gene diversity indices for sickleweed samples collected from eight 

populations 

Locus HT HS DST GST 

ESSR9 0.756 0.543 0.213 0.281 

ESSR80 0.041 0.041 0.000 0.004 

GSSR24 0.919 0.768 0.151 0.164 

GSSR25 0.429 0.414 0.014 0.033 

GSSR154 0.759 0.595 0.164 0.216 

BSSR53 0.238 0.203 0.035 0.147 

Overall 0.524 0.428 0.096 0.184 

Note: HT- Total gene diversity; HS- within population component; DST- Among population component; 

GST- Total allelic diversity partitioned among populations 

Within and among populations genetic diversity 

Three populations in South Dakota (AW, GC and BG) and one population in 

Nebraska (NE30) exhibited higher genetic diversity than the other four populations 

(Figure 4.1a -c). Two populations in Nebraska (NE29 and WA) exhibited moderate 

genetic diversity values and one population in Iowa (IA) and one population in South 

Dakota (BRK) had the least genetic diversity. The number of alleles detected per 

population varied from 12 (Iowa) to 25 (NE30).  Effective number of alleles ranged from 

1.67 (IA) to 2.93 (BG) and Shannon diversity indices ranged from 0.41 (IA) to 0.99 (AW 

and GC).  The expected mean heterozygosity across all populations was 0.42 (range 0.30-

0.55).  Mean effective population size was 362 (range 214 to 611) and 616 (range 325-

1230) for IAM and SMM mutation models, respectively. Only one population (AW) had 

significant within-population fixation indices (FIS). The level of inbreeding coefficient 
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ranged from -0.450 to 0.159. Private alleles were detected in five populations: one in 

AW, five in GC and three in each of BG, NE29 and NE30.  

Table 4.2 Within-population genetic diversity of eight sickleweed populations 

Population n Ho He Ne (IAM) Ne (SMM) FIS 

NE29 12 0.37 0.39 319 527 0.042 

AW 12 0.45 0.53 563 1102 0.159
* 

NE30 12 0.49 0.48 461 843 -0.037 

BG 12 0.51 0.45 409 720 -0.127 

BRK 12 0.28 0.31 224 343 0.104 

GC 12 0.52 0.55 611 1230 0.057 

IA 12 0.42 0.30 214 325 -0.450 

WA 12 0.33 0.35 269 427 0.062 

Mean  0.42 0.42 362 616 -0.023 

Note: n- sample size; N- Total number of alleles detected; Ho- Observed heterozygosity; He- Expected 

heterozygosity; Ne- Effective population size; FIS - Correlation of genes within individuals within 

populations 
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Figure 4.1 Genetic diversity parameters among different populations- A) Number of alleles per 

population in different population; B) Effective number of alleles displayed by different populations; 

and C) Shannon Diversity Index of different populations. 
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Analysis of molecular variance revealed that the overall mean FST value was 0.20. 

Of the total variation, 20.80% variation was present among populations and the 

remaining 79.20% variation was present within populations (Table 4.3).  

Population structure 

Mantel’s test of isolation by distance (IBD) showed no correlation (r = 0.15, p= 

0.23) between genetic distance (FST/1-FST) and geographical distance. In addition no 

geographical pattern in the distribution of chloroplast haplotypes was observed. In fact, 

population from different geographical regions clustered together. 

The highest value of ∆K in the STRUCTURE analysis was obtained at K=3 

suggesting three clusters (color coded: red[1], green[2] and blue[3], hereafter called 

races) of sickleweed as shown in Figure 4.2. Ninety-four percent of the individuals were 

assigned to one of the three races based on the coefficient of inferred ancestry (Q- value). 

The BRK population contained individuals from all three races, AW, NE30 and BG had 

two races and NE29, GC, IA and WA did not exhibit any genetic admixture (Table 4.4).  

Table 4.3 Analysis of molecular variance (AMOVA) within and among populations 

Source of variation df Sum of 

squares 

Variance 

components 

Percentage of 

variation 

Among populations  7 64.260 0.330 20.80 

Within populations 184 231.292 1.257 79.20 

Total 191 295.552 1.587  
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Figure 4.2 Bayesian clustering of Falcaria vulgaris based on microsatellite data. Each population is 

separated by vertical line. Population name is along the horizontal line and the number in the 

vertical line indicates coefficient of inferred ancestry (Q). Each cluster is color-coded. 

Table 4.4 Assignment of individuals from eight populations to three genetic clusters based on 

microsatellite data 

Population  

Cluster unassigned % assigned 

1 (red) 2 (green) 3 (blue) 

  NE29 12 

   

100 

AW 6 

 

4 2 84 

NE30 2 9 

 

1 91 

BG 4 7 

 

1 91 

BRK 3 4 5 

 

100 

GC 12 

   

100 

IA 

  

12 

 

100 

WA 

 

10 

 

2 84 

Total 39 30 21 

 

94 
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Detection of polyploidy 

Multiple alleles were observed across five loci in four samples from NE30 

populations (Table 4.5). However, none of the samples exhibited multiple alleles at 

BSSR53 locus. As shown in Table 4.5, each of loci ESSR9, ESSR80, GSSR24 and 

GSSR154 had three alleles each while GSSR25 had four alleles. Presence of multiple 

alleles in these samples indicates at least partial genome duplication and firmly implies 

polyploidy. The amplified fragment size of these putative polyploid samples equaled to 

the amplicon size of diploid samples ruling out the possible amplification of random 

fragments from other region within the genome. 

Table 4.5 Allele fragment size (bp) and number of alleles of putative polyploid samples at five 

different loci in samples collected from the NE30 population 

Sample/Locus ESSR9 ESSR80 GSSR24 GSSR25 GSSR154 

B9 305, 308, 317 187, 191, 237 291, 313, 315 182, 186, 190, 206 302, 308, 330 

B1 293, 305, 317 187, 191, 237 283, 313, 315 182, 186, 190, 206 302, 308, 330 

B4 293, 305, 317 187, 191, 237  283, 291 182, 186, 190, 206 310, 316, 330 

B7  290, 293, 317 187, 191, 237 291, 315, 317 182, 186, 190, 206 302, 306, 330 
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DNA sequence variation 

Chloroplast DNA sequences: The total length of trnL intron and trnL-F intergenic 

spacer was 909 bp and that of trnQ-rps16 intergenic spacer was 884 bp (Table 4.6). The 

combined data matrix thus comprised of 48X1793 bp. This matrix contained 16 variable 

sites among which, 13 were parsimony informative. Two types of sequence variation 

were observed in the aligned matrix: insertion/deletion (indels) and single nucleotide 

polymorphisms (SNPs). Among the variable sites, five were indels and the remaining 

eight were SNPs.  All these SNPs exhibited two-base polymorphism. Based on these 

variable sites, six chloroplast haplotypes were identified among 48 sickleweed 

accessions. Distribution of these chlorotypes and network tree is shown in Figure 4.3. 

