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Microstegium vimineum (Trin.) A. Camus (stiltgrass) is considered among
the most invasive plants in the eastern United States. There has been
considerable study of this species’ ecology and management though far less
attention has been paid to its molecular ecology and the evolutionary processes
which may influence its invasion success. Here, | describe a newly developed
molecular marker system (microsatellite) which | used to examine M. vimineum’s
genetic population structure and diversity in both its native and introduced
ranges. | found clear signals that M. vimineum’s mating system is the most
important determinant of the species’ population structure and variability. The
invasive range had lower genetic diversity overall, probably due to founder
effects. Also, population and regional genetic differentiation appeared to be ‘in
process’ in the invasive range. Furthermore, M. vimineum’s mixed
cleistogamous/chasmogamous mating system allowed for the near fixation of

microsatellite genotypes in a given population by high rates of selfing, while still



permitting the persistence of allelic diversity and generation of new genotypes at
low frequency via occasional outcrossing. Thus, this mating system may confer
adaptive advantage to the species as it settles upon fit genotypes in a given area
while retaining evolutionary potential for range expansion into new habitats. | also
attempted to discern adaptively significant phenotypes in M. vimineum through
the measurement of phenological variation of plants originating from across the
species’ invasive range under manipulated light treatments. Flowering time and
biomass were both strongly correlated with the latitude of population origin such
that populations collected from more northern latitudes flowered significantly
earlier at lower biomass than populations from southern locations. This pattern
suggests rapid adaptive evolution of phenology over a period of less than one
hundred years, and such changes have likely promoted the northward range
expansion of this species. Interestingly, barriers to gene flow, including
bottlenecks and inbreeding, have apparently not forestalled adaptive processes
for this plant. Based on literature review and these new data, | hypothesize that
adaptive evolution of phenological traits may be widespread in many invasive

plant species and an essential process during range expansion.
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Chapter 1

An overview of the invasive grass Microstegium vimineum, with focus on

distribution, physiology, ecology, management, and evolution

Abstract

A brief introduction to the distribution and physiology of Microstegium
vimineum is followed by a review of ecological and evolutionary studies of the
species. Special attention is given to relevant literature regarding phenological
evolution and population genetics of the species. Microstegium vimineum is an
invasive grass, native to eastern, southeastern and southern Asia. It has become
a problematic invasive plant in disturbed habitats and forest understories in
eastern North America, where it can outcompete native species and interfere
with forest regeneration. To date, there has been extensive research into the
ecology of M. vimineum, but little attention has been paid to relevant evolutionary
processes that may be important to the species’ invasion success. Even less
attention has been given to molecular study of the species, with only one study
examining population genetic structure of the species in a single watershed in

Virginia.



Distribution and Physiology

Microstegium vimineum (Trin.) A. Camus is considered among the most
invasive plants in the United States, with a wide distribution along the east and
gulf coasts, as well as in the Midwest (USDA and NRCS 2008). It goes by
several common names including, Japanese Stiltgrass, Stiltgrass, or Nepali
Browntop. The species is an annual and native to Asia (China, Taiwan, Bhutan,
India, Japan, Korea, Myanmar, Nepal, the Philippines, Russia, and Iran) (Chen
and Phillips 2008), but has naturalized in North America and Turkey (USDA and
NRCS 2008, Scholz and Byfield 2000; see Fig. 1.1). A member of the family
Poaceae, subfamily Panicoiedeae, it is classified within the tribe Andropogoneae
(Mathews et al. 2002). The genus Microstegium is characterized by paired
spikelets, rambling culms, lanceolate leaf blades, sparsely hairy spikelets, with
the lower glume concave to grooved along the median line. The species is
distinguished from its congeners by the presence of a lower glume with

transverse veinlets below the apex (Chen and Phillips 2008).

In North America, M. vimineum is sometimes confused with Leersia
virginica during the vegetative growth phase, but it should be distinguishable by
the presence of glabrous nodes and fibrous, non-rhizomatous, roots (Mehrhoff
2000). The first North American recording was in Knoxville, TN in 1919. By
1933, it was found in North Carolina and by 1972, was found from Florida to New
Jersey, and westward to Ohio and Mississippi (Fairbrothers and Gray 1972). It is
currently found and considered invasive as far north as Massachusetts (Mehrhoff

2000), as far west as Texas and Missouri, and as far south as Puerto Rico (see



Fig. 1.2). It is generally considered invasive in more than 20 U.S. states (USDA

and NRCS 2005).

Microstegium vimineum is officially listed as a noxious weed in Alabama,
Connecticut and Massachusetts, an invasive exotic in Tennessee (USDA, 2008),
and is considered a serious threat to the integrity of natural areas in lllinois
(lllinois Department of Energy and Natural Resources 1994). It has also been
implicated in the alteration of forest fire regimes, with potential consequences for

forest management (Luke Flory, personal communication).

Microstegium vimineum has two kinds of flowers that are produced in the
late summer and early fall: chasmogamous flowers, borne on spikes that are
terminal on the culm, and cleistogamous flowers, borne on spikes contained
within the leaf sheaths of the upper two or three culm segments (Cheplick 2007;
Chen and Phillips 2008; see Figs. 1.3-1.5). Chasmogamous flowers are capable
of both self-pollination and cross-pollination from neighboring plants via wind
since stigmas and anthers are exposed to the air at maturity. Cleistogamous
flowers are enclosed by the leaf sheath in which they are contained and are thus
fully self-pollinated due to the fact that the pollen is blocked from entering or

leaving the flowers.

Although, M. vimineum exhibits a C, photosynthetic syndrome, it is
nonetheless well adapted to the shaded conditions of the forest understory.
Hortin and Neufeld (1998) found that M. vimineum possesses low dark

respiration rates and low light compensation points, allowing maintenance of a



positive carbon balance during long periods of low light. They also found that
when grown in high light, the plant was able to acclimate photosynthetically,
while maintaining the shade tolerant attributes of low dark respiration rates, rapid
stomatal movements in variable light, and low light compensation points. They
hypothesized that its competitive superiority as an invader may stem from its
ability to behave as a shade tolerant species, while maintaining the metabolism

to increase carbon gains during sunflecks.

The species flowers during short days. Judge (2006) placed seeds from
populations collected at three different latitudes of the invasive range into growth
chambers, simulating short- (9 hour photoperiod) and long- (9 hour photoperiod
with three hour light interruption of the dark period) daylight regimes. Regardless
of temperature and growth stage, all plants flowered under short day conditions,
while no plants flowered under long days, indicating that M. vimineum is an
obligate short day plant. However, Bernier (1988) noted that flower production of
short-day plants, in general, can also occur under long days, due to poor fertility,
high irradiance, low temperature, root removal, or application of cytokinin.
Though Judge (2006) did not examine the exact critical daylength period required
to induce M. vimineum flowering, she noted that in North Carolina, the first
inflorescences are visible in natural populations around the last week of
September or the first week of October. This would suggest a critical photoperiod
of around 12 hours, at least in North Carolina. Although Judge’s three seed
origins responded similarly to environmental cues for flowering, the fact that the

experiments were run only at a 9 hour photoperiod may have masked ecotype



differences between populations. Judge (2006) further noted that differences
among populations may become evident as day length approaches the critical

flowering daylength.

Ecology, Competition and Evolution

Microstegium vimineum can colonize floodplains, streambanks, riparian
slopes, roadsides, field margins, turf grass and other frequently disturbed
habitats. Barden (1987) noted that in North Carolina, the plant was slow to
invade undisturbed vegetation, but that it rapidly invaded disturbed, mesic,
shaded floodplain areas such as scour prone locations and rights-of-way that are
mowed. In Maryland and Washington D.C., Redman (1995) also found that M.
vimineum invaded mesic and floodplain woodlands, and additionally listed
shaded roadbanks, firetrails and logging roads as primary habitats. Secondary
habitats included utility rights-of-way, thickets, and ditches. Microstegium
vimineum is a successful competitor, capable of outcompeting native species in
both disturbed and minimally disturbed habitats (Cole and Weltzin 2004; Belote
and Weltzin 2006; Oswalt et al. 2007; Judge, Neal and Shear 2008), where it can
then form dense monocultures (Barden 1987). Touchette and Romanello (2010)
found that M. vimineum’s capacity to tolerate a range of soil moisture conditions,
including the ability to maintain stable water relations during flooding and
waterlogging, may facilitate the species’ invasion of mesic habitats and disturbed

systems.



There is evidence of a persistent seed bank. Barden (1987) determined
that seeds remained viable for at least three years in a North Carolina floodplain.
Gibson et al. (2002) noted that density of seedlings in the spring was greater
than could be accounted for by the seed rain the preceding fall, indicating
carryover from previous years, and noted that late season drought and other soil
moisture considerations may influence seed production heavily. Seeds respond
to cold stratification and, when stratified, germinate at a rate greater than 95%
(Judge 2006), although there are anecdotal accounts that cold stratification is
clearly not necessary to obtain germination rates greater than 90% (e.g., Luke
Flory, personal communication; author’s own observations). Schramm and
Ehrenfeld (2010) found that understory shrub shade reduced both survival and
seed set. They also found that seeds germinating above the litter layer
experience higher mortality than those below, and hypothesized that the loss of
shrub layer due to intense deer browse and other factors may accelerate the

spread of M. vimineum.

Heubner (2010) observed colonization rates in a West Virginia forest. She
found that most seeds did not move far from the mother plant but that plants
were occasionally established up to 45 m from the maternal source. Since there
was no clear pattern to the direction of this longer dispersal, she concluded that
soil, water and animals are potential vectors. Average radial migration rates of
stands were between 0.16 and 0.50 m per year. Forest interiors were estimated
to be saturated with the plant in 10 to 59 years. The author posited that her

results suggest accelerating spread rates in mesic forests, tempered by reduced



rates in drier and shadier areas, possibly as a result of decreased fitness in these

environments.

Cheplick (2005) examined biomass partitioning and resource allocation by
collecting seed families (i.e., seeds all collected from a single mother plant) from
shady and sunny habitats in central New Jersey. For seeds germinated and
grown in the greenhouse, tillers from shaded populations showed greater
allocation to leaves but reduced allocation to seeds (from both cleistogamous
and chasmogamous flowers), relative to plants from sunny populations,
suggesting adaptive differentiation to light conditions in invasive habitats on a
sub-population scale. Maternal family had significant effects on chasmogamous
flower allocation and mean mass of all seeds. For mature plants harvested from
the field, chasmogamous and cleistogamous allocations averaged 16% and 11%,
respectively, in sunny habitat and 6% and 7% in shady habitat. There was no
evidence of trade-off in allocation between the two flower types in greenhouse
grown or in field collected plants, but after controlling for tiller size, the total mass
of cleistogamous spikelets and seed production was significantly greater than
chasmogamous production in plants from sunny habitats (0.0449 and 0.0199 for
cleistogamous and chasmogamous allocation metrics, respectively). Gibson et
al. (2002) found that in an old field succession site, dominated by secondary oak-
hickory to early successional woody species, 62% of all seed production was
cleistogamous. Cheplick (2005) concluded that M. vimineum’s ability to grow and
allocate limited resources to seed production under deep shade conditions is

crucial to the species’ success as an invasive in disturbed forests, and noted that



the species may have arrived in its invasive range with this growth characteristic
(i.e., preadapted). He, along with Gibson et al. (2002), also noted that
chasmogamous reproduction, which allows outcrossing, occurred more in sunny
habitats, whereas cleistogamous reproduction, which results in inbreeding, was

favored under shaded conditions.

Cheplick (2006) further examined the modular aspects of plant growth on
biomass allocation in M. vimineum. Working with populations from central New
Jersey, he found that for vegetative and subterminal phytomers (i.e., whole plant
modules [node to node in grasses], as opposed to comparisons between seeds
or flowers), allocation was greatest to leaves and chasmogamous production in
seed families from deep shade. For example, allocation to leaves was 31% in
plants from shaded habitats vs. 26% in plants from sunny habitats, for vegetative
phytomers. Allocation to chasmogamous spikelets was 18% in plants from shady
habitats and 31% in plants from sunny habitats. Cleistogamous allocation
decreased from terminal phytomers to subterminal phytomers, from 35% to 25%
for plants from shady and sunny habitats, respectively. Both cleistogamous and
chasmogamous seeds and flowers were positively correlated with leaf mass,
suggesting that reproductive capacity is determined by available photosynthate.
Cheplick (2006) concluded that a predominantly self-pollinating system, coupled
with an annual life cycle, may be an especially favorable combination for M.
vimineum. Moreover, the ability of the plant to adjust its modular allocation
(including cleistogamous and chasmogamous inflorescences), in response to

light conditions, via usage of distinct phytomers, maximizes its reproductive



fitness. Cheplick (2007) also found that M. vimineum biomass allocation to
cleistogamous reproduction was over twice that of allocation to chasmogamous
reproduction in edge habitats, but only 15% higher in shaded habitats, though the
largest plants in the most resource-rich environments preferentially allocated
more biomass to chasmogamy relative to cleistogamy, suggesting that

chasmogamy is a plastically opportunistic mode of reproduction for this species.

