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ABSTRACT OF DISSERTATION

Populations of invasive species are often characterized as genetically depauperate, an
inherent consequence of the colonization process. It has also been suggested that species that are
able to avoid these reductions in genetic diversity may be better able to adapt to their introduced
range. Evolutionary change can play an important role in the invasion process if novel selective
pressures drive adaptive evolution. To better understand the genetic processes following
invasion, introduced populations of the invasive mustard, Isatis tinctoria L. were studied. Given
its mating system and introduction history it may have avoided substantial founder effects. As a
consequence, it may maintain high levels of genetic variation in the introduced range.

The focus of chapter 1 was to investigate genetically based phenotypic differences in /.
tinctoria originating from different source populations by growing plants in a common
greenhouse environment. The following questions were addressed: 1) Are there differences in
ecologically important traits among introduced populations of 1. tinctoria grown in a common
greenhouse environment? 2) How is observed variation in traits partitioned among populations

and families within populations? 3) Is there a correlation between any traits measured and



latitude? 4) Are plants derived from commercial seed sources phenotypically different from
plants from invasive populations?

The focus of chapter 2 was to measure levels of neutral genetic variation present in
introduced populations of 1. tinctoria using AFLP markers. The following questions were
addressed: 1) What is the level of genetic variation of introduced populations of 1. tinctoria? 2)
What is the level of genetic variation in commercial populations? 3) How is genetic variation
structured across the introduced range of this species? 4) Can populations be separated into
distinct clusters or groups and is this grouping related to geography or introduction history? 5)
Are populations that are closer together geographically more genetically similar?

Lastly, whether there was evidence of adaptive evolution in introduced populations of 1.
tinctoria was addressed by testing for the presence of phenotypic clines. The development of
phenotypic clines is often thought to be an indicator of adaptive evolution. If present, adaptive
evolution may contribute to invasion success if it leads to the colonization of environmentally
diverse areas. However, not all population differentiation can be considered adaptive; processes
that occur during introduction that are selectively neutral can resemble local adaptation. A more
reliable indicator of local adaptation can be derived by comparing differences in quantitative trait
variation to neutral genetic variation — the primary focus of Chapter 3. In this chapter the
following specific questions were addressed: 1) Is geographic location or climate a better
predictor of phenotypic variation? 2) Is phenotypic variation best explained by neutral genetic
variation and/or environmental conditions? 3) If neutral genetic variation is not the best
predictor of phenotypic variation then which variables (if any) contribute to phenotypic clines?

Finally, values of Qs and Fst were compared.
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CHAPTER 1
Patterns of local differentiation in introduced populations of the invasive plant
Isatis tinctoria L. (Brassicaceac)
Abstract

Populations of invasive species are often characterized as genetically depauperate, an
inherent consequence of the colonization process. It has also been suggested that species that are
able to avoid these reductions in genetic diversity may be better able to adapt to their introduced
range. The focus of our study was to investigate patterns of local differentiation in Isatis
tinctoria L., an invasive plant that may have avoided substantial founder effects given its mating
system and its history of multiple introductions. Seed was collected from introduced populations
of I tinctoria in the western US and from 2 commercial seed sources and grown in a common
greenhouse environment to ask whether there were genetically based phenotypic differences
among plants originating from different source populations. We found significant differences
among populations in growth, development, and photosynthetic measures and these traits appear
to be moderately heritable. In addition, observed variation in flower development and growth
was correlated with latitude suggesting that local adaptation may have occurred

Introduction

Invasive species are recognized as key threats to endangered species, cause substantial
loss in biodiversity and ecosystem function, and have severe economic impacts (Sala et al. 2000;
Wilcove et al. 1998). Some of the most problematic invasive species are those that become wide
spread across areas that are environmentally diverse. Determining how these introduced species
are able to establish and then expand their geographical range remains a primary focus of

invasion biology. The underlying factors that influence establishment and spread can be



complex and are often different for individual species, but evolutionary change may be an
important part of the invasion process (Allendorf and Lundquist 2003; Novak and Mack 2005;
Sakai et al. 2001).