Unrooted cladogram (Figure 4.4) divided these haplotypes into two distinct maternal 

lineages.  

The trnL-trnF and trnQ-rpl16 regions had the nucleotide diversity of 0.00278 and 

0.00208, respectively. The combined sequences had the nucleotide diversity values of 

0.00194. Haplotype diversity for trnL-trnF and trnQ-rps16 were 0.588 and 0.421 (Table 

4.6). 

Table 4.6 Polymorphism information of sickleweed based on chloroplast DNA sequences 

Region  n L (bp) π h hd 

trnL-trnF 48 909 0.00278 4 
0.588 

trnQ-rps16 48 884 0.00208 3 
0.421 

Combined 48 1793 0.00194 6 
0.608 

Note: n- number of samples; L-length of the sequence; π- nucleotide diversity; h- number of haplotypes; 

hd- haplotype diversity. 
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Figure 4.3 Chlorotype variations in Falcaria vulgaris. A) Distribution map of chlorotypes in Iowa, 

Nebraska and South Dakota and B) Network of the chlorotypes. Each chlorotype is represented by a 

circle whose size is proportional to the relative frequency of the chlorotype  

   

A 

B 

SD 

NE 
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Figure 4.4 Unrooted cladogram based on the combined data matrix of chloroplast DNA sequences 

(trnL-trnF and trnQ-rpl16 regions). On the right is the chromatogram that display variation in the 

nuclear DNA sequences (ITS region) between two lineages 

The total length of ITS sequences in Falcaria vulgaris was 686 bp and the matrix 

was comprised of 8X686 bp. This matrix contained one variable site as shown by the 

chromatogram in Figure 4.4. The sequences nested into lineage -1 had a T and those into 

lineage-2 had an A at the 513
th

 position of the aligned data matrix.  

 

Lineage 1 

Lineage 2 
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DISCUSSION 

This study is the first attempt to explore the population genetics of sickleweed.  

Molecular markers characterized in this study will be useful for future studies on 

sickleweed and comparison of the results from this study with the data from old world 

populations may help identify the source population(s) for these introduced populations. 

In addition, the data generated from cross-species transferred microsatellite markers from 

Daucus carota (transferable to other Apiaceae members such as celery, parsley and 

cilantro (Cavagnaro et al. 2011) may be useful for comparative studies among various 

Apiaceae species. 

Genetic diversity and mating system in sickleweed populations  

While sickleweed grows as an aggressive weed in the Midwest, there is no report 

of recent occurrence of sickleweed in the eastern USA (Piya et al. 2013). Several 

introduced populations fail at different stages of invasion and may disappear (Richardson 

et al. 2000). Sickleweed populations might have faced the similar fate in the eastern 

USA, where there is no recent report of sickleweed occurrence. However, in Iowa, 

Nebraska and South Dakota, some populations have naturalized and are rapidly 

expanding their range. The current sickleweed distribution pattern perhaps signifies the 

importance of species introductions at multiple sites with different conditions whereby 

some of the introduced populations succeed to pass all barriers of the introduction-

naturalization-invasion continuum (Lockwood et al. 2005; Simberloff 2009; Blackburn et 

al. 2011). 

The extant sickleweed populations in the Midwest are of different population size. 

Among the eight sampled populations, the population at FPNG is the most aggressively 
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spreading followed by the BGNG population. In Nebraska, aggressively growing 

sickleweed populations have covered significant area along roadsides and nearby 

agricultural fields. These populations also exhibited higher genetic diversity. 

Comparatively, Brookings, SD and Onawa, IA populations of sickleweed are much 

smaller in size and have the least genetic diversity. Therefore, microsatellite markers 

showed that allelic richness, effective population size and other indices of genetic 

diversity of sickleweed populations were proportional to the plant aggressiveness in the 

Midwest. These findings were consistent to Gaudeul et al. (2011) who reported higher 

genetic diversity in more aggressive populations in Ambrosia artemisiifoia from Europe.  

The nucleotide diversity of chloroplast DNA, however, did not correspond with 

the population size of the plant. The chloroplast DNA sequences used in the present study 

are evolutionarily more conserved than the nuclear microsatellites and ITS sequences. 

Three populations from FPNG and BGNG, which represent the largest populations 

among the sampled populations, were monomorphic and shared the same chloroplast 

haplotypes. Occurrence of monomorphic chloroplast DNA sequences in these sites 

suggests a single introduction. The sickleweed populations at FPNG and BGNG have 

covered more acreage in the last decades than other areas in the Midwest (Korman 2011). 

If there were a single introduction, perhaps these populations had a larger number of 

founding members or repeated introduction events increasing the propagule pressures, 

which is considered a critical factor for the establishment of an introduced plant (Kolar & 

Lodge 2001). An alternative explanation might be selection of pre-adapted sickleweed 

genotypes (CP3) at an early stage of introduction which resulted in elimination of other 

chloroplast haplotypes from these populations. 
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In Nebraska, sampled sickleweed populations occur along the roadsides. 

Roadsides not only harbor the plant, but also serve as corridors for their spread (Pysek & 

Prach 1993) which can easily be transported by vehicles. Therefore, these populations are 

more likely to spread to other sites. Among these populations, NE30 had the highest 

genetic diversity followed by NE29 (~25 miles away from NE30) and WA (~125 miles 

away from NE30). Three chlorotypes were detected from Nebraska (CP3 and CP4 from 

NE29, and CP5 from NE30 and WA). Populations NE29 and NE30 are geographically 

closer but contain individuals genetically distinct from one another. Microsatellite data 

revealed that the NE29 population contained individuals of one genetic race (first cluster, 

Figure 4.2) while NE30 contained most individuals of another genetic race (second 

cluster).  Exchange of propagules between these two genetic races with distinct 

chlorotypes, could produce a genetic admixture resulting in aggressive genotypes with 

better adaptability. 

Populations from Onawa, IA and Brookings, SD are small and isolated with low 

genetic diversity which strongly suggests that these populations are affected by the 

founder effect (Lachmuth et al. 2010). Such small isolated populations are assumed to be 

established by rare long distance dispersal (Austerlitz et al. 2000). Both of these 

populations have two chlorotypes each, however. Genetic recombination between the 

genotypes with two different chlorotypes might facilitate in the evolution of more 

aggressive genotypes.  