To further examine the familial origin of growth trajectory and to determine
whether reproduction mass scales with vegetative size, Cheplick (2008) planted
seeds from 20 families (10 from each of two microsites: deep shade and sunny
edge) in the greenhouse. Shoot dry mass was significantly related to microsite
over time. Since the deviation in growth between microsite families took place
primarily during the last two months of growth, Cheplick (2008) posited that late
season growth increase enabled plants to maximize reproduction when light
increased following canopy leaf senescence. Tiller number variation was
significant at both the microsite and family levels (e.g., number of tillers averaged
12.08 and 13.78 for interior and edge microsites, respectively), potentially
indicating both plastic and genetic control of this trait. Reproductive and
vegetative mass per tiller were correlated for both microsites, suggesting that
selection may favor larger tillers to increase seed output. In conclusion, Cheplick
(2008) recommended both molecular and quantitative genetic investigations of
variation within and among populations over a broad geographical area to
provide a fuller picture of M. vimineum evolutionary processes in the invasive

range.
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Cheplick and Fox (2011) planted seedlings of M. vimineum at varying
densities in greenhouse pots and exposed them to shaded and sunny conditions.
Under shaded conditions, they found no density-dependent effects for
reproduction, even though final shoot mass was significantly affected by both
density and light treatments. Density yield curves for the sunny treatment
revealed that solitary individuals could produce the same biomass as a group of
competing individuals at higher densities. They suggested that M. vimineum’s
success in woodlands may be due to a large range of density tolerances and an
ability to set seed under shady conditions, even when densities are high. They
further noted that the large size, with accompanying greater reproductive
capacity, of plants in open, sunny areas (often found along roadsides and
ditches) provided a major source of propagules able to colonize, following

dispersal.

Ecosystem impacts of M. vimineum are numerous. For example, Oswalt et
al. (2007) hypothesized that M. vimineum competes with regeneration of native
woody plants. In a post-disturbance Tennessee forest understory, they
determined that total native woody species stems per hectare declined with
increasing M. vimineum cover (p < 0.001, r* = 0.80), as did simple species
richness of native woody species (p = 0.0023, r? = 0.47). Ehrenfeld et al. (2001)
found that M. vimineum invasion increased soil pH values and nitrogen
mineralization rates in northern New Jersey. These effects on soils were
consistent under natural (adjacent to the common understory species Vaccinium

pallidum) and controlled (in a greenhouse in previously non-invaded soil)
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conditions. Baiser et al. (2008) found that the species altered forest food webs in
New Jersey forests during the period of 1980-2005, specifically via reduction of
breeding woodland birds, due to the plant invasion’s alteration of sub-canopy
community structure. Interestingly, this food web effect resulted from an
interaction with white-tailed deer (Odocoileus virginianus) after predator release
led to deer overbrowsing and thus habitat creation for M. vimineum. Eschtruth
and Battles (2009) also found evidence of deer accelerating M. vimineum
invasion and Nuzzo et al. (2009) found evidence that exotic earthworms (of
various genera) facilitate M. vimineum invasion. Simao et al. (2010) recorded
arthropod decreases of 39% in abundance and 19% in species richness from
experimentally introduced M. vimineum plots. Finally, Baurer and Flory (2011)
found that M. vimineum suppressed the native herb Senna hebecarpa, but found
no evidence that the suppression effect was mediated by plant-soil interactions,
thereby implicating direct competition effects, as opposed to indirect effects on
soil nutrition via alteration of soil microbial communities, as contributing to M.

vimineum'’s success in this case.

In order to study the effect of light availability on competition in M.
vimineum, Flory et al. (2007) planted pots with 95% M. vimineum and 5%
Dichanthelium clandestinum seeds under a range of natural canopy shade levels
in Indiana. They found that even with the unequal initial seed mix, D.
clandestinum dominated under high light conditions, while M. vimineum
dominated under low light conditions. In addition, they also planted their

Microstegium/Dichanthelium seed mixture in pots with tillers of native graminoids.
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They found that the invasion treatment decreased overall biomass of the resident
community under partial shade treatment but not under full sun or full shade

treatments.

Flory and Clay (2010) established 32 experimental plots in a bottomland,
semi-shaded, hardwood forest field site where they planted with 12 native
species, and then added M. vimineum seed, in an effort to determine the direct
impact of invasion on native communities. These plots were monitored for
species composition for two years and biomass for three years. Invasion reduced
native biomass by 46, 64 and 58%, respectively, over three growing seasons, but
resulted in higher total community biomass in two out of three years. After the
second year of invasion, plots had 43% lower species richness and 38% lower
Shannon diversity. Native species did not gain competitive dominance after
multiple growing seasons, even though their plots were open to recruitment of
many nearby species. They also found that native plants were more strongly

suppressed in densely invaded areas.

A leading hypothesis to explain species invasions suggests that invasive
species evolve following their introduction. The Evolution of Increased
Competitive Ability (EICA) hypothesis posits that invasiveness of non-indigenous
plants is a result of shifts in biomass allocation patterns. In the absence of
herbivores, selection favors genotypes with improved competitive abilities and
reduced resource allocation to herbivore defense (Blossey and Notzold 1995). In
other words, since these species leave their herbivorous enemies behind and no

longer need to defend themselves, they can rapidly evolve greater competitive
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traits such as faster growth rates utilizing metabolic resources no longer needed
for defense. Flory et al. (2011a) showed that plants from the invasive range of M.
vimineum grew larger under common garden conditions than those from China.
They found that introduced populations had higher biomass, despite lower
allocation to leaves, suggesting greater photosynthetic efficiency. They
concluded that their results are consistent with the EICA hypothesis. However, it
should be noted that no one is entirely sure how many times M. vimineum
entered North America or from precisely whence. It remains entirely possible that
differences observed between plants from the invasive and native ranges may
reflect phenotypic variation already extant within the native range, rather than

having evolved in North America, post introduction.

Recognizing that studies conducted under a limited set of environmental
conditions may show inconsistent results if native and introduced populations are
differentially adapted to specific conditions, Flory et al. (2011b) studied origin x
environment interactions by planting seedlings from 10 native and 10 invasive M.
vimineum populations in 22 common garden experiments in Indiana. The
common garden plots were specifically chosen to represent a range of habitats,
including mowed fields, shaded bottomland forests, dry forested ridge tops,
stream banks, and forest edges. On average, North American M. vimineum
produced 46% greater biomass and had 7.4% higher survival than Asian plants.

There was no evidence of greater plasticity based on seed origin.

Droste et al. (2010) exposed seven invasive M. vimineum populations to

drought stress in a growth chamber and then chose the two most divergent
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populations for growth in the greenhouse, under both drought and shade
manipulation. Microstegium vimineum showed plasticity for biomass production
and specific leaf area, and populations varied significantly in the degree of
plasticity under both treatments, which they suggested could be an evolved trait
in the invasive range. They concluded that M. vimineum either did not experience
a genetic bottle-neck during invasion, that repeated introductions have negated
any previous bottleneck, or that there has been rapid evolution since introduction.
It should be noted, however, that these experiments were all conducted on plants
grown from seed, as opposed to some sort of clonal propagation, raising the
possibility that some of the recorded population plasticity could have resulted

from varying degrees of genetic diversity within each sampled population.

Evolutionary Biology, Phenology and Invasion

Evolutionary processes can be fundamental to the process of invasion
(Novak 2007). The genetic composition of recently established populations of an
invasive colonizing species can provide important insights into the mode of
population establishment (Pappert et al. 2000), as well as contributing to our
understanding of rapid evolutionary processes (Lee 2002). In addition to the
theoretical value of understanding how and why biological invasions occur, the
design and success of control strategies, especially for potential biological control
agents depends on knowing the origin, character, and geographical extent of

genetic diversity within and among invasive populations (Valiant et al. 2007).
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Invasions of species, following their introduction into new ranges may be due to
biotic or abiotic characteristics of invaded habitats, traits of the introduced
species, or some combination of both (Catford et al. 2009, Gurevitch et al. 2011).
Theoretical and empirical studies suggest that evolution of introduced
populations may be an underappreciated aspect of biological invasions (Baker
1974, Lee 2002, Novak 2007, Lankau et al. 2009, Dormontt et al. 2011).
Introductions of species may result in founder effects, genetic drift, novel
hybridization events, or adaption to novel environments (Bossdorf et al. 2005),
and post-introduction evolution may explain the lag time before many species
become invasive (Crooks 2005). Specifically, rapid evolution has been noted as
an important process during both range expansion and invasion (Maron et al.
2004, Montague et al. 2007, Xu et al. 2010), since the introduction of a species
into a new range often involves exposure to new selective regimes (Suarez and
Tsutsui 2008). Genetic changes in introduced populations may allow invaders to
adapt to novel environments, gain a competitive advantage over resident
species, and undergo rapid range expansion (Blossey and Notzold 1995, Maron
et al. 2004, Xu et al. 2010, Buswell et al. 2011).

Agriculturalists have long been artificially selecting (consciously or
unconsciously) plant varieties with appropriate phenology (i.e., the seasonal
timing of reproduction and other life history events) for their environment in order
to expand the range of specific agronomic species. On page 121 of his 1898
fictional work Etidorhpa, John Uri Lloyd noted the apparent trade off between

size at reproduction and appropriate latitudinal phenology for corn (Zea mays):
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...Indian corn in Kentucky is luxuriant, tall, and graceful, and each stalk is
supplied with roots to the second and third joint, while in the northland it
scarcely reaches to the shoulder of a man, and, in order to escape the
early northern frost, arrives at maturity before the more southern variety
begins to tassel.

In natural systems, phenology has been shown to be responsive to
various selective pressures (Griffith and Watson 2006, Franks et al. 2007). In
particular, genetically controlled phenological timing has been associated with
fitness benefits through interaction with frost avoidance (Kuser and Ching 1980),
climate change (Bradshaw and Holzapfel 2001), growth rates (Blair and W olf
2004), defense responses (Meyer and Hull-Sanders 2008), reproductive rates
(Brown and Eckert 2005), plasticity (Lavergne and Molofsky 2007), and trade-offs

with size at reproduction (Colautti et al. 2010).

Management Strategies

Microstegium vimineum has frequently been ranked as an invasive
species whose control is a priority, but control has (to date) been difficult (e.qg.
Drake et al., 2003). Hand weeding, mechanical, chemical and cultural practices
are all possible control methods. Hand weeding, mowing and weed-whacking are
recommended in late summer or early fall before seed set. Flooding for at least
three months or intermittently during the growing season may be an effective
control (Tu 2000). No biological control agents for the species are yet reported,
but a newly discovered fungal pathogen in the genus Bipolaris may hold promise

(Kleczewski and Flory 2010).
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Judge et al. (2005a) evaluated a suite of pre- and post-emergence
herbicides, already registered for large crabgrass (Digitaria sanguinalis), for
control of M. vimineum. They found that most pre-emergence herbicides used to
control large crabgrass in turf and landscapes also control M. vimineum, though
Benefin plus oryzalin, dithiopyr, isoxaben plus trifluralin, trifluralin, oryzalin,
oxadiazon, pendimethalin, or prodiamine were the best performers, with control
of 87% or greater, when compared with no treatment. They also found that post-
emergence applications of clethodim, fenoxaprop-P, fluazifop-P, or sethoxydim
resulted in 50 to 88% control. For broad spectrum herbicides, they found that two

applications of glufosinate or one application of glyphosate provided control.

In order to evaluate herbicide treatments under more realistic field
conditions and include effects on the ecological impacts of long-term
management strategies for the species, Judge et al. (2005b) compared
mechanical treatments, herbicide treatments, and a combined treatment over
three growing seasons in an invaded forest in North Carolina. While all
treatments significantly reduced M. vimineum cover, when compared with no
treatment, recruitment of native plants was highest in the combined treatment of
hand-removal and fenoxaprop-P. In addition, relative cover of other invasive
species decreased across all treatments, with the exception of season long

hand-removal, which increased relative cover of other invasives by 51%.

Flory (2010) evaluated hand weeding, a post-emergent graminoid specific
herbicide (fluazifop-P-butyl), and post-emergent herbicide plus pre-emergent

herbicide (pendimethalin) in southern Indiana. He found that natural systems
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invaded by M. vimineum are best restored utilizing the post-emergent treatment
or hand weeding over multiple seasons, though multiple hand weedings over a
season were not advised, due to prohibitive labor costs. Post-emergent herbicide
alone was also an effective control treatment and promoted recovery of native
communities. Pre-emergent herbicide treatments removed M. vimineum but
inhibited recovery of native communities. Local light conditions did not alter the

effectiveness of treatment.