In the new environment invasive species may encounter drastic changes in selective
pressures which can drive evolution (Allendorf and Lundquist 2003; Mooney and Cleland 2001;
Sakai et al. 2001). Studies on invasive plants have shown that this type of adaptive evolution can
occur over relatively short periods of time for a variety of traits, including increased growth
rates, reduced herbivore defenses, shifts in mating system structure, and establishment of
latitudinal clines (Cox 2004; Daehler 1998; Ellstrand and Schierenbeck 2000; Keller and Taylor
2008; Thompson 1998; Weber and Schmid 1998). However, adaptation to novel conditions
requires heritable genetic variation (Fisher 1930). It has been suggested that events that occur
during colonization and establishment, such as multiple release events, can increase genetic
variation and the potential for adaptive evolutionary change(Allendorf and Lundquist 2003;
Ellstrand and Schierenbeck 2000; Kolar and Lodge 2001; Lee 2002; Sakai et al. 2001; Schaal et
al. 2003).

If adaptive evolutionary change is occurring we expect to find genetic differentiation
among populations across different environments. A review of studies that compared
quantitative traits of invasive plants from native and introduced ranges suggested that most
introduced populations exhibited some level of trait divergence (Bossdorf et al. 2005). A classic
example of divergent selection is the development of geographic clines in response to elevational
and latitudinal gradients and this pattern has also been shown to develop in invasive populations

(Dlugosch and Parker 2008b; Linde et al. 2001; Maron et al. 2004; Weber and Schmid 1998).



One approach to examining genetic variation among introduced populations is to use
neutral genetic markers. However, the results of these studies may not correlate with patterns of
phenotypic differentiation (McKay and Latta 2002) . This is because estimates of total genetic
variance measured via neutral molecular markers are more sensitive to founder effects than
quantitative fitness traits (Dlugosch and Parker 2008a; Novak and Mack 2005). Comparison of
quantitative traits in a common environment can provide insight into genetically based
phenotypic differences, if under these conditions there is differential expression of traits.

It is important to note that observed differences in a common garden do not definitively
indicate adaptive evolution. Other factors such as genetic drift can also cause population
differentiation in quantitative traits (Keller and Taylor 2008; Lande 1976; Neuffer and Hurka
1999). In addition, common garden studies can not separate out differences attributed to additive
and nonadditive genetic variance. However, they can provide evidence for genetically based
differences in phenotypic traits among populations and within populations that cannot be
determined by molecular evidence alone. Looking at broad-sense genetic variation is also
important because most quantitative traits appear to be at least moderately heritable (Kingsolver
etal. 2001).

The purpose of this study was to test whether there is within and among population
variation in ecologically important traits in introduced populations of an invasive mustard, Isatis
tinctoria L. The introduction history of this species suggests that it was introduced multiple
times and the nature of the introduction events were different. Multiple introductions are of
particular concern because recent work has shown that 1. tinctoria has a high degree of genetic
and morphological variability in its naturalized European range (Gilbert (nee Stoker) et al. 2002;

Spataro and Negri 2008a; Spataro et al. 2007). High levels of genetic diversity in introduced



populations may be maintained if large numbers of individuals were released or intra-specific
hybridization has occurred among populations. If present, these high levels of genetic variation
may increase the potential for adaptive evolution in this species. In addition, this plant is still
commercially available in the US which makes further introductions possible. The introduction
of commercially produced lines may cause the establishment of plants with traits that are more
vigorous relative to their naturalized counterparts because they have been selected for increased
size via artificial selection (Crawley 1986).

Isatis tinctoria is a vigorous weed that is able to invade both disturbed and undisturbed
grassland and perennial plant communities. It is currently distributed in both the eastern and
western US but is considered invasive only in the west. Distribution in the eastern US may be
limited because it is well adapted to arid environments (Farah et al. 1988; Stirk et al. 2006). It
was intentionally introduced into the eastern US from Europe in colonial times as a source of
indigo dye. The first western introduction occurred in California in the late 1890°s where it
entered the US as a contaminate in alfalfa seed from Ireland (Young and Evans 1977) (Fig. 1).
For other western states, its spread is attributed to both its use as a dye plant as well as a crop
contaminant (Kedzie-Webb et al. 1996).

Despite its invasiveness, relatively little is known about the biology of this species. For
example, /. tinctoria has been thought to be a self-incompatible, obligate outbreeder, but recent
work on this species suggests that it may exhibit some degree of self-compatibility in its native
range (Gilbert (nee Stoker) et al. 2002; Spataro and Negri 2008b). It is currently unknown if US
populations of 1. tinctoria exhibit variation in their breeding system. If present, this variation

could be acted upon by selection favoring plants that self-pollinate. This type of mating-system



shift has been seen in other invasive, predominantly outrcrossing plants (Amsellem et al. 2001;
Brown and Marshall 1981; Daehler 1998; Sun and Ritland 1998).