According to Handbook of flower pollination (Knuth 1908), sickleweed is 

markedly protrandrous. Three populations IA, NE30 and BG showed negative inbreeding 

coefficient (FIS) as expected for cross pollinating species (Hartl & Clark 2007). While 
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BRK, GC, NE29 and WA populations showed positive FIS suggesting some level of 

inbreeding in these populations. Only the Alkali West (AW) population showed 

significant heterozygous deficiency (Table 4.2). This could be due to the Wahlund Effect 

(heterozygous deficiency as a result of pooling sub-structured populations with different 

allele frequencies and that do not randomly mate with each other as a single unit). 

Because the plant has spread over a large area and samples were collected from 

individuals growing more distantly than those in other populations, samples might have 

come from different sub-structured populations resulting in significant heterozygote 

deficiency. These findings are consistent to the population structure as described for 

invasive ragweed in Europe (Gaudeul et al. 2011). 

Genetic structure of sickleweed in the United States 

Tang et al. (2009) predicted that human mediated long distance dispersal might 

have contributed in the spread of Parthenium hysterophorus in China as they did not 

detect any geographical structure in genetic variation. Bayesian clustering of the 

populations from different regions showed no pattern. Mantel’s test of isolation by 

distance (IBD) in sickleweed populations showed no correlation (r = 0.15, p = 0.23) 

between genetic distance (FST/1-FST) and geographical distance suggesting that there is 

no genetic isolation by distance. In addition, no geographical pattern was observed in the 

distribution of chloroplast haplotypes. In fact, populations from different geographical 

regions clustered together. Absence of geographical structure in the genetic variation of 

sickleweed suggests human mediated long distance dispersal in the spread of this plant. 

However, two populations of FPNG (AW and GC), which are less than two miles apart, 

had very low genetic differentiation (FST = 0.073). These two populations also share a 
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common chlorotype and most likely they have established by natural expansion through 

seed dispersal. Korman (2011) reported that sickleweed can effectively disperse its seeds 

with the help of wind: when the plants senescence, the stems break at the nodes and 

tumble in the wind to disperse the seed.  

Multiple introductions of sickleweed in the United States 

Six chlorotypes with two distinct maternal lineages were observed (Figure 4.4) 

suggesting at least two introductions of sickleweed in the Midwest. Interestingly, these 

two lineages differ in their ITS DNA sequences. Since the chloroplast gene regions used 

in this region are often conserved even at higher taxonomic levels, it is very unlikely that 

these different chloroplast haplotypes are a result of post introduction evolution of 

sickleweed. If we assume two lineages as two separate introductions, the propagule size 

of each of the two introductions should have been large as described by Gaskin et al. 

(2005) that included several chloroplast haplotypes. However, four chlorotypes of lineage 

1 occur in three different populations [CP1 and CP2 (IA), CP3 (AW, GC, BG, NE29) and 

CP4 (NE29)] that strongly suggest more than two introductions in the Midwest U.S.  

The nuclear microsatellite data in the present study also correspond with multiple 

introductions of sickleweed in the United States. The Bayesian analyses showed three 

distinct genetic races (Figure 4.2) suggesting multiple introductions of sickleweed.  In 

addition, this study showed a high genetic differentiation of 0.20 among the populations. 

Based on herbarium records, all the populations that I included in this study are 

approximately 30 years old or younger; therefore, it is unlikely that a single introduction 

of sickleweed would create so much differentiation in such a short period of time. 

Therefore, the current distribution of sickleweed in the Midwest United States is more 
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likely a result of multiple introductions. Multiple introduction events are also supported 

by high genetic diversity indices e.g. high expected hetetozygosity, and a large number of 

alleles in the introduced sickleweed populations. Expected heterozygosity is one of the 

indicators of genetic diversity. A study by Henry et al. (2009) showed multiple 

introductions of Heracleum mantegazzianum in the western Swiss Alps, where the 

expected heterozygosity in the invasive range was 0.35 based on nuclear microsatellite 

markers. Likewise,Gaudeul et al. (2011) showed expected heterozygosity of 0.73 in 

invasive populations of Ambrosia artemisiifolia in Europe resulted from multiple 

introductions. The expected heterozygosity in sickleweed is 0.42, which lies in the range 

of the studies described above. To sum up, chloroplast DNA sequence and nuclear DNA 

data strongly suggest multiple introductions of sickleweed in the United States. 

Evidence of polyploidy 

Consistent presence of multiple alleles across microsatellite loci in individuals 

strongly suggests the occurrence of polyploidy (Coyer et al. 2006) in sickleweed. There 

is no previous report of polyploidy in this species. This evidence of polyploidization in 

sickleweed could be a post introduction evolutionary strategy to adapt in the new 

environment and minimize the effect of inbreeding depression due to founder events. 

When the population size is small, redundant genes in the polyploids allow them to 

escape from the deleterious effects of inbreeding depression (Comai 2005). Polyploidy 

may also result in the transformation of morphology, phenology, physiology and ecology 

of plants within few generations (Levin 2002) making them more competent to exploit 

the particular habitat, giving them competitive advantages over native plants (Leitch & 

Leitch 2008) and ultimately facilitating easy progression along introduction-
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naturalization-invasion pathway (Richardson et al. 2000). Further exploration using flow 

cytometry backed by karyotyping is necessary to verify the occurrence of polyploidy in 

sickleweed populations. 

CONCLUSIONS 

In absence of samples from native range, it was not possible to reconstruct the 

complete invasion route of sickleweed in the United States. In order to identify source 

populations and reconstruct the routes of sickleweed introduction, a more comprehensive 

study that includes samples both from native and introduced range and uses a large 

number of molecular markers is warranted.  

Results of this study indicate multiple introductions and genetic admixture in 

sickleweed which has resulted in higher genetic diversity in the introduced 

populations. Genetic diversity of a population has been considered a key factor for 

successful invasion. Therefore, results of this study indicate that sickleweed in the 

Midwest has potential to emerge as a successful invader. Microsatellite genotyping result 

suggested the occurrence of polyploidy in sickleweed which was previously unknown. 

Therefore, it is important to explore if polyploidy in sickleweed is present in the native 

range or if it is just a post introduction evolutionary strategy of the plant to overcome 

inbreeding due to the founder effect. It is also necessary to verify polyploidy in 

sickleweed in the United States using karyotyping and/or flow cytometry. 