In reviewing the available literature on M. vimineum, Warren Il et al.
(2011) examined stage-specific weaknesses in the plant’s life history to glean
potential management strategies. They noted the importance of understory M.
vimineum population as sinks fed by inputs from populations in higher light; they
echo the call to eradicate M. vimineum sources made by others (e.g., Huebner
2010). They further note that the species may be dispersal-limited and reliant on
anthropogenic transport, a character that, if confirmed, could present an effective
management opportunity. Finally, they suggest that greater nitrogen deposition
could be leveraged to increase the competitive ability of native species and that

increased drought could create conditions unfavorable to the species.

Population Genetics

To date, there has been very little work done on any genetic aspect of M.
vimineum. A search of GenBank for the species revealed only five nucleotide

sequences deposited, the typical nuclear and chloroplast genes and spacers
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used in plant systematics, used to place the genus Microstegium within the tribe
Andropogoneae of the Poaceae. The only published example of a landscape
level population genetics study of the species is an AFLP (Amplified Fragment
Length Polymorphism) study conducted in a single watershed (James River
Basin) in Virginia (Baker and Dyer 2011). The authors genotyped 359 individuals
from 23 populations with AFLPs and found evidence for three separate
introductions into the watershed and a zone of secondary contact between two of
the distinct lineages discovered. Mean diversity, as measured by Shannon’s |,
was 0.264. AMOVA (Analysis of Molecular Variance) yielded significant
differentiation among populations, both within regions (defined as a central, east
and west sections; @&sg=0.17, p < 0.005) and among all populations (@st = 0.55,
p < 0.005). They found a heterogeneous distribution of diversity among
populations and, contrary to initial expectations, no evidence of continuous
expansion in a westward direction. They concluded that in their study region,
there is evidence of long distance dispersal, with no obvious direction of spread,
and diffuse gene flow over relatively short distances, with connectivity among
populations. They suggested that management strategies should therefore focus
on both preventing long distance dispersal and eradication of newly established

populations.

Examination of genetic structure in other species with the mixed
cleistogamous/chasmogamous mating system may provide important insights
into what patters of allelic variation one should expect in M. vimineum. Other

species with similar mating systems exhibit patterns of genetic variation within
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populations that are typical of inbreeding species, but inter-population divergence
that is more similar to out-crossing species. For example, in Impatiens capensis
(Jewelweed), also an annual plant with mixed cleistogamous/chasmogamous
reproduction, mean within-population heterozygosity per individual was found to
be low, and population structure was found to be compatible with Wright’s Island
model (Knight and Waller 1987). The evolution of the mixed cleistogamous/
chasmogamous system has been related to cost-benefit analyses of flower
production (Schoen 1984) and variation in fertility of seeds produced by the two
floral types (Masuda et al. 2001), but the role of selfing vs. non-selfing systems
as a determinant of allelic frequency change and fixation, which has been
discussed by others (e.g., Allard and Workman 1963), should also be carefully

examined in species such as M. vimineum.

Conclusions

Microstegium vimineum is an invasive grass native to eastern,
southeastern and southern Asia. It has become a problematic invasive plant in
disturbed habitats and forest understories in eastern North America, where it can
outcompete desirable species and interfere with forest regeneration. To date,
there has been extensive research into the ecology, physiology, management
and distribution of M. vimineum in North America. Few studies have compared
the species in its invasive and native ranges, and little attention has been paid to

relevant evolutionary processes that may be important in the species’ success in
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North America. Even less attention has been given to genetic study of the
species, with a single study that examines population genetic structure in a single

watershed in Virginia as the only example.



Figure 1.1 Global distribution of M. vimineum by country. Green indicates countries in which M. vimineum is considered
native. Red indicates countries where the species is considered introduced or invasive. Note: In most countries with M.
vimineum, the species is not present in the entire country.
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Figure 1.2. Approximate distribution and range extents of M. vimineum in the United States. Map adapted from
www.eddmaps.org (Early Detection & Distribution Mapping System, University of Georgia). Note: M. vimineum is also
naturalized in Puerto Rico.
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Figure 1.3. Dense stand of M. vimineum in a New Jersey woodland.
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Figure 1.4. Terminal, chasmogamous spike of M. vimineum, which is accessible
to out-crossing via wind pollination. Note: M. vimineum is usually an upright
species. This picture was taken on a horizontal table. The terminal spike would
normally be the highest, vertical element of the plant.
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leaf sheath

Figure 1.5. Cleistogamous spike of M. vimineum seeds revealed when the leaf
sheath is pulled away from the stem. At pollination the cleistogamous flowers are
wholly contained within the leaf sheath.
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Chapter 2

Characterization of polymorphic microsatellite loci in Microstegium

vimineum

Abstract

Microsatellite markers were developed for the invasive plant Microstegium
vimineum (Poaceae) to assess its population genetic structure and to facilitate
tracking of invasion expansion. Using 454 sequencing, 11 polymorphic and 6
monomorphic microsatellite primer sets were developed for M. vimineum. The
primer sets were tested on individuals sampled from six populations in the United
States and China. The polymorphic primers amplified di-, tri-, and tetra-
nucleotide repeats with three to ten alleles per locus. These markers will be
useful for a variety of applications including tracking of invasion dynamics and

population genetics studies.

Note: A modified version of this chapter has been accepted for publication by the

American Journal of Botany.
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Introduction

Microstegium vimineum (Trin.) A. Camus, also known as Japanese
stiltgrass, is considered among the most invasive plants in the eastern United
States. It is a diploid, C4 annual grass native to much of eastern Asia, including
China, Taiwan, Bhutan, India, Japan, Korea, Myanmar, Nepal, the Philippines,
Russia, and Iran (Chen and Phillips 2008). A member of the grass family
(Poaceae), classified within the tribe Andropogoneae and the subfamily
Panicoideae (Mathews et al. 2002), it has invaded habitats throughout much of
eastern North America and Turkey (Scholz and Byfield 2000). Microstegium
vimineum produces two types of flowers: cleistogamous flowers borne on spikes,
contained within the leaf sheaths, and chasmogamous flowers borne on the
terminal spike (Cheplick 2007, Chen and Phillips 2008). Microstegium vimineum
was first recorded in North America in Knoxville, TN, in 1919 but may have been
introduced elsewhere. It was documented in North Carolina in 1933, and was
found from Florida to New Jersey, and west to Ohio and Mississippi, by 1972
(Fairbrothers and Gray 1972). Microstegium vimineum is currently found and
considered invasive as far north as Massachusetts (Mehrhoff 2000), as far west
as Texas and Missouri, and as far south as Puerto Rico (USDA and NRCS
2008). Here | report 17 nuclear microsatellite loci for M. vimineum developed

using 454 next-generation sequencing.

These markers were developed to facilitate studies into population
genetics and structure of the species in both the native and invasive ranges. In

chapter 3 | will describe in detail the justification and aims associated with the
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invasive and native range population genetic analyses that these markers make
possible. In brief, this marker system is expected to allow for calculation of
standard population genetics parameters including allelic frequency,
heterozygosity, other measures of genetic diversity, genetic distance, fixation
index, and genetic structure (via AMOVA,PCO and other methods). These data
will then be examined to determine biologically relevant parameters including the
appropriate spatial scale for defining populations and regions in this species. |
will also compare various metrics between the native and invaded range to
determine evolutionary processes which may be affecting M. vimineum invasion.
| will be paying particular attention to signs of bottlenecks (reduction in genetic
diversity in the invasive range) and other limitations of gene flow, as these
characteristics often indicate important information about adaptational potential of
a species during range expansion. This process of generating a basic
understanding of the overall genetic structure of the species is fundamental to
subsequent studies described in this thesis. In addition to laying the groundwork
for an evolutionary understanding of the invasion process, it provides the basic

information necessary for tracking invasion dynamics.

Materials and Methods

I initially planned to use the 384 conserved intron scanning primers
(CISPs) developed for orphan species within the Poaceae (Feltus et al. 2006) to

identify polymorphic markers within populations of M. vimineum. After testing 120
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CISPs against M. vimineum samples from throughout its invasive range, | found
6 markers which amplified consistently and well in M. vimineum, but none which
were polymorphic. As such, that avenue did not seem adequate for obtaining
enough markers, with enough variation, to adequately describe M. vimineum
population genetics. As a result, | applied for and received funds, with Dr. J.M.
Hartman, through the USDA Mclintire-Stennis program at the Rutgers New
Jersey Agricultural Experiment Station, to leverage 454 sequencing to discover
novel microsatellite markers for the species. Ultimately, the 454 sequencing

strategy proved successful.

One M. vimineum sample from New Brunswick, NJ, USA (40.4760° N,
74.4241° W) was sequenced by 454 pyro-sequencing at the Savannah River
Ecology Laboratory (Aiken, SC, USA). The 454 sequencing technique is
described in detail in Abdelkrim et al. (2009) and Lance et al. (2010) and followed
the enrichment procedure of Glenn and Schable (2005). Briefly, DNA was
digested with restriction enzyme Rsal (New England Biolabs, Ipswich, MA, USA),
ligated to double-stranded linkers, denatured and hybridized to biotinylated
microsatellite oligonucleotide mixes (mix 2 = (AG)12, (TG)12, (AAC)s, (AAG)s,
(AAT)12, (ACT)12, (ATC)g; mix 3 = (AAAC)s, (AAAG)6, (AATC)s, (AATG)s,
(ACAG)s, (ACCT)s, (ACTC)s, (ACTG)s; mix 4 = (AAAT)s, (AACT)s, (AAGT)s,
(ACAT)s, (AGAT)s), then captured on magnetic streptavidin beads (Dynal,
Invitrogen Coroporation, Carlsbad, CA, USA). Unhybridized DNA was washed
away and remaining DNA was eluted from the beads, amplified in polymerase

chain reactions (PCR) using the SimpleX-10 as a primer. Barcoding to
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distinguish M. vimineum samples from other samples pooled in the 454 run was
accomplished using the custom linkers SimpleXL10_U ( 5'-
AAAGCAGCGTCGGAATG -3 and SimpleXL10_Lp (5-pCATTCCGACGCTGC -
3’). The enriched libraries were sequenced on a Roche 454 pyro-sequencer
using titanium chemistry following standard Roche 454 library protocols (454 Life
Sciences, a Roche company, Brandford, CT, USA). Sequences were subjected
to a 3' quality trim where only one base in the last 25 bases of the sequence
contains a quality score less than 20 or alternatively contains one ambiguous
base. CAP3 (Huang and Madan 1999) was then used to assemble sequences at
98% sequence identity using a minimal overlap of 75 bp. Sequence data were
screened using MSATCOMMANDER 0.8.2 (Faircloth 2008), which also allows
for primer design using PRIMER 3 (Rozen and Skaletsky 2000). A total of 475
putative primer pairs were designed, including 60 tetranucleotides, 143

trinucleotides, and 272 dinucleotides.

| chose 81 of these putative primer pairs (20 tetra-, 32 tri-, and 29
dinucleotides), based on the calculated lowest potential of primer interaction, and
amplified them against eight M. vimineum samples from throughout the species’
invasive range. Of these, 4 tetra-, 14 tri-, and 4 dinucleotide primers amplified
well. These 22 primer pairs were amplified against 95 samples from the United
States and China. One sample from each population used in this study has been
vouchered at the Chrysler Herbarium (CHRB; accession numbers: Novy 2-7),
Rutgers University (New Brunswick, NJ, USA). | amplified template DNA by PCR,

according to the protocol described by Schuelke (2000). Conditions of the PCR



32

amplification were an initial heating of 94°C (5 min), followed by 30 cycles of
94°C (30 s)/56°C (45 s)/72°C (45 s), then 20 cycles of 94°C (30 s)/53°C (45
s)/72°C (45 s), and a final extension at 72°C for 10 min. Each PCR reaction
included the attachment of a FAM, NED, PET, or VIC fluorescent label. |
genotyped PCR products on an ABI 3130xI genetic analyzer (Applied
Biosystems, Foster City, CA, USA), using a LIZ 500 size standard, and identified
and binned alleles using GeneMapper 3.7 software (Applied Biosystems, Foster
City, CA, USA). Resulting genotypic data was analyzed in GenAlEx ver. 6
(Peakall and Smouse 2006) to calculate observed (Ho) and expected (Hg)
heterozygosity for each polymorphic locus over each population and over all
populations. All primer sequences have been submitted to the GenBank

database (http://www.ncbi.nIm.nih.gov/genbank/).