A common garden study with a family structured design was used to addresses the
following specific questions: 1) Are there differences in ecologically important traits among
introduced populations of 1. tinctoria grown in a common greenhouse environment? 2) How is
observed variation in traits partitioned among populations and families within populations? 3) Is
there a correlation between any traits measured and latitude? 4) Are plants derived from
commercial seed sources phenotypically different from plants from invasive populations?

Methods
Collection Sites

Seed was collected from 14 wild populations across the known introduced range of this
species during peak seed production in late June and early July (Fig. 1). No seeds were collected
from Montana because populations in this state are currently undergoing a rigorous control
program that prevents any plants from going to seed. In addition, samples from Idaho were
limited by the spraying of herbicides that halted viable seed production. Seeds were collected
haphazardly from 50 maternal plants in each population and stored in coin envelopes until
planting. In addition, seed was obtained from 2 commercial seed sources to compare phenotypic
differences among wild plants and those that may have undergone artificial selection for traits
that increase dye production.

Greenhouse Study
From each population, 15 maternal families were randomly selected to use in a greenhouse study
and seed was planted in October, 2005. From each family, 5 single-seeded fruits were opened

and each seed was planted into a 2.6cm cell filled with Metro-Mix® 360 planting medium (Sun



Gro Horticulture Canada Ltd., Vancouver, Canada). In total, 2400 seeds were planted (5 seeds
per family x 15 families x 16 populations x 2 replicates) and each set of 5 seeds was kept
together but randomly placed within the greenhouse to minimize environmental effects.
Seedlings were hand watered as needed and the date of seedling emergence was scored daily for
4 weeks to measure differences in development.

After 4 weeks, 2 seedlings were randomly selected from each family and each was
transplanted into a 10.2cm pot containing a 1:1 mixture of sand:Metro-Mix® 360. This resulted
in 480 transplants (15 families x 16 populations x 2 replicates) that were used for the remainder
of the study. After transplanting the plants were placed on automatic drip irrigation and watered
twice daily. Plants received fertilizer once a week (Peters™ 20:20:20, J.R. Peters Co.,
Allentown, Pennsylvania, USA) and micronutrients once every two weeks (Minor-L™,
Albuquerque Chemical Co., Albuquerque, New Mexico, USA). After transplanting, almost all
seedlings derived from the Nevada population died and therefore had to be excluded from the
remainder of the experiment.

Leaf measurements were taken in December of 2005, 8 weeks after transplanting, to
assess differences in growth. For each plant the diameter of the basal rosette was measured to
the nearest cm, the number of leaves was counted and the length of the longest leaf was
measured to the nearest cm. The same measurements were repeated 6 weeks later in January,
2006. After the 2nd set of leaf measures was taken the plants were moved to an outdoor area for
2 months to ensure the initiation of flowering. The plants were returned to the greenhouse in
March, 2006 and were allowed to adjust for 4 weeks before a final set of leaf measurements was

taken in April, 2006.



In January, 2006 a subset of plants was selected to measure differences in net
photosynthesis when the plants were 14 weeks old. This group of plants consisted of 8 plants
each from 4 wild and 2 commercial populations. One population from each geographic region
was randomly selected to represent the general area. Measurements were taken on a single
healthy leaf on each plant using a LI-6400 IRGA (LI-COR Biosciences, Lincoln, NE, USA).
Photosynthetic rate (umol CO, m~ s™) was measured at 16 light levels ranging from 0 to 2000
PAR (umol photons m™ s™) in order to generate light response curves for each plant. All
measurements were made between 9:00 a.m. and 12:00 noon on clear days. Temperature (25°C)
and CO, partial pressure (365 umol CO, mol™) were maintained at constant levels.

To measure differences in development, the date that the first bud and the first flower
developed were scored starting in April, 2006. All plants (n = 450) were censused daily, starting
when the plants began to bolt and continuing for 4 weeks. At the end of 4 weeks, 72% of the
plants had flowered and the remaining non-flowering plants showed no signs of bolting at the
time the census was concluded.