The genetic data from this study provide opportunities to understand ecological 

and evolutionary changes that undergo during the invasion process and these data can be 

indirectly implemented for the management of invasive plants. Therefore, results of this 
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study are useful for planning the management strategies of sickleweed. Some possible 

applications of these genetic data include predicting the invasive potential of sickleweed 

population to control its further expansion, identifying source populations to determine 

effective bio-control agents and predicting the potential of introduced plants to develop 

resistance against biological control or herbicide treatment. 
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APPENDICES 

Appendix- 1  

List of herbaria contacted 

State Acronyms of the herbaria 

Illinois CACS, EIU, CHIC, F, ILLS,ISM, ISU, KNOX, MOR, NRRL, DEK, 

SIU,CEL, WARK 

Iowa MOVC, GRI, ILH, ISC, GRI, LCDI, BDI, SICH, ISTC, WET 

Kansas KSTC, FHKSC, KSC, SAL, KANU, WASH 

Louisiana LSU, LSUS, LTU, MCN, THIB, NATC, SELU, NO, USLH, NLU, 

NOLS 

Maryland BALT, MARY, SUHC, TAWES, US 

Massachusetts AC, CUW, WMGC, GH, NASC, NMMA, NEBC, HNUB, PM, SCHN, 

SPR, HDSM, MASS, WELC 

Missouri MCJ, MODNR, MO, MWSJ, NEMO, NMSU, SEMO, SMS, SOTO, 

UMO, WARM, WJC 

Nebraska CSCN, HNWU, NEBK, OMA, NEB, 

New York BKL, GRCH, BH, ECH, HHH, DH, SOUT, HPH, NY, NYS, ROCH, 

SBU, CORT, SYRF, BING, PLAT, SUCO, SIM, SYR, VAS 

Oklahoma ECSC, NOSU, NWOSU, OKLA, ORU, DUR, WHO, CSU, OKL, 

OCLA, TULS 

Pennsylvania ANSP, BUPL, CM, IUP, KEN, MVSC, MOAR, MCA, FMC, PAM, 

PACMA, RPM, LAT, SLRO, SWC, ABFM, PHIL, DWC 

South Dakota DWU, AUG, BHSC, SDC, SDU 

Virginia CVCW, HAVI, EHCV, GMUF, JMUH, FARM, LFCC, LYN, MWCF, 

ODU, RUHV, SARC, WILLI, URV, VA, VCU, VDAC, VIL, VPI, 

VSUH, ROAN, WYCO  

West Virginia DEWV, FWVA, MUHW, MVC, WVA, WVW 

Wisconsin CART, MIL, SNC, UWW, FDLW, UWEC, UWJ, UWL, UWM, WIS, 

OSH, UWGB, USWP, SUWS 

Wyoming BTJW, CWC, RMS, RM, YELLO 
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Appendix- 2  

Pair wise genetic differentiation (FST) of sickleweed populations 

 NE29 AW NE30 BG BRK GC IA WA 

NE29 - 3.177 1.897 4.07 2.139 3.143 0.973 1.421 

AW 0.135 - 3.180 3.359 3.727 6.257 1.653 1.740 

NE30 0.208 0.135 - 3.428 1.629 2.227 1.366 1.889 

BG 0.109 0.129 0.127 - 2.187 2.350 1.917 2.268 

BRK 0.189 0.118 0.234 0.186 - 2.054 1.034 1.415 

GC 0.137 0.073 0.183 0.175 0.195 - 1.143 1.699 

IA 0.339 0.232 0.267 0.206 0.325 0.304 - 1.211 

WA 0.206 0.223 0.209 0.180 0.260 0.227 0.292 - 

Note: Above diagonal line is the number of migrants per generation between the 

populations and below the diagonal line is the pairwise FST value between populations. 
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Appendix- 3 

Chloroplast tRNA-Leu (trnL) gene, partial sequence; trnL-trnF intergenic spacer, 

complete sequence; and tRNA-Phe (trnF) gene, partial sequence; of different 

chlorotypes 

1. Chlorotype 1 (CP1) 

Total length= 908 

trnL gene= 1-524 

trnL tRNA = 470-524 

trnL-F intergenic spacer = 525-880 

trnF gene = 881-909 

tRNA = 881-908 

ACTAAGTGAGAACTTTCAAATTCAGAGAACCCCGGAATTAATAAAAAT

GGGCAATCCTGAGCCAAATCCTATTTTCAAAAAAAAAAAACAAATGC

CCAAAAGGTGAAAAAGGATAGGTGCAGAGACTCAATGGAAGCTGTTC

TAACAAATGGAATTGACTGTGTTGCATTGGTAGAGGAATCCTTCCATT

GAAACTTCCGAAAAGATGAAGGATATACGTATATACATACGTACTGA

AATACTCTATCAAATGATTAATGACGACCTTAATCTGTATTTTTCTATG

AAAAGGGGAAAAATTGTTGTGAATCGATTCCAGATTTAAGAAATAATC

GAATATTCATTGATCAAAGCATTCACCCACACAGTCTGATAGTTCTTTT

GCAGAACTAATTAATCGGACGAGAATAAAGATAGAGTCCCGTTCTAC

ATGTCAATACCGGCAACAATGAAATTTATAGTAAGAGGAAAATCCGTT

GACTTTAAAAATCGTGAGGGTTCAAGTCCCTCTATCCCCAAAAAGCCC

ATTTGACTCCTTAACTATTCACTTTTTATCTTATCTTTTTTTTTTTCGTTA

GTAGTTCAAAATTTGTTATCTTTCTTATTCACCCTACTCTTTTACAAAG

GGATCCGAGATAAAAATTTGTCTCTTATGACAAGTCTTGTGATATATG

ATACATGTACAAATGACCGTCTTTAACCAAGGACTCCCCATTTGAACG

AGTCACGGTCAATATCATTATTCATATTATTCATACTGAAACTGACAA

AGTCTTCCTTTTTTGAAGATCCAAGAAATTCTAGCACCTAGATAAGAA

TTTGTAATACCCTTTGCATTGACATAGACCTAAGTTATCTAGTAAAATG

AGGATGCGGTATCGGGAATGAGAATGGTCGGGATAGCTCAG 
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2. Chlorotype 2 (CP2) 