Results

Table 2.1 lists the 11 polymorphic and 6 monomorphic loci which amplified
well in M. vimineum. | include the monomorphic loci here since they may
potentially be useful in future studies of M. vimineum and other related species.
Five of the 22 primer pairs mentioned above were discarded since they appeared
to amplify multiple genomic regions and/or were otherwise difficult to score. For
all loci, I report the primer name, sequences of the forward and reverse primers,
microsatellite motif and repeat number in the sequenced individual, size range of

fragments across all samples, theoretical primer melting temperature determined
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by PRIMER 3 (Rozen and Skaletsky 2000), whether or not the locus is
polymorphic, and the GenBank accession number (Table 2.1). For all samples in
all populations, the number of alleles per polymorphic locus ranged from 3 to 10.
The values for number of alleles (N,), observed (Ho) and expected (Hg)
heterozygosity for each polymorphic locus over each population are given in
Table 2.2. Each of these values is also averaged for all loci to present a basic

measure of the marker systems’ overall descriptive power.

Discussion

| have characterized 17 microsatellite loci for the invasive grass M.
vimineum. The 11 polymorphic loci all behaved as we would expect in a diploid
(i.e., exhibiting one or two alleles per sample); however, | did record a high
proportion of homozygosity, probably as a result of the species’ tendency to
inbreed. Though these results are gathered from a relatively limited set of
populations, this is most likely an indicator that populations exhibit relatively low
allelic diversity. Similarly to the high homozygosity noted, this may be a
consequence of high rates of inbreeding as rarer alleles are more quickly purged
from populations and a small number of dominant ‘fixed’ genotypes take over.
Though care should be taken when analyzing a small dataset primarily meant to
validate a set of markers, a few patterns do present themselves here. Most
interestingly, there does appear to be higher allelic diversity in Asian populations

when compared with invasive North American populations. N, ranged from 1.00-
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2.09 in North American populations and from 1.36-2.36 in Asian populations
despite the fact that more plants were sampled in North American populations.
This may be a first indication that bottlenecks due to patterns of introduction
during invasion have decreased genetic diversity in the invasive range. This is
further evidenced by the higher observed heterozygosity in Asian (0.06-0.22) vs.
North American (0.00-0.10) populations. Finally, the lower rates of observed
heterozygosity, as compared to expected heterozygosity, is another indicator of
how high levels of inbreeding maybe shaping population genetic structure in this
species. In summary, these markers appear to contain ample diversity, and
potentially divergent structure, to be useful for a variety of applications including

tracking of invasion dynamics and further population genetics studies.
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Primer |Sequence Repeat Size Ta. (°C) |[Polymorphic | GenBank
F: CCAGTGAATGTCATTTGTCC

MVO01 R: GCGTGAATTGAAATGATTG (AG)10 227-250 60 Yes IN247840
F: CTCTGCAGCTATCGATCAAC

MV02 R: GATGGCCCATAGAACTAGTG (AG)g 224-228 61 Yes IN247841
F: GTCTGACCACCAACATTCTG

MV03 R: TTCAGGAAAGCTACCCTATG (AAG)16 309-358 60 Yes JIN247842
F: CAAATGTCCTTGTCCTCATC

MV04 R: GGTTGGGTATATTTGGAATG (ATC), 387-400 60 Yes IN247843
F: CATGCCAACCCTATICTATC

MVO05 R: GAGAAACAAGGTGCAAAGAG (AAC); 383-428 60 Yes IN247844
F: AGCATCTTTACCGGTATGAC

MV06 R: ATGTCCAACGAACAAAGAAC (AAG);(AGG)11 | 303-347 60 Yes IN247845
F: CCTCCTTCAGACAGTCATTG

MVO07 R: TACAACAGATGCCGACTACC (AAC)g 367-378 61 Yes JIN247846
F: AATGACAAGTGATCGAGTGG

MV08 R: TCCATCTCGTCGTGTAATAAC (ACT)1o 305-324 60 Yes IN247847
F: TCATCCATCTCCATAACTCC

MV09 R: TTIGCCATCTTCCCTACTAAC (ACAT)1, 117-137 60 Yes IN247848
F: TGAAGACAATGAGGCAAGTC

MV10 R: TCGTCCTTGTGAGTCATGAC (AAAC)s 262-283 60 Yes JIN247849
F: ATGGTGTTCGATGAAATGTC

MV11 R: TAACCATTCCAACCAATTTC (AGAT), 296-336 61 Yes JIN247850
F: AAATGATAAGCCCGTTTAAG

MV12 R: ACACCACGACTAAAGACAGC (AGAT)s 131 60 No JIN415631
F: TCCCATGAAACTTGACAGAG

MV13 R: TGAAGTATTCGGCTCTGAAG (AAG)1; 246 61 No IN415632
F: ACCAGACCAGGCTAGAGATC

MV14 R: TTCGGTCAACAAGTCACC (ATC), 437 61 No JIN415633
F: TTTCTTCACTCCACCTTCTG

MV15 R: GTCAACCAAGAGCAGAACC (AAG)2; 189 60 No IN415634
F: AGGTTACATTGCACCCATAC

MV16 R: CTCGATCGTCTTCAGCTTAC (AC)11 259 60 No IN415635
F. TTAGGTGACCCAACAACATC

MV17 R: GATTGCTCCAAACTCTAAGC (AC)g 365 60 No JIN415636

Table 2.1. Characteristics of 11 polymorphic and 6 monomorphic microsatellite

primers developed in Microstegium vimineum. Shown for each primer pair are

the forward and reverse sequence, repeat motif, size range of the fragments

(bp), annealing temperature (T,), and the GenBank accession number.



China 1 (N=11) China 2 (N = 13)

Zhe Jiang Province Zhe Jiang Province
30.1748° N, 119.1990° E 30.2567° N, 119.7228° E
Locus Na Ho He Na Ho He
MVO01 3 0.09 0.37 2 0.08 0.08
MV02 3 0.00 0.43 1 0.00 0.00
MVO03 3 0.09 0.37 1 0.00 0.00
MV04 1 0.00 0.00 3 0.25 0.45
MVO05 2 0.18 0.17 1 0.00 0.00
MV06 3 0.09 0.37 1 0.00 0.00
MVO07 2 0.00 0.44 1 0.00 0.00
MV08 2 0.00 0.44 2 0.08 0.07
MV09 3 0.09 0.37 1 0.00 0.00
MV10 2 0.09 0.35 1 0.00 0.00
MV11 2 0.00 0.30 1 0.00 0.00
Awverage 2.36 0.06 0.33 1.36 0.04 0.06
China 3 (N= 10) USA 1 (N=18)
Shanghai Province New Jersey
31.3593° N, 121.3593° E 40.5886° N, 74.5630° W
Locus Na Ho He Na Ho He
MVO01 2 0.11 0.40 1 0.00 0.00
MV02 2 0.10 0.50 2 0.00 0.49
MV03 2 0.30 0.38 2 0.00 0.49
MV04 3 0.33 0.44 3 0.28 0.37
MVO05 2 0.00 0.18 3 0.00 0.54
MV06 3 0.33 0.43 2 0.00 0.49
MVO07 1 0.00 0.00 2 0.00 0.50
MV08 2 0.38 0.43 3 0.00 0.55
MV09 4 0.33 0.44 2 0.00 0.49
MV10 2 0.11 0.10 1 0.00 0.00
MV11 3 0.44 0.43 2 0.00 0.49
Average 2.36 0.22 0.34 2.09 0.03 0.40

Table 2.2. Results of initial primer screening for 95 samples of Microstegium
vimineum from 6 populations in China and the United States for 11 polymorphic
microsatellite loci. For each locus, the number of alleles (Na), observed

heterozygosity (H,), and expected heterozygosity (Hg) are reported.
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USA 2 (N=21) USA 3 (N=22) All samples
New York South Carolina (N=95)
41.3084° N, 74.0003° W 34.0491° N, 81.1828° W
Locus Na Ho He Na Ho He Na
MVO01 1 0.00 0.00 1 0.00 0.00 6
MV02 1 0.00 0.00 1 0.00 0.00 3
MVO03 1 0.00 0.00 1 0.00 0.00 6
MV04 1 0.00 0.00 2 0.05 0.04 5
MVO05 1 0.00 0.00 1 0.00 0.00 4
MVO06 1 0.00 0.00 3 0.00 0.18 10
MVO07 1 0.00 0.00 1 0.00 0.00 4
MV08 1 0.00 0.00 1 0.00 0.00 5
MV09 1 0.00 0.00 1 0.00 0.00 7
MV10 1 0.00 0.00 1 0.00 0.00 3
MV11 1 0.00 0.00 2 1.00 0.50 5
Awverage 1.00 0.00 0.00 1.36 0.10 0.07 5.27

Table 2.2 (Cont.). Results of initial primer screening for 95 samples of
Microstegium vimineum from 6 populations in China and the United States for 11
polymorphic microsatellite loci. For each locus, the number of alleles (Na),

observed heterozygosity (H,), and expected heterozygosity (Hg) are reported.
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Chapter 3

Population genetic analysis of Microstegium vimineum in its native and

introduced ranges

Abstract

On a fundamental level, it is important to understand the post-colonization
invasion path of a rapidly spreading species such as Microstegium vimineum. Its
genetic structure, the level and pattern of variation within and among populations
and regions, represents a persistent signature of the colonization process. For
this study, | assayed 34 populations of M. vimineum, 10 from the native range
and 24 from the invasive range. | found clear indications that the mating system
of M. vimineum is the most important determinant of the continental and sub-
regional level population structure observed. Microstegium vimineum’s mixed
cleistogamous/chasmogamous mating system yields near fixation of genotypes
within any given population, while still preserving additional genetic diversity at
low frequency. This system may confer adaptive advantage for the species, as it
settles upon different optimal genotypes in different areas, while retaining
evolutionary potential for range expansion. The invasive range exhibited less
genetic diversity than is present in the original range, probably due to founder
effects. Also, population and regional genetic differentiation appeared to be ‘in
process’ in the invasive range, as further divergence and differentiation are likely

to continue as the species further expands and settles into its invasive range.
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Introduction

Microstegium vimineum (Trin.) A. Camus is a C4 annual grass native to
Asia, where it is found in various habitats, including forest margins and riparian
areas (Chen & Phillips 2007). Its first North American herbarium record was filed
in 1919 in Tennessee; it had expanded to North Carolina by 1933; and was found
from Florida to New Jersey, and west to Ohio and Mississippi, by 1972
(Fairbrothers and Gray 1972). Though initially noticed in disturbed areas such as
riparian and road corridors, the plant has subsequently become established in
mature forests (Barden 1987, Oswalt et al. 2007). It is currently found and
considered invasive as far west as Texas and Missouri, as far south as Puerto
Rico (USDA, 2008) and as far north as Massachusetts, with range expansion

continuing (Mehrhoff 2000).

On a fundamental level, it is important to understand the mode of
colonization of a rapidly spreading invasive species such as M. vimineum. Its
genetic structure, the level and pattern of variation within and among populations
and regions, represents a persistent signature of the colonization process
(Pappert et al. 2000). A careful analysis of that genetic structure can be expected
to increase our understanding of the demographic determinants and, possibly,

the evolutionary trajectories of such rapid expansion.

In addition to the theoretical value of understanding how and why
biological invasions occur, the design and success of control strategies,

especially potential biological control agents, depends on knowing the origin,
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character, and geographical extent of genetic diversity within and among invasive
populations (Valliant et al. 2007). The basic population biology of an organism,
as revealed by its population genetic structure, may suggest vulnerable life
history stages or other targets that may be amenable to managerial intervention,
developing control practices and predicting invasion potential (Allendorf and

Lundquist 2003).

Microstegium vimineum has two kinds of flowers: cleistogamous flowers
(Fig. 1.5) borne on spikes contained within the leaf sheaths of the upper two or
three culm segments, and a chasmogamous flowers (Fig. 1.4), terminal on the
culm (Cheplick 2007, Chen and Phillips 2008). Cleistogamous flowers are self-
pollinated, as pollen is blocked from entering or leaving the flowers by the leaf
sheath that contains them. Chasmogamous flowers are exposed to the air and
are capable of both self-pollination and cross-pollination from neighboring plants
via wind. The evolution of this mixed cleistogamous/chasmogamous system has
been related to cost-benefit analyses of floral production (Schoen 1984) and
variation in fertility of seeds produced by the two floral types (Masuda et al.
2001), but the role of selfing vs. non-selfing systems, such as the mixed
cleistogamous/chasmogamous mating system of M. vimineum, as a determinant
of allelic frequency change and fixation (e.g., Allard and Workman 1963), should

play a primary role in demographic determination for this species.