Total length= 909 

trnL gene= 1-524 

trnL tRNA = 470-524 

trnL-F intergenic spacer = 525-881 

trnF gene = 882-909 

tRNA = 882-909 

ACTAAGTGAGAACTTTCAAATTCAGAGAAACCCCGGAATTAATAAAA

ATGGGCAATCCTGAGCCAAATCCTATTTTCAAAAAAAAAAAACAAAT

GCCCAAAAGGTGAAAAAGGATAGGTGCAGAGACTCAATGGAAGCTGT

TCTAACAAATGGAATTGACTGTGTTGCATTGGTAGAGGAATCCTTCCA

TTGAAACTTCCGAAAAGATGAAGGATATACGTATATACATACGTACTG

AAATACTCTATCAAATGATTAATGACGACCTTAATCTGTATTTTTCTAT

GAAAAGGGGAAAAATTGTTGTGAATCGATTCCAGATTTAAGAAATAA

TCGAATATTCATTGATCAAAGCATTCACCCACACAGTCTGATAGTTCTT

TTGCAGAACTAATTAATCGGACGAGAATAAAGATAGAGTCCCGTTCTA

CATGTCAATACCGGCAACAATGAAATTTATAGTAAGAGGAAAATCCGT

TGACTTTAAAAATCGTGAGGGTTCAAGTCCCTCTATCCCCAAAAAGCC

CATTTGACTCCTTAACTATTCACTTTTTATCTTATCTTTTTTTTTTTCGTT

AGTAGTTCAAAATTTGTTATCTTTCTTATTCACCCTACTCTTTTACAAA

GGGATCCGAGATAAAAATTTGTCTCTTATGACAAGTCTTGTGATATAT

GATACATGTACAAATGACCGTCTTTAACCAAGGACTCCCCATTTGAAC

GAGTCACGGTCAATATCATTATTCATATTATTCATACTGAAACTGACA

AAGTCTTCCTTTTTTGAAGATCCAAGAAATTCTAGCACCTAGATAAGA

ATTTGTAATACCCTTTGCATTGACATAGACCTAAGTTATCTAGTAAAAT

GAGGATGCGGTATCGGGAATGAGAATGGTCGGGATAGCTCAG 
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3. Chlorotype 3 (CP3) 

Total length= 907 

trnL gene= 1-523 

trnL tRNA = 469-523 

trnL-F intergenic spacer = 524-879 

trnF gene = 880-907 

tRNA = 880-907 

ACTAAGTGAGAACTTTCAAATTCAGAGAAACCCCGGAATTAATAAAAATG

GGCAATCCTGAGCCAAATCCTATTTTCAAAAAAAAAAACAAATGCCCAAA

AGGTGAAAAAGGATAGGTGCAGAGACTCAATGGAAGCTGTTCTAACAAA

TGGAATTGACTGTGTTGCATTGGTAGAGGAATCCTTCCATTGAAACTTCCG

AAAAGATGAAGGATATACGTATATACATACGTACTGAAATACTCTATCAA

ATGATTAATGACGACCTTAATCTGTATTTTTCTATGAAAAGGGGAAAAAT

TGTTGTGAATCGATTCCAGATTTAAGAAATAATCGAATATTCATTGATCAA

AGCATTCACCCCCACAGTCTGATAGTTCTTTTGCAGAACTAATTAATCGGA

CGAGAATAAAGATAGAGTCCCGTTCTACATGTCAATACCGGCAACAATGA

AATTTATAGTAAGAGGAAAATCCGTTGACTTTAAAAATCGTGAGGGTTCA

AGTCCCTCTATCCCCAAAAAGCCCATTTGACTCCTTAACTATTCACTTTTT

ATCTTATCTTTTTTTTTTCGTTAGTAGTTCAAAATTTGTTATCTTTCTTATTC

ACCCTACTCTTTTACAAAGGGATCCGAGATAAAAATTTGTCTCTTATGACA

AGTCTTGTGATATATGATACATGTACAAATGACCGTCTTTAACCAAGGAC

TCCCCATTTGAACGAGTCACGGTCAATATCATTATTCATATTATTCATACT

GAAACTGACAAAGTCTTCCTTTTTTGAAGATCCAAGAAATTCTAGCACCT

AGATAAGAATTTGTAATACCCTTTGCATTGACATAGACCTAAGTTATCTAG

TAAAATGAGGATGCGGTATCGGGAATGAGAATGGTCGGGATAGCTCAG 
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4. Chlorotype 4 (CP4) 

Total length= 909 

trnL gene= 1-523 

trnL tRNA = 469-523 

trnL-F intergenic spacer = 524-881 

trnF gene = 882-909 

tRNA = 882-909 

ACTAAGTGAGAACTTTCAAATTCAGAGAAACCCCGGAATTAATAAAAATG

GGCAATCCTGAGCCAAATCCTATTTTCAAAAAAAAAAAACAAATGCCCAA

AAGGTGAAAAAGGATAGGTGCAGAGACTCAATGGAAGCTGTTCTAACAA

ATGGAATTGACTGTGTTGCATTGGTAGAGGAATCCTTCCATTGAAACTTCC

GAAAAGATGAAGGATATACGTATATACATACGTACTGAAATACTCTATCA

AATGATTAATGACGACCTTAATCTGTATTTTTCTATGAAAAGGGGAAAAA

TTGTTGTGAATCGATTCCAGATTTAAGAAATAATCGAATATTCATTGATCA

AAGCATTCACCCACACAGTCTGATAGTTCTTTTGCAGAACTAATTAATCGG

ACGAGAATAAAGATAGAGTCCCGTTCTACATGTCAATACCGGCAACAATG

AAATTTATAGTAAGAGGAAAATCCGTTGACTTTAAAAATCGTGAGGGTTC

AAGTCCCTCTATCCCCAAAAAGCCCATTTGACTCCTTAACGATTCACTTTT

TATCTTATCTTTTTTTTTTTCGTTAGTAGTTCAAAATTCGTTATCTTTCTTAT

TCACCCTACTCTTTTACAAAGGGATCCGAGATAAAAATTTGTCTCTTATGA

CAAGTCTTGTGATATATGATACATGTACAAATGACCGTCTTTAACCAAGG

ACTCCCCATTTGAACGAGTCACGGTCAATATCATTATTCATATTATTCATA

CTGAAACTGACAAAGTCTTCCTTTTTTGAAGATCCAAGAAATTCTAGCACC

TAGATAAGAATTTGTAATACCCTTTGCATTGACATCGACCTAAGTTATCTA

GTAAAATGAGGATGCGGTATCGGGAATGAGAATGGTCGGGATAGCTCAG 
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5. Chlorotype 5 (CP5) 

Total length= 907 

trnL gene= 1-522 

trnL tRNA =467 -522 

trnL-F intergenic spacer = 523-879 

trnF gene = 880-907 

tRNA = 880-907 

ACTAAGTGAGAACTTTCAAATTCAGAGAAACCCCGGAATTAATAAAA

ATGGGCAATCCTGAGCCAAATCCTATTTTCAAAAAAAAAACAAATGCC

CAGAAGGTGAAAAAGGATAGGTGCAGAGACTCAATGGAAGCTGTTCT

AACAAATGGAATTGACTGTGTTGCATTGGTAGAGGAATCCTTCCATTG

AAACTTCCGAAAAGATAAAGGATATACGTATATACATACGTACTGAA

ATACTCTATCAAATGATTAATGACGACCTTAATCTGTATTTTTCTATGA

AAAGGGGAAAAATTGTTGTGAATCGATTCCAGATTTAAGAAATAATCG

AATATTCATTGATCAAAGCATTCACCCACACAGTCTGATAGTTCTTTTG

CAGAACTAATTAATCGGACGAGAATAAAGATAGAGTCCCGTTCTACAT

GTCAATACCGGCAACAATGAAATTTATAGTAAGAGGAAAATCCGTTG

ACTTTAAAAATCGTGAGGGTTCAAGTCCCTCTATCCCCAAAAAGCCCA

TTTGACTCCTTAACGATTCACTTTTTATCTTATCTTTTTTTTTTTCGTTAG

TAGTTCAAAATTCGTTATCTTTCTTATTCACCCTACTCTTTTACAAAGG

GATCCGAGATAAAAATTTGTCTCTTATGACAAGTCTTGTGATATATGA

TACATGTACAAATGACCGTCTTTAACCAAGGACTCCCCATTTGAACGA

GTCACGGTCAATATCATTATTCATATTATTCATACTGAAACTGACAAA

GTCTTCCTTTTTTGAAGATCCAAGAAATTCTAGCACCTAGATAAGAATT

TGTAATACCCTTTGCATTGACATCGACCTAAGTTATCTAGTAAAATGA

GGATGCGGTATCGGGAATGAGAATGGTCGGGATAGCTCAG 
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6. Chlorotype 6 (CP6) 

Total length= 907 

trnL gene= 1-522 

trnL tRNA = 467-522 

trnL-F intergenic spacer = 523-879 

trnF gene = 880-907 

tRNA = 880-907 

ACTAAGTGAGAACTTTCAAATTCAGAGAAACCCCGGAATTAATAAAA

ATGGGCAATCCTGAGCCAAATCCTATTTTCAAAAAAAAAACAAATGCC

CAGAAGGTGAAAAAGGATAGGTGCAGAGACTCAATGGAAGCTGTTCT

AACAAATGGAATTGACTGTGTTGCATTGGTAGAGGAATCCTTCCATTG

AAACTTCCGAAAAGATAAAGGATATACGTATATACATACGTACTGAA

ATACTCTATCAAATGATTAATGACGACCTTAATCTGTATTTTTCTATGA

AAAGGGGAAAAATTGTTGTGAATCGATTCCAGATTTAAGAAATAATCG

AATATTCATTGATCAAAGCATTCACCCACACAGTCTGATAGTTCTTTTG

CAGAACTAATTAATCGGACGAGAATAAAGATAGAGTCCCGTTCTACAT

GTCAATACCGGCAACAATGAAATTTATAGTAAGAGGAAAATCCGTTG

ACTTTAAAAATCGTGAGGGTTCAAGTCCCTCTATCCCCAAAAAGCCCA

TTTGACTCCTTAACGATTCACTTTTTATCTTATCTTTTTTTTTTTCGTTAG

TAGTTCAAAATTCGTTATCTTTCTTATTCACCCTACTCTTTTACAAAGG

GATCCGAGATAAAAATTTGTCTCTTATGACAAGTCTTGTGATATATGA

TACATGTACAAATGACCGTCTTTAACCAAGGACTCCCCATTTGAACGA

GTCACGGTCAATATCATTATTCATATTATTCATACTGAAACTGACAAA

GTCTTCCTTTTTTGAAGATCCAAGAAATTCTAGCACCTAGATAAGAATT

TGTAATACCCTTTGCATTGACATCGACCTAAGTTATCTAGTAAAATGA

GGATGCGGTATCGGGAATGAGAATGGTCGGGATAGCTCAG 
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Appendix- 4 

Chloroplast trnQ-rps16 intergenic spacer, partial DNA sequence of different 

chlorotypes 

1. Chlorotype 1 (CP1) 

Total length= 883 

trnQ-rps16 intergenic spacer, partial sequence =  1-883 

 

GAGACATTATATCAGAGTCAAAGTTTATTTTGAAAGTAACGTTATGAAAA 

AATTCCTAATTATTTGAGAGAATGTCATTCTAGTTTCTTTTAGAATTTTG 

AATGATTCTTTTATGAATCATATCTTTGTTTTTCACAACATACAGATATT 

ACTAAATAGATTTGTTTGTGATCAAGATATGATGGTAACATAGGTCACAC 

CCTAGTTGAATTCAACTAATTAAAAAAGAAAGTATGGCGGATTTTTCATC 

ATACGTTCATTCCCTTCATAGTGAAGGGGTTTAGAGCTACTTAATTTGAA 

GAAAAAACCTTACGTCTCATATCTTTTTGAATTTTCAACGATACGTTTTA 

TTTTTAATTACACTAAGAAAGAGCACTTCTTTCCTATATCTTATTCTTTA 

TCCATTCAAATTAAACGTCAAAAAATGGGTAGCCAAATTATTAGGATCT 

CTTTATTCTAAACAAGAGGGGGGTTATTACATTCAATTAATGGGGATTAA 

GTCTCTTAAGACAAGACTGGGTTTGGGTAAACTAAAAAATTAGGAGCAAG 

CGCCTAATTTGGACTTGTTTGTCTTTGTCCCTAGAGAGTATCCTTTCCCC 

AAAAGGGATCCTTTTTTGTTTTTGTTCTAATTAAGCATTCCCAGAGAGTC 

GTGGGATAGATAGTTCTTAATTAGGAACAGTAATAGGAGGTCTTCATTTA 

AATATGTATATCTGTGTATGTCCGAATCTCATTAATAACGAATCAAGTTA 

CATATGTAACGGATCCATAATAAAGACTGTAGTTCAGTCTATCTGATAGG 

TACGAAAAACCCCTAATTCGTTCATAATATCTTATTAAGAAAATTCGAAT 

CGAAAGAACAAGTACTTAAATATTCTCTTTGATC 
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2. Chlorotype 2 (CP2) 

Total length= 883 

trnQ-rps16 intergenic spacer, partial sequence =  1-883 

 