Patterns of genetic variation within and among invaded locations may offer
clues about the relative importance of outcrossed vs. selfed seeds serving as

founding propagules for new locations during range expansion. For example, if
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there were some competitive advantage for highly homozygous propagules,
established from cleistogamous seeds, then we might expect to observe lower
genetic diversity in more recently colonized areas, relative to older populations.
On the other hand, if highly heterozygous propagules, established from
chasmogamous seeds, provide an advantage to founding propagules, then we
might expect to observe higher genetic diversity in more recently colonized
areas. As an empiric observation, it does not seem that either seed form is
generically better or worse for M. vimineum. If it were, we should expect to see
an evolutionary shift favoring whichever mating system provides that consistent
advantage. There appears to be no evidence for this over the course of M.
vimineum’s expansion in North America (Author’s observations). The continued
persistence of this mixed mating system implies tradeoffs having adaptive value
for the species. Some advantage of each system to the plant’s fitness (though
the respective benefits for each mating system may be realized at distinct stages

in the plant’s life history) and may even be a major factor in its invasion success.

Several species exhibiting a mixed cleistogamous/chasmogamous
syndrome exhibit patterns of genetic variation within populations that are typical
of inbreeding species, but inter-population divergence (population structure) of
these species can be more similar to that of out-crossing species. For example,
in Impatiens capensis (Jewelweed), also an annual with mixed cleistogamous/
chasmogamous reproduction, mean within-population heterozygosity per
individual was found to be low. Gene flow measures were low and genetic

distances did not seem related to geographic distances, suggesting that
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population structure was not continuous, but instead consisted of discrete demes

exhibiting significant differentiation (Knight and Waller 1987).

If the mixed cleistogamous/chasmogamous syndrome is neither beneficial
nor maladaptive enough to drive the mating system towards either cleistogamy or
chasmogamy, the population structure may be dominated by random divergence,
as a consequence of unpredictable founder effects. In this case, lack of global
genetic diversity, or high global variation with no ecologically relevant pattern,
would indicate that the mixed mating system may not be important in conferring
invasive success. In addition to determining the importance of the
cleistogamous/chasmogamous syndrome, population genetic study of this
species will allow us to track future colonizers to their source localities and/or to

adaptive habitat types.

| anticipate that the mixed cleistogamous/chasmogamous flowering
syndrome is a major determinant of population genetic structure for M. vimineum.
Initial establishment depends on seed transportation and subsequent
colonization. Subsequent gene flow may also be accomplished by pollen flow.
Based on what is currently known about the mixed mating system of M.
vimineum, the plant generally invests more biomass in cleistogamous than in
chasmogamous seed production (Gibson et al. 2002), though the allocation is
mediated by both plastic and micro-evolutionary responses to light and other
resource availability (Cheplick 2005, 2007). Since it is hard to imagine that the
plant would be successful, especially as an annual, without some preservation

(or even generation of) genetic variability to cope with changing and diverse
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environments, it seems likely that occasional outcrossing due to chasmogamy
may be useful to preserve some allelic variation, and even generate new allelic
combinations, to counteract homogenization of populations resulting from

inbreeding due to the plants’ dominant cleistogamy.

| further expect that colonization of new habitats is most likely to result
when the occasional seed with a novel genotype generated by chasmogamy is
transported to a new locale, assuming those novel genotypes are either more fit
in the new locale or particularly adept at dispersal. | therefore hypothesize that
the species will exhibit low population level genetic diversity but relatively strong
differentiation among populations (even in relatively close proximity), as
preferential colonization of new habitats by chasmogamous seeds ought to favor
population differentiation. Even ‘neutral’ marker loci such as microsatellites
should reveal a signal of this process if they are linked to adaptively significant
traits. This linkage seems likely for M. vimineum (given its high rates of
inbreeding resulting from dominant cleistogamy), and has been noticed for other

highly inbreeded grasses including Bromus tectorum (Ramakrishnan et al. 2004).

Objectives

| measured the genetic population structure and variability in both the
native and invasive ranges of M. vimineum, using a newly developed battery of
microsatellite (SSR) markers. | used the resulting patterns of genetic variability

and structure to evaluate the mixed cleistogamous/ chasmogamous mating
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system as a determinant of genetic structure for this species. | also attempted to
discern the origin, within Asia, of M. vimineum propagules in the U.S., specifically
by looking for Asian populations that are particularly closely related to U.S.
populations. Finally, | attempted to determine the original location of M. vimineum
introduction into the U.S. by hypothesizing that, similarly to crop plants, the
center of diversity of a plant species should also be its center of origin and,

possibly, the location of longest residence.

Materials and Methods

Populations Sampled

| collected M. vimineum samples from throughout its invasive range. | also
obtained samples from China and Japan, courtesy of collaborators willing to
collect the specimens, dry them, and send them to me in New Jersey. Sampling
locations are depicted in Figs. 3.1 and 3.2 and listed in Table 3.1. In all, |
collected 570 individuals from 34 populations. In the invasive range, | sampled
only live plant materials from naturally occurring populations. | purposefully
oversampled in and around Knoxville TN, so that | could evaluate whether that
area, where M. vimineum was first recorded in the U.S., has more genetic
diversity than other parts of the invasive range. Upon location of a population, |
attempted to sample at least 20 individuals from along the longest transect
through the population that | could access. | attempted to collect plants so that

they were separated by at least one meter distance, in order to maximize the
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genetic diversity sampled and to minimize the probability of collecting siblings.
These same instructions were given to collaborators who collected in China. |
was able to obtain samples from several populations in Yunnan Province, China,
and from the area surrounding Shanghai from these collaborators. | was also
able to obtain seeds collected from a population near Kyoto, Japan. These seeds
were collected randomly from many individuals within the population to maximize
genetic diversity and to minimize the fraction of siblings. | randomly germinated
25 of the Japanese seeds at Rutgers University (New Brunswick, NJ) and
collected their leaves upon growing to sufficient biomass. All samples were dried
in silica gel for transport and/or storage. Dried samples were pulverized with a
mortar and pestle under liquid nitrogen, in preparation for DNA extraction, and

then stored at -80°C at Rutgers University.

Molecular Assay for Genetic Structure Analysis

| extracted DNA from all samples with the GenElute™ Plant Genomic
DNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO), according to the
manufacturer’s specifications. | then amplified template DNA by PCR, using the
protocol of Schuelke (2000), using microsatellite loci characterized for M.
vimineum in Chapter 2 and later published (see also Novy et al. 2012, in press).
Conditions of the PCR amplification were an initial heating of 94°C (5 min),
followed by 30 cycles of 94°C (30 s)/56°C (45 s)/72°C (45 s), then 8 cycles of

94°C (30 s)/53°C (45 s)/72°C (45 s), and afinal extension at 72°C for 10 min.
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Each PCR reaction included the attachment of a fluorescent label (FAM, NED,
PET, or VIC). | genotyped PCR products on an ABI 3130xI genetic analyzer
(Applied Biosystems, Foster City, CA), using a LIZ 500 size standard. | identified
and binned alleles using GeneMapper 3.7 software (Applied Biosystems, Foster

City, CA).

Genetic Structure of Populations

| scored the following microsatellite loci for 570 sampled individuals from
24 populations in the U.S. and 10 populations in Asia: MV01, MV02, MV03,
MV05, MV06, MV07, MV08, MV09, MV10 (Chapter 2; Novy et al. 2012, in press).
MVO05 was clearly capturing two separate, and independent, loci which | scored
separately and named MVO0O5A and MVO05B. | first analyzed the resulting allelic
data in GenAlEx ver. 6.0 (Peakall and Smouse 2006) to generate summary data
of allelic patterns, including heterozygosity and allelic distribution within and
among populations. Heterozygosity is a widespread and biologically useful
measure of genetic diversity in diploid species, since each individual is either
homozygous or heterozygous at a given locus. However, to correct for variable
sample sizes and provide an alternative estimate for genetic diversity, |
calculated a bias-corrected effective number of alleles (Nielsen et al. 2003) in
each population for comparative purposes. While heterozygosity is a traditional
measure of genetic diversity in population genetics, Jost (2008) has shown that

the effective number of alleles (here A.) has standard numeric behavior and is a
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more useful diversity measure. | conducted Analysis of Molecular Variance
(AMOVA, Excoffier et al. 1992) to quantify population structure, using 999
permutations of the dataset to test for significance. | also conducted Principal
Coordinates Analyses (PCO) in GenAlEX, which used a genetic distance matrix
generated from the genotypic data, to determine whether observed patterns in

the molecular data support the partitioning of the samples into specific groupings.

Based on the initial results of the PCOs and global AMOVA, with
populations defined as sampling locations and regions defined as native or
invasive, | conducted two additional AMOVAs of the native and invasive ranges
separately, where | defined three regions within both Asia and North America. |
also generated a range of F-statistics via AMOVA (Fis, Fsr, Frr and F7) to
evaluate the relative importance of genetic variation at the individual, population
and regional levels and a population by population matrix of pairwise Fst values
to test for population divergence. Jost (2008) has noted that Gst (and by
extension its analogue used here, Fst), while a standard metric in population
genetics, leaves much to be desired as measures of divergence. Therefore, |
also calculated Jost’s D (Dest) in the program SMOGD (Crawford 2010) to confirm
the population divergences that | measured via AMOVA and Fsy. Finally, | used
Bayesian clustering to attempt to determine the number of distinct population
clusters (and the relationships between geographically determined populations)
using the program STRUCTURE 2.3.3 (Pritchard, Stephens and Donnelly 2000,
Falush, Stephens and Pritchard 2003, 2007, Hubisz et al. 2009). Estimates for K

(the number of distinct population clusters), which are prior variables for the
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program STRUCTURE, were generated by the method described by Evanno et
al. (2005). Visualizations of STRUCTURE plots were generated in the program

DISTRUCT 1.1 (Rosenberg 2004).

Results
Basic Population Genetic and Diversity Metrics

The nine microsatellite primer pairs yielded a total of 10 loci with 86
alleles, and amplified between 4 and 15 alleles per locus, with an average of 8.6
alleles per locus. Forty-nine alleles were found in North American populations
and 71 alleles were found in Asian populations. Thirty-four alleles were shared
among both Asia and North America. Observed heterozygosity (H,) of sampled
populations ranged from 0.00 to 0.16, expected heterozygosity (He) from 0.00 to
0.53, total number of alleles (N,) over all loci for each population ranged from 10
to 26, and the effective number of alleles per locus (Ac ) ranged from 1.00 to 2.55
(Table 3.2). | also generated a list of private alleles (i.e., alleles which appear in
only one defined deme) for each locus assayed. In this case, | defined the demes
as the invasive and native regions. The native region contained 37 private
alleles, more than twice the number of private alleles found in the invasive region

(15; Table 3.3).

In Asia, Ho was highest (0.16) at Shanghai Zoo, Shanghai, China. Half of

the Asian populations sampled had an H, of 0.00, including two locations in Zhe
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Jiang Province, China; three in Shanghai Province, China; and Akabane, Japan.
Three of ten (30%) populations had an A, of 1.00 (its lowest possible value) in

the native range.

In North America, H, was 0.00 within all sampling locations except for
Bloomington IN, Thurmont MD, Rockingham VA, and Morgantown WV. Eleven of
24 (46%) sampled populations had an A of 1.00 in the invasive range. Among
those populations with Ae >1, Morgantown WV had the highest value (2.55). All
calculated diversity metrics are presented by population sampled, as well as by

regional and global average, in Table 3.2.

Globally, 25 out of 34 populations were genetically monomorphic and
homozygous for all 10 loci. In order to more completely explore the nature of
these highly homogenous and low diversity populations, | broke all homozygous
and single locus heterozygotes into their respective haplotypes (Appendix Table
A.1). This resulted in 108 separate haplotypes, 24 of which came from 12 single
locus heterozygote diploid individuals. There were an additional eight individuals
that were multilocus heterozygotes (Appendix Table A.2), for a total of only 20
individuals out of 570 assayed that were heterozygous at one or more loci. The
vast majority of haplotypes were found in only one population. No haplotypes
were found in both Asia and North America. In all, there were only 11 haplotypes
(of 108) found in multiple populations. Of these, seven haplotypes were found in
two populations, three were found in three populations and one was found in 16
populations. This one haplotype, found in 16 populations, was present in 229

samples, all from the southern U.S. and Indiana (Appendix Table A.1). The eight
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multilocus heterozygote individuals came from five populations. Two of those
populations were in West Virginia and three were from the Shanghai Zoo

(Appendix Table A.2).