GAGACATTATATCAGAGTCAAAGTTTATTTTGAAAGTAACGTTATGAAAA 

AATTCCTAATTATTTGAGAGAATGTCATTCTAGTTTCTTTTAGAATTTTG 

AATGATTCTTTTATGAATCATATCTTTGTTTTTCACAACATACAGATATT 

ACTAAATAGATTTGTTTGTGATCAAGATATGATGGTAACATAGGTCACAC 

CCTAGTTGAATTCAACTAATTAAAAAAGAAAGTATGGCGGATTTTTCATC 

ATACGTTCATTCCCTTCATAGTGAAGGGGTTTAGAGCTACTTAATTTGAA 

GAAAAAACCTTACGTCTCATATCTTTTTGAATTTTCAACGATACGTTTTA 

TTTTTAATTACACTAAGAAAGAGCACTTCTTTCCTATATCTTATTCTTTA 

TCCATTCAAATTAAACGTCAAAAAATGGGTAGCCAAATTATTAGGATCT 

CTTTATTCTAAACAAGAGGGGGGTTATTACATTCAATTAATGGGGATTAA 

GTCTCTTAAGACAAGACTGGGTTTGGGTAAACTAAAAAATTAGGAGCAAG 

CGCCTAATTTGGACTTGTTTGTCTTTGTCCCTAGAGAGTATCCTTTCCCC 

AAAAGGGATCCTTTTTTGTTTTTGTTCTAATTAAGCATTCCCAGAGAGTC 

GTGGGATAGATAGTTCTTAATTAGGAACAGTAATAGGAGGTCTTCATTTA 

AATATGTATATCTGTGTATGTCCGAATCTCATTAATAACGAATCAAGTTA 

CATATGTAACGGATCCATAATAAAGACTGTAGTTCAGTCTATCTGATAGG 

TACGAAAAACCCCTAATTCGTTCATAATATCTTATTAAGAAAATTCGAAT 

CGAAAGAACAAGTACTTAAATATTCTCTTTGATC 
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3. Chlorotype 3 (CP3) 

Total length= 883 

trnQ-rps16 intergenic spacer, partial sequence =  1-883 

 

GAGACATTATATCAGAGTCAAAGTTTATTTTGAAAGTAACGTTATGAAAA 

AATTCCTAATTATTTGAGAGAATGTCATTCTAGTTTCTTTTAGAATTTTG 

AATGATTCTTTTATGAATCATATCTTTGTTTTTCACAACATACAGATATT 

ACTAAATAGATTTGTTTGTGATCAAGATATGATGGTAACATAGGTCACAC 

CCTAGTTGAATTCAACTAATTAAAAAAGAAAGTATGGCGGATTTTTCATC 

ATACGTTCATTCCCTTCATAGTGAAGGGGTTTAGAGCTACTTAATTTGAA 

GAAAAAACCTTACGTCTCATATCTTTTTGAATTTTCAACGATACGTTTTA 

TTTTTAATTACACTAAGAAAGAGCACTTCTTTCCTATATCTTATTCTTTA 

TCCATTCAAATTAAACGTCAAAAAATGGGTAGCCAAATTATTAGGATCT 

CTTTATTCTAAACAAGAGGGGGGTTATTACATTCAATTAATGGGGATTAA 

GTCTCTTAAGACAAGACTGGGTTTGGGTAAACTAAAAAATTAGGAGCAAG 

CGCCTAATTTGGACTTGTTTGTCTTTGTCCCTAGAGAGTATCCTTTCCCC 

AAAAGGGATCCTTTTTTGTTTTTGTTCTAATTAAGCATTCCCAGAGAGTC 

GTGGGATAGATAGTTCTTAATTAGGAACAGTAATAGGAGGTCTTCATTTA 

AATATGTATATCTGTGTATGTCCGAATCTCATTAATAACGAATCAAGTTA 

CATATGTAACGGATCCATAATAAAGACTGTAGTTCAGTCTATCTGATAGG 

TACGAAAAACCCCTAATTCGTTCATAATATCTTATTAAGAAAATTCGAAT 

CGAAAGAACAAGTACTTAAATATTCTCTTTGATC 
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4. Chlorotype 4 (CP4) 

Total length= 883 

trnQ-rps16 intergenic spacer, partial sequence =  1-883 

 

GAGACATTATATCAGAGTCAAAGTTTATTTTGAAAGTAACGTTATGAAAA 

AATTCCTAATTATTTGAGAGAATGTCATTCTAGTTTCTTTTAGAATTTTG 

AATGATTCTTTTATGAATCATATCTTTGTTTTTCACAACATACAGATATT 

ACTAAATAGATTTGTTTGTGATCAAGATATGATGGTAACATAGGTCACAC 

CCTAGTTGAATTCAACTAATTAAAAAAGAAAGTATGGCGGATTTTTCATC 

ATACGTTCATTCACTTCATAGTGAAGGGGTTTAGAGCTACTTAATTTGAA 

GAAAAAACCTTACGTCTCATATCTTTTTGAATTTTCAACGATACGTTTTA 

TTTTTAATTACACTAAGAAAGAGCACTTCTTTCCTATATCTTATTCTTTA 

TCCATTCAAATTAAACGTCAAAAAATGGGGTAGCCAAATTATTAGGATCT 

CTTTATTCTAAACAAGAGGGGGGTTATTACATTCAATTAATGGGATTAA 

GTCTCTTAAGACAAGACTGGGTTTGGGTAAACTAAAAAATTAGGAGCAAG 

CGCCTAATTTGGACTTGTTTGTCTTTGTCCCTAGAGAGTATCCTTTCCCC 

AAAAGGGATCCTTTTTTGTTTTTGTTCTAATTAAGCATTCCCAGAGAGTC 

GTGGGATAGATAGTTCTTAATTAGGAACAGTAATAGGAGGTCTTCATTTA 

AATATGTATATATGTGTATGTCCGAATCTCATTAATAACGAATCAAGTTA 

CATATGTAACGGATCCATAATAAAGACTGTAGTTCAGTCTATCTGATAGG 

TACGAAAAACCCCTAATTCGTTCATAATATCTTATTAAGAAAATTCGAAT 

CGAAAGAACAAGTACTTAAATATTCTCTTTGATC 
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5. Chlorotype 5 (CP5) 

Total length= 883 

trnQ-rps16 intergenic spacer, partial sequence =  1-883 

 

GAGACATTATATCAGAGTCAAAGTTTATTTTGAAAGTAACGTTATGAAAA 

AATTCCTAATTATTTGAGAGAATGTCATTCTAGTTTCTTTTAGAATTTTG 

AATGATTCTTTTATGAATCATATCTTTGTTTTTCACAACATACAGATATT 

ACTAAATAGATTTGTTTGTGATCAAGATATGATGGTAACATAGGTCACAC 

CCTAGTTGAATTCAACTAATTAAAAAAGAAAGTATGGCGGATTTTTCATC 

ATACGTTCATTCACTTCATAGTGAAGGGGTTTAGAGCTACTTAATTTGAA 

GAAAAAACCTTACGTCTCATATCTTTTTGAATTTTCAACGATACGTTTTA 

TTTTTAATTACACTAAGAAAGAGCACTTCTTTCCTATATCTTATTCTTTA 

TCCATTCAAATTAAACGTCAAAAAATGGGGTAGCCAAATTATTAGGATCT 

CTTTATTCTAAACAAGAGGGGGGTTATTACATTCAATTAATGGGATTAA 

GTCTCTTAAGACAAGACTGGGTTTGGGTAAACTAAAAAATTAGGAGCAAG 

CGCCTAATTTGGACTTGTTTGTCTTTGTCCCTAGAGAGTATCCTTTCCCC 

AAAAGGGATCCTTTTTTGTTTTTGTTCTAATTAAGCATTCCCAGAGAGTC 

GTGGGATAGATAGTTCTTAATTAGGAACAGTAATAGGAGGTCTTCATTTA 

AATATGTATATATGTGTATGTCCGAATCTCATTAATAACGAATCAAGTTA 

CATATGTAACGGATCCATAATAAAGACTGTAGTTCAGTCTATCTGATAGG 

TACGAAAAACCCCTAATTCGTTCATAATATCTTATTAAGAAAATTCGAAT 

CGAAAGAACAAGTACTTAAATATTCTCTTTGATC 
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6. Chlorotype 6 (CP6) 