AMOVAs

| conducted three distinct AMOVA analyses (Table 3.4). In the first
AMOVA, | defined each sampling location as a population and defined the
invasive (USA) and native (Asia) sampling locations as the two regions. With this
input, the AMOVA indicated that 22% of the variance was found among regions,
52% among populations within regions, 25% among individuals within single
populations, and 1% within individuals (representing the 20, out of 570,
heterozygous individuals). The AMOVA analysis generated several F-statistics to
relate the various variance measurements including Frr (among region
variance/total variance), Fsg (among population variance/total variance within
continents), Fis (among individual variance/sum of the variances within and
among individuals), and Fr (sum of the variances among populations, regions,
and individuals/total variance). For the first AMOVA, Frt was 0.22, Fsg was 0.67,
Fis was 0.95, and F;r was 0.99. For all F-statistics p = 0.001 based on

permutational testing (Table 3.4, Fig. 3.3).

In the second and third AMOVAs, | treated the native and invasive regions
separately. All populations were defined the same as for the first AMOVA, but |
also defined three sub-regions within each of the invasive and native ranges,

based on initial results from the PCO and STRUCTURE analyses (see below). In
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the native range, | defined the regions as Japan, Yunnan, and the Shanghai
area. In the invasive range, | defined the regions as northeast, mid-
Atlantic/northern Virginia, and west/south. The exact population assignments for
these regions are given in the Discussion (genetic structure sections). The
results for the within-continent AMOVAs are presented in Table 3.4 and Fig. 3.4.
The among region variance was much higher in the invasive (63%) than the
native (16%) range. Consequently, since among individual and within individual
variances were similar in both areas, the among population, within-region
variance was much higher in the native (55%) than the invasive (14%) range. In
F-statistical terms, Fgrr was 0.16 in the native region and 0.63 in the invasive
regions. Fsg was 0.66 in the native region and 0.39 in the invasive region (Table
3.4) indicating that the relative importance of sub-regional structure vs.

population structure is greater in the invasive region.

PCOs

| generated three PCOs, based on the molecular dataset, in order to
visually represent population and regional structure. For all PCOs, the first two
coordinate axes captured over 50% of the total variance (total sum of the eigen
values; Table 3.5). For the first PCO, | plotted all 570 samples by the first two
principle coordinate axes and colored samples from the invasive (USA) and
native (Asia) ranges differently (Fig 3.5). This PCO did reveal clustering of the
Asian samples, though the entire cluster overlapped with samples from the USA

range, reflecting the 34 shared alleles between the invasive and native ranges.
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| also generated a PCO plot of the 123 Asian samples, for the first two
principle coordinate axes, colored by population sampled (Fig. 3.6). In keeping
with all of the results above, the three regions represented separate clusters.
Populations from southwest China (the two populations from Yunnan Province),
east China (the three populations from Zhe Jiang Province and four populations
from Shanghai Province), and Japan (Nara Prefecture) were almost fully distinct,
although there was slight overlap between some samples from Japan and one of
the Shanghai Province populations. Furthermore, the southwestern China and
eastern China clusters also exhibited separation (close clusters, but with minimal

overlap) among the constituent populations.

| generated the third PCO using data from the 447 U.S. samples, and
generated a plot of the first two principle coordinate axes, colored by population
sampled (Fig. 3.7). There was minimal clustering of distinct populations,
especially across regions. Instead, the dataset showed three ‘spokes’ of
population clusters emerging from a diffuse central amalgam of samples from
several populations. Broadly, the three ‘spokes’ could be classified as containing
the northeast populations (New York, Connecticut and New Jersey), the mid-
Atlantic/northern Virginia populations (Maryland, Pennsylvania and Rockingham
VA), and the southern/western populations (both South Carolina populations,
North Carolina, all Tennessee populations, Mecklenburg VA, Georgia, both
Mississippi populations, Indiana, Alabama and Arkansas). All of the Ohio
samples were located toward the center, near the intersection of the

southern/western and northeast clusters. West Virginia samples did not cluster
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with any one group and had samples toward the end of all three ‘spokes’.
Populations from Rockingham VA, Mecklenburg VA, Georgia, Alabama and
Arkansas, Holly Springs MS, both populations from South Carolina, all
populations from Tennessee, New York and Connecticut were wholly contained
within their respective ‘spokes’. Samples from the remaining populations were
mostly contained within their respective ‘spokes’ but contained at least one

sample located in another ‘spoke’ or in the diffuse center.

Pairwise Population Divergence

In order to quantify divergence between populations, | generated two
types of population x population pairwise matrices. Table 3.6 shows a matrix of
pairwise population Fst values calculated from AMOVA. Numbers below the
diagonal are the Fst values and numbers above the diagonal are P-values in
support of the corresponding Fst value, based on permutation testing.
Insignificant values have been colored yellow. All Asian populations were
significantly differentiated. Interestingly, two of the populations from Shanghai
Province, China were not significantly differentiated from populations from
Alabama, two of the Tennessee populations, and one of the South Carolina
populations. None of the Tennessee populations were significantly differentiated
from each other. Alabama was not significantly differentiated from Arkansas,
Indiana, one of the Mississippi populations, and all but one of the Tennessee

populations. Arkansas was not significantly differentiated from most of the
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southern/western populations seen in the PCO of U.S. samples. Georgia was not
significantly differentiated from Indiana, most of the Tennessee populations and
one of the Mississippi populations. Holly Springs MS was not significantly
differentiated from Mayo SC and Mecklenburg VA. All other populations were
significantly differentiated. Of the significant pairwise population relationships, Fst
values ranged from 0.00 to 0.968 indicating varying levels of divergence. In the
vast majority of cases, pairwise Fst values were less than 0.500 for samples from
the same regions within North America, further lending support to the

relationships visualized in the PCO.

Since Jost (2008) noted that Gst (and by extension its analogue used
here, Fst) is a less than ideal measure of differentiation between demes, and one
that can succumb to various estimation errors, | also generated a pairwise matrix
of the harmonic mean of Jost’s Des (Table 3.7), which should be a superior
measure of divergence between demes. This measure showed the same trends
as did Fsr, but with the following exceptions. One Shanghai province did not
show divergence from the Maryland populations. One Zhe Jiang Province
population also did not show divergence from the Maryland population. All other
Asian populations were divergent from each other although the two Yunnan and
two of the Zhe Jiang Province populations showed very low levels of divergence
(<0.100). In the invasive range, populations from Alabama, Arkansas, Georgia,
Indiana, all Tennessee populations, both Mississippi populations, Mayo SC, and
Mecklenburg VA showed no divergence from each other. In addition, the North

Carolina population showed no divergence from the Mayo SC, and Mecklenburg
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VA populations. All other U.S. populations were differentiated but similarly to the
Fstresults were consistently less differentiated among the regions indicated in
the PCO. Though the only Asian populations which showed no divergence from
some North American populations were from eastern China, Japanese
populations were, on average, less divergent from the North American
populations than other Asian populations. For these populations Destranged from
0.234-0.416. There were also several populations from eastern China which had
lower differentiation from several North American populations. For these
populations Des; ranged from 0.345-0.550. Populations from different sub-regions
within each continent generally had a Des; greater than 0.600. Interestingly, Dest
values generally showed less divergence of the southern/western North
American populations with the Japanese population while the remainder of North

American populations showed less divergence with eastern Chinese populations.

Bayesian Clustering via STRUCTURE

| also attempted to resolve genetic structure using the Bayesian clustering
program STRUCTURE 2.3.3, although | should note that the STRUCTURE
analysis results should be interpreted carefully since the STRUCTURE
algorithms assume Hardy-W einberg equilibriums within populations, which is not
a valid assumption for M. vimineum, due to high rates of inbreeding.
Nonetheless, | conducted the STRUCTURE analysis as an exploratory exercise
to determine what kind of sub-regional genetic structure may be revealed by a

Bayesian approach and to generate a non-numerical, visual representation of the
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data. One of the critical decisions in setting the STRUCTURE input is deciding a
reasonable value for K, the expected number of clusters. Using the Evanno et al.
(2005) method, | compared K vs. DeltaK values for 20 runs of the dataset for
various K values. DeltaK is an ad hoc statistic that quantifies the rate of change
in the log probability of data between successive K values. | initially ran the
analysis for K = 2 to K = 26, based on STRUCTURE runs set for 10,000 burnin
reps and 10,000 MCMC (Marcov Chain Monte Carlo) replications. Based on the
Evanno et al. (2005) method, the optimal K value should be indicated by plotting
K vs. DeltaK, looking for a high peak of DeltaK and then adopting the
corresponding K value. This would clearly be K = 6 based on the graph
presented in Appendix Figure A.1.A. | also plotted K vs. DeltaK for K =2 to K
=19, based on STRUCTURE runs set for 50,000 burnins and 200,000 MCMC
reps, which is well within the range of STRUCTURE simulations run parameters
used for publication quality results. Strangely, the K vs. DeltaK results were much
more ambiguous with the additional burnins and MCMC reps (Appendix Figure
A.1.B). The peak DeltaK appeared to be at either K = 4 or K = 9. Because of
these ambiguities, and because choosing a K value is considered as much an art
as a science (STRUCTURE 2.3.3 support manual), | generated a range of
STRUCTURE graphs, visualized using DISTRUCT 1.1 to explore the
simulations. | present the results from three STRUCTURE simulations of K = 6
and K = 7, generated using 10,000 burnins and 10,000 MCMC reps in Appendix
Figures. A.2 and A.3. | also present the results from three simulations of K = 5, K

=9 and K = 11 of 50,000 burnins and 200,000 MCMC reps in Appendix Figures
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A.4-A.6. However, since M. vimineum’s reproductive biology is not fully
compatible with STRUCTURE analysis, | do not go into their results nor interpret

their implications here.

Discussion

Genetic Diversity and Inbreeding

[ initially hypothesized that M. vimineum would exhibit low within
population genetic diversity based on its mating system. This certainly appears to
be the case. The majority of populations exhibited Hp = 0.00, indicating fixation of
alleles (or maintenance of additional alleles at lower frequency than were
detectable by my sample sizes) for all of the microsatellite loci assayed here in
the majority of populations. This pattern was evident in both native and
introduced populations of the species, suggesting that the pattern is not solely
due to bottlenecks associated with invasion, but rather a general property of the
species. This pattern has almost certainly emerged as a result of the high selfing
rate inherent in the mixed cleistogamous/chasmogamous breeding system. As a
species which is wind pollinated, has no known self-incompatibility, and seems to
have ample opportunity for seed dispersal, inbreeding due to cleistogamy
appears to be the most plausible explanation of the extremely low levels of within
population diversity observed here. The fact that so many of the populations
exhibited allelic fixation, or low levels of genetic diversity, despite tremendous

abundance and sustained invasion success, suggests that the reduced genetic
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diversity within populations accompanying high selfing rates is not detrimental to

the species’ survival.

While inbreeding is undoubtedly an important determinant of population
structure in this species, the lack of internal variation may also reflect my choice
of marker system. This is best indicated by comparing the results from this study
with the genetic analysis performed of invasive M. vimineum in a single
watershed in Virginia, using AFLP markers. In that study, Baker and Dyer (2011)
did not find complete fixation within populations, though STRUCTURE analysis
did indicate that all but two of their 23 populations showed little indication of
admixture, which could mean that AFLP locus diversity has been generated de
novo in each population, as opposed to resulting from gene flow. They measured
mean diversity (Shannon’s information) at 0.264, ranging from 0.148 to 0.380
among populations, although they were unable to measure heterozygosity, since
AFLP is a dominant marker system. They also measured percent polymorphic
loci, which ranged from 19.44% to 77.78% with a mean of 47.94%. The Baker
and Dyer (2011) results, indicate that there is more genetic variation within
populations, at least when assayed via AFLP, than is revealed by the

microsatellite marker system used here.

Notwithstanding this dearth of within-population variation, the
microsatellite marker system did uncover important genetic structure at both the
regional and continental scales. Therefore, future studies of M. vimineum at
larger landscape scales would benefit from this microsatellite marker system,

while studies at a more local scales (within watersheds or individual populations)
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will require genetic markers capable of discerning greater variability (e.g., AFLPs,
SNPs or ISSRs). Since accurate measurement of heterozygosity is likely to be of
high value for this species, SNPs (a co-dominant marker system capable of

detecting heterozygosity directly) might be the better choice.

Genetic Structure in the Native Range

There were several clear indications of spatially determined genetic
structure in the native range. Pairwise Fst values were significant and high
between all populations in the native range. Similarly, pairwise values of Jost’'s
Dest Were also high between most populations in the native range. Both the
AMOVA and PCO analyses clearly revealed clustering of populations based on
large-scale geography. Though this study includes populations from only a small
portion of the species’ native range, which extends westward to Iran, northward
to Russia and southward to Myanmar, it is evident that the species exhibits
genetic subdivision on a transcontinental scale, within its native range. Additional
sampling would allow for a more complete biogeographic analysis of the species
within its native range and help identify geographic barriers to gene flow which
may be important determinants of finer scale genetic structure in the native
range. Such sampling may also provide more genotypes which could be used as
comparators to help identify the most likely source(s) of propagules giving rise to

invasive M. vimineum populations.
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Genetic Structure in the Invasive Range

Microstegium vimineum showed clear indications of genetic structure in its
invasive range, but the patterns of genetic structure were clearly different from
those found in Asia. While many pairs of populations were significantly different,
based on pairwise Fsrt (or Dest) Values, others were not. In broad terms, all
analyses showed that populations within the invasive range can be broken up
into three sections: the northeast (New York, New Jersey and Connecticut), the
south/west (Alabama, Arkansas, Georgia, Indiana, Tennessee, Mississippi,
South Carolina, and southern Virginia), and the mid-Atlantic (Maryland,
Pennsylvania and northern Virginia). Beyond broad scale partitioning, it was clear
that the populations within these sub-regions were not as well differentiated
based on geography as their counterparts in Asia. In other words, populations
within these sub-regions were less differentiated inter se. This is also evidenced

by the lower Fsg value in the invasive range than in the native range (Table 3.4).

| deliberately oversampled from populations in and around Knoxville,
Tennessee, in order to examine the genetic diversity at the first recorded
sampling location for the species in its invasive range. Often, species show the
highest genetic diversity where they have been present longest, as with
domesticated crop species (Vavilov 1951), though | must admit the caveat that
herbarium records are not always a reliable proxy for relative dates of first
presence. For M. vimineum there was no increase in genetic diversity in the
Knoxville region and, in fact, all Tennessee populations were virtually

indistinguishable. This may indicate that genetic diversity is quickly purged within
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M. vimineum populations, as is usual from repeated generations of high selfing
rates. Of course, it could also represent the consequences of a highly restricted,
genetically depauperate source of colonizing propagule(s) from Asia. In either
case, it may not be possible to determine the oldest, or original, invasion
locale(s) by seeking out areas with increased genetic diversity in the invasive

range.

Based on anecdotal accounts, the prevailing notion is that M. vimineum
was first introduced to the southeastern U.S. around 1900. The fact that this
study revealed three distinct, divergent groupings within U.S. populations could
be interpreted as suggesting three introductions of distinct genetic material from
Asia, giving rise to the three different geographic groupings discovered here. The
herbarium records for the species do not seem to corroborate that possibility.
Instead, the herbarium records suggest that the species was probably introduced
in the southeastern U.S., with potential secondary introduction location(s) in the
mid-Atlantic, based on the early appearance of specimens around Philadelphia
(Fairbrothers and Gray 1972). Considering that the species was reported to be
introduced via packing material from Chinese ceramics, it is mostly likely that the
species would have been introduced multiple times wherever these ceramics
packages were opened and the packing materials discharged. However, it is
possible that the introduced material would have been genetically similar, since
most Chinese ceramics imports originated from the Janxi Region in central

China.
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Most likely, the founding invasive propagules would have been
cleistogamous (and thus homozygous) since the terminal, chasmogamous seeds
shatter under field conditions and would probably have fallen off the plant before
harvesting. However, genetic diversity could still have been introduced into the
invasive range via multiple introductions of differing homozygous material. Both
the available ‘lore’ and the pattern of genetic structure in the invasive range
suggest multiple introductions (from central China) to the southeastern (and
possibly mid-Atlantic) United States. Under such a scenario, range expansion
southwards, northwards and westwards would have resulted in genetic radiation,
giving rise to the three genetic sections observed in this study. It is interesting to
note that populations from Ohio and West Virginia defied classification, relative to
the three observed sub-regions. West Virginia also had the highest genetic
diversity of any population measured by effective number of alleles. It may be
that the northeastern mid-west represents a secondary contact zone where
expansion of the northeast sub-region westward is converging with expansion of
the southern/western sub-region northward. This interpretation is further
supported by the observation that these populations are some of the most
recently established. As I initially anticipated, higher diversity in West Virginia and
Indiana could also indicate an advantage of increased chasmogamy in more
recently established populations, though comparatively higher levels of diversity
were not noticed for other young populations (e.g., New York and Connecticut).
Alternatively, these recent arrivals into the heart of the continent may represent

novel genotypes introduced anew from the native range via international shipping
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up the Mississippi and then branching off to the Ohio. Introduction trade routes
branching off the St. Lawrence or even up the Susquehanna (via the
Chesapeake Bay) are also possibilities. Whether, and how, M. vimineum
propagules are still being transported to the U.S. from Asia is likely the key

determinant for which scenario is most probable.

Relationship of the Invasive Range to the Native Range

Invasion biologists are often curious as to the origin and genetic diversity
of colonizing propagules. Large scale population genetic analyses which include
native and invasive populations may sometimes reveal the origin(s) of
colonization, and later invasion. Looking through the data, there are a few lines of
evidence that the populations from eastern China may be slightly more similar to
some of the U.S. populations than the other Asian locales sampled, though the
evidence is mixed. First and foremost, there is substantial allelic overlap between
the two continents (34 of 86 total alleles) indicating that genetically, the two
continents have quite a bit in common. Additional evidence stems from the
pairwise measures of differentiation. The Fst analysis revealed that there were
four populations from the southern U.S. which were not differentiated from Asian
populations (Fst = 0.00). In all of these cases, these relationships were with
populations from eastern China. The D¢ analysis also revealed similar
relationships although additionally revealed a signature that some North

American populations appeared less divergent from the Japanese population
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than from eastern Chinese populations. However | do not find it credible that U.S.
populations are more closely related to Japanese populations than Chinese
populations. | have grown Japanese and Chinese M. vimineum plants in the
greenhouse. Though | had access to limited sampling locations, all Japanese
plants exhibited yellow anthers. All North American plants exhibited reddish
brown anthers. Most Chinese populations contained both yellow and reddish
brown anthers. This visual marker data (presumably under genetic control) would
seem to indicate that North American M. vimineum originates from somewhere in
the native range with the presence of reddish brown anthers, which at least

according to my limited sampling does not include Japan.

Collectively, the information can be interpreted in three ways. First, it could
mean that overall, the eastern Chinese samples are slightly more similar to the
U.S. samples than the other Asian populations. This interpretation does
compliment the anecdotal account that M. vimineum was introduced via packing
material used for shipping of Chinese porcelain, which was primarily imported
from Janxi province around the turn of the century. | was unable to obtain
samples from Jianxi province for this study, but since Janxi is located between
Shanghai and Yunnan, but closer to Shanghai, it does make sense that the
dataset would reveal a weak, yet somewhat ambiguous, signal of similarity
between American and eastern Chinese samples. Alternatively, the evidence
could indicate that | have not sampled the source of M. vimineum in the Asian
range at all. The species is present in areas quite geographically distinct from my

current Asian sampling locations, including the Philippines, Myanmar, India and
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Russia. Any of these locations could contain vastly different genetic versions of
M. vimineum which may have found their way to North America, though the
substantial allelic overlap between the two regions sampled here does suggest
that | may have sampled in (or near) the source of invasive propagules. Third,
the lack of haplotypic similarity between continents could be the result of
divergence over the species’ 100 or more year history in North America. We
have no strong indication whether the species was introduced to a single
location, or has been continuously reintroduced from one or several Asian
sources. Any of these scenarios could explain the intercontinental divergence
seen here between Asia and North America. Furthermore, since these are
nuclear markers which can assort independently, and certainly would over 100
generations, there could have been a large amount of genetic reshuffling
occurring in the invasive range, which could differentiate those populations from
any Asian source populations. Although repeated selfing due to cleistogamy
would link the markers, resulting in non-independent assortment, the clear
presence of occasional chasmogamy (eight multilocus heterozygotes in 570

samples) could still provide fodder for independent assortment.

Even though | cannot make any definite statements about invasive
propagule origin based on this dataset, there are some important general
differences in overall genetic diversity between the native and invasive ranges
that are evident. First, the overall genetic structure of populations is partitioned
on different spatial scales. In Asia, there is clear differentiation between the sub-

regions sampled. These sub-regions appear almost completely distinct, based on
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the PCO analysis. Furthermore, all populations, even those collected in relatively
close proximity (e.g., in Yunnan and the Shanghai sub-regions), are significantly
and robustly differentiated. In contrast, the North American samples show a more
subtle sub-regional structure, but are not well differentiated within sub-regions.
Furthermore, those sub-regions are not as clearly discrete, as there are
populations (e.g., West Virginia) that clustered with multiple sub-regions in the
PCO. This suggest that in the invasive range, the migration rate of microsatellite
loci (m; within a region) is greater than the mutation rate (x), whereas in Asia, m
(within a region) < u. The fact that there is one haplotype shared by 16
populations, and 229 individuals, in North America is certainly strong evidence
that that particular haplotype is dispersing around the invasive range much more

quickly than it is evolving.

The natural interpretation is that the genetic structure in the invasive range
continues to ‘sort itself out’ as the species continues to colonize its new range.
Given enough time, | would expect that the invasive range populations would
differentiate as fully as those in the native range, once range expansion into
suitable niches is complete and the new populations suffer the expected
‘meltdown’ of their starting genetic variation due to the inbreeding that
accompanies repeated selfing, coupled with the eventual generation of new

microsatellite alleles mutationally in each population.

Though | am not sure that the Asian populations sampled are
representative of potential source populations for the invasive range, it is very

evident that the North American samples contain less genetic diversity than do
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the Asian samples, probably as a result of the bottleneck often associated with
invasion. There are two lines of evidence to suggest this bottleneck. First,
measured averages of heterozygosity and effective numbers of alleles were
higher in the native range. This is especially noteworthy, since | sampled fewer
populations (10) in the native range than in the invasive range (24), and the
average sample size for Asian populations (fia = 12.3) was lower than in the U.S.
(Ay = 18.6). Everything else being equal, we would have expected the reverse
results, so the fact that Aea)* > Aeuy* is striking. Second, there were more than
twice the number of private alleles in the native range (Table 3.3), suggesting

greater allelic diversity there.

Importance of the Mating System

This study serves as a strong reminder that the biology of the organism,
especially the reproductive biology, is likely to be the most important feature in
determining broad scale genetic structure. While | did find some interesting
differences in both genetic diversity and population genetic structure between the
native and introduced ranges, individual populations in the native and invasive
ranges were remarkably similar. They exhibited the predicted patterns associated
with an annual, wind pollinated grass with a mixed cleistogamous/
chasmogamous mating system. Diversity was low within all populations, and
there was definite genetic structure on regional levels. Since M. vimineum is a

successful invader, it is apparent that the mixed cleistogamous/chasmogamous
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mating system is not hampering the species’ ability to cope with its new
environment. In fact, it is entirely possible that this strategy is beneficial to the
organism. Though this kind of reproductive strategy would result in narrowing of
genetic diversity in each breeding population, due to the increased rates of
inbreeding, high rates of inbreeding would not necessarily lead to the negative
fithess consequences usually associated with exposure of detrimental recessive
alleles, because high rates of inbreeding would have already purged the species

of such deleterious alleles.

I initially expected that | would be able to infer an adaptive advantage of
the mixed cleistogamous/chasmogamous mating system based on patterns of
genetic structure. | hypothesized that novel genotypes generated by
chasmogamous outcrossing would lead to strong differentiation among
populations (even in relatively close proximity) if novel genotypes are either more
fit in new locales or particularly adept at dispersal. The observed sub-regional
structure within the invasive range, and lack of population differentiations within
sub-regions (e.g., the entire southern U.S. and especially the greater Knoxville
area), despite clear differences in habitats within these regions, does not support
this specific hypothesis based on the data patterns observed. However, the lack
of population differentiation does not necessarily mean that the mixed
cleistogamous/chasmogamous mating system is not generating novel colonizing
propagules in this way. Instead, these microsatellite markers may be behaving
more ‘neutrally’ than | originally anticipated. It appears that even a small amount

of outcrossing (about 3.5% of individuals were heterozygous in this study) may
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be sufficient to break marker linkage with potentially adaptive genes. Therefore,
the genetic structure observed in this study is likely to be more related to overall

demographic processes than to adaptive qualities.