Total length= 883 

trnQ-rps16 intergenic spacer, partial sequence =  1-883 

 

GAGACATTATATCAGAGTCAAAGTTTATTTTGAAAGTAACGTTATGAAAA 

AATTCCTAATTATTTGAGAGAATGTCATTCTAGTTTCTTTTAGAATTTTG 

AATGATTCTTTTATGAATCATATCTTTGTTTTTCACAACATACAGATATT 

ACTAAATAGATTTGTTTGTGATCAAGATATGATGGTAACATAGGTCACAC 

CCTAGTTGAATTCAACTAATTAAAAAAGAAAGTATGGCGGATTTTTCATC 

ATACGTTCATTCCCTTCATAGTGAAGGGGTTTAGAGCTACTTAATTTGAA 

GAAAAAACCTTACGTCTCATATCTTTTTGAATTTTCAACGATACGTTTTA 

TTTTTAATTACACTAAGAAAGAGCACTTCTTTCCTATATCTTATTCTTTA 

TCCATTCAAATTAAACGTCAAAAAATGGGTAGCCAAATTATTAGGATCT 

CTTTATTCTAAACAAGAGGGGGGTTATTACATTCAATTAATGGGGATTAA 

GTCTCTTAAGACAAGACTGGGTTTGGGTAAACTAAAAAATTAGGAGCAAG 

CGCCTAATTTGGACTTGTTTGTCTTTGTCCCTAGAGAGTATCCTTTCCCC 

AAAAGGGATCCTTTTTTGTTTTTGTTCTAATTAAGCATTCCCAGAGAGTC 

GTGGGATAGATAGTTCTTAATTAGGAACAGTAATAGGAGGTCTTCATTTA 

AATATGTATATCTGTGTATGTCCGAATCTCATTAATAACGAATCAAGTTA 

CATATGTAACGGATCCATAATAAAGACTGTAGTTCAGTCTATCTGATAGG 

TACGAAAAACCCCTAATTCGTTCATAATATCTTATTAAGAAAATTCGAAT 

CGAAAGAACAAGTACTTAAATATTCTCTTTGATC 
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Appendix- 5 

Internal Transcribed Spacer (ITS) DNA sequence variation between two 

chloroplast lineages 

 

1. Lineage 1 

Total length=686 

18s rRNA gene, partial sequence= 1-39 

ITS1= 40-255 

5.8s rRNA gene= 256-418 

ITS2= 419-641 

28s rRNA gene, partial sequence= 642-686 

 

AACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTGTCGAATCCTGC 

GATAGCAGAACGACCCGCTAACTCGTAAAAACATCGGGCAAGCTCACGGG 

GATTCCGTCCCCTGTTGGCGAACCCTCGGTAGGTGGTCGCCCTTCGGTGG 

CCACCGGCCCACGAAATCATCCGGGCGCGGCATGCGCCAAGGAAATTAAA 

ACTGAATTGATGACCGCTTCCCGTTAGCCGGGTAGTGGCGTCATTCTAAA 

ACACAAACGACTCTCGACAACGGATATCTCGGCTCTCGCATCGATGAAGA 

ACGTAGCGAAATGCGATACTTGGTGTGAATTGCAGAATCCCGTGAACCAT 

CGAGTCTTTGAACGCAAGTTGCGCCCGAAGCCATTAGGCCGAGGGCACGT 

CTGCCTGGGTGTCACGCATCGTGTTGCCCCCAAACACTCACTCCTTCTGG 

AAATGTTTCGTTTTTGGGGGCGGAAATTGGCCTCCCGTGCCTTTTGGTGC 

GGTTGGCACAAAAGTGAGTCTCCGGCGACGGACGTCGCGACATCGGTGGT 

TGTAAAAAGACCTTCTTGTCTTGTCGCGCGAATCCCTGTCACCTTAGCGA 

GCTCCAGGATCCTTAGGCGCCACATGTTGTGTGCGCTCCGAATGTGACCC 

CAGGTCAGGCGGGACTACCCGCTGAGTTTAAGCATA 
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2. Lineage 2 

Total length=686 

18s rRNA gene, partial sequence= 1-39 

ITS1= 40-255 

5.8s rRNA gene= 256-418 

ITS2= 419-641 

28s rRNA gene, partial sequence= 642-686 

 

AACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTGTCGAATCCTGC 

GATAGCAGAACGACCCGCTAACTCGTAAAAACATCGGGCAAGCTCACGGG 

GATTCCGTCCCCTGTTGGCGAACCCTCGGTAGGTGGTCGCCCTTCGGTGG 

CCACCGGCCCACGAAATCATCCGGGCGCGGCATGCGCCAAGGAAATTAAA 

ACTGAATTGATGACCGCTTCCCGTTAGCCGGGTAGTGGCGTCATTCTAAA 

ACACAAACGACTCTCGACAACGGATATCTCGGCTCTCGCATCGATGAAGA 

ACGTAGCGAAATGCGATACTTGGTGTGAATTGCAGAATCCCGTGAACCAT 

CGAGTCTTTGAACGCAAGTTGCGCCCGAAGCCATTAGGCCGAGGGCACGT 

CTGCCTGGGTGTCACGCATCGTGTTGCCCCCAAACACTCACTCCTTCTGG 

AAATGTTTCGTTTTTGGGGGCGGAAATTGGCCTCCCGTGCCTTTTGGTGC 

GGTTGGCACAAATGTGAGTCTCCGGCGACGGACGTCGCGACATCGGTGGT 

TGTAAAAAGACCTTCTTGTCTTGTCGCGCGAATCCCTGTCACCTTAGCGA 

GCTCCAGGATCCTTAGGCGCCACATGTTGTGTGCGCTCCGAATGTGACCC 

CAGGTCAGGCGGGACTACCCGCTGAGTTTAAGCATA 

 

 