Nevertheless, this study provides empirical evidence that the mixed
cleistogamous/chasmogamous mating system allows for the near fixation of
genotypes in a given habitat, while the chasmogamous terminal spike present on
each plant, and the occasional outcrossing that it allows, leads to persistence of
some genetic diversity at low frequency, including generation of novel allelic
combinations (20 of 570 samples showing some sign of outcrossing), though
continued inbreeding would slowly erode allelic diversity, absent other pressures
or gene flow. These demographic qualities are compatible with adaptationally
significant processes. For example, the maintenance of low frequency alleles
would serve as areservoir of genetic diversity that could quickly increase
frequency under appropriate selection pressure. Therefore, M. vimineum may be
leveraging the mixed cleistogamous/chasmogamous mating system to
advantage, using the system to episodically create novel genotypes in a given
environment, followed by fixation of the better adapted recombinants via
inbreeding. Since Cheplick (2007) found that biomass allocation to chasmogamy
increased relative to cleistogamy under only the most favorable growing
conditions, there does appear to be some cost to increasing investment in
chasmogamy for this species. This cost could reflect pressure on the species to
reduce the possibility of deviation from ‘fixed’ genotypes, which have developed

adaptationally at a given site, except when conditions are particularly favorable to
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survival. Thus novel genotypes (which could include genotypes especially fit for
colonization of new sites but would probably include some expensive (i.e., unfit)
genotypes will be preferentially generated at times when reproductive allocation
to unfit genotypes would present less of an investment risk to survival.
Furthermore, the divergence between sub-regions which has developed post-
colonization, may serve as an additional reservoir of genetic diversity that may
provide capitalization opportunities for adaptive processes during range
expansion. Since seeds are easily dispersed, new genetic diversity should be
flowing between populations (though at rates low enough to allow inbreeding to
fix populations for genotypes as was observed in this study) and would be

available should resource availability present the opportunity.

Conclusions

The mating system of M. vimineum is the most important determinant of
the continental and regional level population structure observed in this study,
though there were some differences evident in population structure between the
invasive and native ranges. Specifically, the invasive range had lower genetic
diversity, overall, probably due to founder effects. Also, in its invasive range,
population and regional genetic differentiation appeared to be ‘in process’ of
developing, due to the relative importance of migration to mutation in the invasive
range as compared to the native range. Sub-regional structure among

populations in the invasive range has been established and will probably move
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towards the level of divergence that is evident in the native range. Divergence
and differentiation in the invasive range are likely to continue as the species
expands its invasive range, generates new diversity mutationally in the new
range, and (possibly) via additional introduction of genetically distinct propagules
from the native range. Continued population genetic studies of M. vimineum,
especially those using co-dominant and highly polymorphic marker systems (e.g.,
SNPs), will likely elucidate the time scales under which the processes which
determine genetic structure operate and provide more information about the
exact locations in the native range which have served as sources for invasive

propagules.
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Figure 3.1. Population sampling locations from the United States used in
population genetic analyses of Microstegium vimineum.
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Figure 3.2. Population sampling locations from Asia used in population genetic
analyses of Microstegium vimineum.
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Percentages of Molecular Variance
for All Samples
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Figure 3.3. AMOVA chart and summary statistics for all M. vimineum samples
with regions defined as Asia and the USA.
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Figure 3.4. AMOVA chart for M. vimineum samples from the invasive (USA) and
native (Asia) ranges separately. Ranges in the US are defined as north east,
mid-Atlantic/north Virginia, and the west/south. Regions for Asia are Yunnan, the
Shanghai region, and Japan.
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Figure 3.5. Principle Coordinate Analysis (PCO) of all M. vimineum samples

colored by region (Asia and USA).
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Figure 3.6. Principle Coordinate Analysis (PCO) of Native (Asian) samples
colored and labeled by population. Colored groupings indicate geographic origins
of each sample within Asia.
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Figure 3.7. Principle Coordinate Analysis (PCO) of invasive (USA) samples

colored and labeled by population. Colored groupings indicate geographic origins
of each sample within the U.S.
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Population

Code Country State/Province Nearesttown/Landmark Latitude Longitude
CN11 China Zhe Jiang Qingliangfen Reserve 30°10'29"N 119°11'56"E
CN12 China Zhe Jiang Yunlang Village 30°07'17"N 119°14'37"E
CN13 China Zhe Jiang Zhe Jiang A&F University ~ 30°15'24"N  119°43'22"E
CN14 China Shanghai Tianma Mountain 31°04'35"N 121°08'41"E
CN15 China Shanghai She Mountain 31°05'51"N  121°11'26"E
CN16 China Shanghai Shanghai Zoo 31°21'34"N  121°21'34"E
CN17 China Shanghai Chongming Island 31°31'52"N  121°51'52"E
CN3 China Yunnan Mosha 23°45'37"N  101°48'45"E
CN7 China Yunnan Zhelong 24°18'10"N 101°21'50"E
J Japan Nara Prefect Akabane 34°30'51"N 136°00'38"E
ALl USA Alabama Decatur 34°38'57"N 87°06'20"W
AR1 USA Arkansas Hazen 34°50'23"N 91°33'15"W
CT1 USA Connecticut Farmingham 41°42'22" N 72°47'34"W
GAl USA Georgia Athens 33°59'22"N 83°22'46"W
IN USA Indiana Bloomington 39°13'09"N 86°32'29" W
KN1 USA Tennessee Knoxville 35°56'54"N  83°56'21"W
KN2 USA Tennessee Knoxville 35°57'19"N 83°56'50"W
KN3 USA Tennessee Knoxville 35°54'14"N 83°57'41"W
KN4 USA Tennessee Maryville-Alcoa 35°51'12"N 83°56'47"W
KN5 USA Tennessee Knoxville 35°54'44"N 83°51'19"W
KN6 USA Tennessee Knoxville 36°00'55" N 83°44'23"W
MD1 USA Maryland Thurmont 39°37'46"N  77°27'32"W
MS1 USA Mississippi Holly Springs 34°59'14"N 89°36'33"W
MS2 USA Mississippi Jackson 32°13'29"N 90°15'58"W
NC1 USA North Carolina  Rock Creek 36°01'22" N 79°35'24"W
NJ1 USA New Jersey Bridgewater 40°35'19"N 74°33'47"W
NY1 USA New York Bear Mt. 41°18'30"N 74°00'01"W
OH USA Ohio Athens 39°20'30"N 82°00'47"W
PA1 USA Pennsylvania Ephrath 40°10'49"N 76°08'22"W
SC1 USA South Carolina  Columbia 34°02'57"N 81°10'58"W
SC2 USA South Carolina Mayo 35°04'14"N 81°52'29"W
VAl USA Virginia Mecklenburg 36°34'42"N 78°04'23"W
VA2 USA Virginia Rockingham 38°15'43"N 78°39'40"W
wv USA West Virginia Morgantown 39°39'45"N  79°59'00" W

Table 3.1. Population codes and sampling locations of all M. vimineum samples
used in the population genetic analysis.
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Population Code Country N H, H, N, A,
CN11 China 11 0.07 0.35 25 1.65
CN12 China 7 0.00 0.02 11 1.04
CN13 China 13 0.01 0.01 11 1.01
CN14 China 8 0.00 0.00 10 1.00
CN15 China 7 0.00 0.00 10 1.00
CN16 China 10 0.16 0.32 22 1.67
CN17 China 5 0.00 0.00 10 1.00

CN3 China 20 0.01 0.16 16 1.28
CN7 China 20 0.01 0.29 21 1.67
J Japan 22 0.00 0.19 21 1.28
ALl USA 24 0.00 0.00 10 1.00
AR1 USA 20 0.00 0.00 10 1.00
CT1 USA 15 0.00 0.00 10 1.00
GA1l USA 16 0.00 0.05 12 1.08
IN USA 22 0.01 0.00 11 1.01
KN1 USA 7 0.00 0.00 10 1.00
KN2 USA 10 0.00 0.02 11 1.02
KN3 USA 15 0.00 0.01 11 1.02
KN4 USA 19 0.00 0.00 10 1.00
KN5 USA 11 0.00 0.00 10 1.00
KN6 USA 5 0.00 0.00 10 1.00
MD1 USA 23 0.03 0.35 26 1.64
MS1 USA 20 0.00 0.00 10 1.00
MS2 USA 25 0.00 0.12 21 1.16
NC1 USA 25 0.00 0.36 23 1.67
NJ1 USA 18 0.00 0.40 18 1.86
NY1 USA 21 0.00 0.00 10 1.00
OH USA 20 0.00 0.00 10 1.00
PA1l USA 23 0.00 0.19 14 1.38
SC1 USA 24 0.00 0.04 14 1.05
SC2 USA 18 0.00 0.00 10 1.00
VAl USA 22 0.00 0.00 10 1.00
VA2 USA 24 0.01 0.34 22 1.94
WV USA 20 0.03 0.53 28 2.55
Global Average 16.76 0.01 0.11 14.35 1.23
Asia Average 12.30 0.03 0.14 15.70 1.26
USA Average 18.63 0.00 0.10 13.79 1.22

Table 3.2. Genetic diversity metrics for M. vimineum populations sampled. N =
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number of samples, H, = observed heterozygosity, He = expected heterozygosity,

N, = number of alleles over all loci. A. = bias corrected effective number of

alleles.



Native Region

Invasive Regions

Locus and Allele Locus and Allele
Allele Frequency Allele Frequency
Category in Region Category in Region
MVO01-N1 0.132 MV01-I11 0.170
MVO01-N2 0.107 MVO01-12 0.016
MVO01-N3 0.223 MV03-I1 0.002
MVO01-N4 0.058 MV03-12 0.006
MVO01-N5 0.041 MV03-I3 0.085
MVO01-N6 0.004 MV03-14 0.127
MVO1-N7 0.021 MV03-I5 0.021
MVO01-N8 0.066 MV09-I1 0.215
MV03-N1 0.351 MVO5A-I1 0.703
MV03-N2 0.008 MVO5A-12 0.002
MV03-N3 0.128 MVO05B-I11 0.039
MV03-N4 0.008 MV06-I1 0.696
MV10-N1 0.012 MV06-12 0.018
MV10-N2 0.050 MV06-I3 0.063
MV10-N3 0.128 MV02-I1 0.022
MV09-N1 0.331 Average 0.146
MV09-N2 0.054
MV09-N3 0.128
MVQ09-N4 0.169
MVO5A-N1 0.068
MVOSA-N2  0.144 Total no. of
MVO5A-N3 0.059 private
MVO5A-N4 0.008 alleles in 15
MVO5SA-N5  0.161 invasive
MVO5A-N6  0.165 region
MVO5B-N1  0.059 Total no. of
MVO05B-N2 0.292 private
MV06-N1 0.004 alleles in 37
MV06-N2 0.013 native
MVO6-N3  0.218 region
MV06-N4 0.046
MVO07-N1 0.027
MVO07-N2 0.164
MV08-N1 0.132 Table 3.3. Summary
MV08-N2 0.018 of Private Alleles by
MV08-N3 0.027 Native (Asia) and
MV08-N4 0.064 Invasive (USA)
Average 0.100 Regions per locus
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Degrees

Source of Variation of Sums of  Mean E.St' Per_ce_nt b- F-stat F-stat
Squares Squares Variance Variation values value
Freedom

Global
Asia vs. US 1 348.18 348.18 0.75 22% 0.001 Frr 0.22
Pops/Asia+US 32 1960.26  61.26 1.78 52% 0.001 Fsr 0.67
Individuals/Asia+US 536 923.01 1.72 0.84 25% 0.001 Fs 0.95
Within Individuals 570 23.50 0.04 0.04 1% 0.001 Fir 0.99
Native Region
Among Regions/Asia 2 265.20 132.60 0.65 16% 0.001 Frr 0.16
anposrlgRegion . 7 33579  47.97 2.24 55% 0.001 - 0.66
Among Indiv./Asia 113 252.71 2.24 1.06 26% 0.001 Fis 0.90
Within Individuals 123 14.00 0.11 0.11 3% 0.001 Frr 0.97
Invasive Region
Among Regions/US 2 925.93 462.96 2.24 63% 0.001 Frr 0.63
Q?pos’lgR S— 21 43335 2064 052 15% 0001 . 039
Among Indiv./US 423 670.30 1.59 0.78 22% 0.001 Fis 0.97
Within Individuals 447 9.50 0.02 0.02 1% 0.001 Frr 0.99

Table 3.4. Analysis of Molecular Variance (AMOVA) for the molecular dataset. This table represents three distinct
AMOVAs (all samples, native samples only, and invasive samples only).
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AXis
No. 1 2 3 4
PCO
All samples 89.89 31.98 26.23 18.47
47.37% 16.85% 13.82% 9.73%
Native (Asian)
samples 28.46 26.51 22.93 11.45
26.11% 24.33% 21.04% 10.51%

Invasive (USA)
samples 86.05 34.87 2492 9.30

51.54% 20.88% 14.93% 5.57%

11.66
6.15%

10.85
9.96%

6.51
3.90%

11.54
6.08%

8.79
8.06%

5.32
3.19%

Table 3.5. Eigen values for the first six axes of the three PCO analyses

performed with percent of each axis below the eigen value.
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