Upon flowering, 3 self pollinations were performed on a subset of plants to test for the
ability to self-fertilize. From each population, 7 maternal families were randomly selected for
pollinations and 2 plants were pollinated per family. Populations CC, GT, and SB had very few
plants that flowered so pollinations were done on all available plants. Three newly opened
flowers on an inflorescence were selected for pollination. Self pollen was applied to the stigma
of each flower using a paint brush. The pedicel of each pollinated flower was then marked with
a small spot of paint to aid in later identification. The inflorescence was then bagged to prevent
contamination by non-self pollen. Four weeks after pollination, bagged inflorescences were

opened and checked for fruit. Fruits from self pollinations were collected, opened and scored for



a seed that appeared viable, subsequently denoted good. Fruits were scored in the following
way: None = No fruits produced good seed, Partial = 1 or 2 of the fruits produced good seed, All
= all three fruits produced good seed.
Data Analysis

Growth

A repeated measures ANOVA with between-subject factors was performed to compare
patterns of growth (PROC GLM: SAS 9.3, 2010). The within-subject effects were time and its
interaction with population and family nested within population. The between-subject effects
were population and family nested within population. For each dependent variable two separate
analyses were done. The first analysis included plants derived from all wild populations plus
those from the 2 commercial seed sources. Because family level data was available for only wild
populations a second analysis was conducted where the commercial populations were excluded.
For this analysis the model included the family nested within population interaction effect as
well as the population main effect. Family was treated as a fixed effect because the model did
not allow for the specification of random effects. Leaf length and rosette diameter were
significantly correlated for all three time periods (Pearson correlation coefficients 0.76, 0.76,
0.74; p<0.0001). Principle components analysis was performed to create a combined variable for
leaf length and rosette diameter at each time period (PROC FACTOR: SAS 9.3, 2010). The first
principle component, denoted rosette size, accounted for 87%, 88% and 88% of the total
variance for each of the 3 time periods respectively. These components were then used to
generate new variable, rosette size, that was used in the repeated measures analysis. In addition
to rosette size, mean number of leaves per plant was also treated as a dependent variable.

Photosynthesis



Light response curves were generated by plotting net CO, assimilation against
photosynthetically active radiation. Calculations of the light compensation point (LCP), dark
respiration (R4) and quantum yield (QY) parameters were achieved by fitting a line to the linear
portion of each curve. To determine if source population had an effect on photosynthetic
measures an ANOVA (PROC GLM: SAS 9.3, 2010) was performed where LCP, R4, QY and
maximum photosynthetic rate (Py,.x) were the dependent variables and population was the
independent variable. A Tukey’s Studentized Range Test was performed to identify differences
among specific populations.

Development

Survival analysis was performed on times of seedling, flower-bud and flower emergence
using an accelerated failure time model (PROC LIFEREG: SAS 9.3, 2010). All three variables
were best modeled using a log-normal distribution which is consistent with an event that
increases quickly, reaches a maximum rate and then declines. Model fit was evaluated using
likelihood ratio statistics and was also evaluated graphically (Allison 1995). For each dependent
variable two separate analyses were done (with and without commercial populations) as
described for the repeated measures analysis. Linear regressions were performed to test whether
there was a relationship between mean emergence times and latitude (PROC REG: SAS 9.3,
2010).

Self-fertilization and Reproduction

To test for differences among populations in the ability to produce seed following self-
fertilization a logistic regression was performed (PROC LOGISTIC: SAS 9.3, 2010). The
independent variables were population and family within population. Three categorical variables

(All, None, and Partial) were used to describe the degree of seed production following self-



fertilization (see methods for a full description of these variables). An ANOVA was performed
on mean flowering stalk height and the mean number of flowering stalks per plant (PROC GLM:
SAS 9.3, 2010). Population and maternal family nested within population were the independent
variables and maternal family was treated as random effect.
Components of Phenotypic variance

To estimate the contribution of population and maternal families to phenotype, variance
components were estimated using a Restricted Maximum Likelihood method (PROC
VARCOMP: SAS 9.3, 2010). The dependent variables were: mean flowering time, budding
time, seedling emergence, leaf number, the principle component rosette size and flowering stalk
height. Population and maternal family within population were the independent variables and
were treated as random effects.

Results

Growth Measures

Overall, source population significantly affected patterns of growth and these patterns
were consistent regardless of whether or not commercial populations were included. There was
also a significant maternal family effect on leaf traits (Table 1). Patterns of growth for each
population were not consistent across time indicated by a significant time by population
interaction effect. There was no significant time by family nested within population effect
(Table 1).The mean number of leaves changed significantly over time for all growth measures
(Table 1). For most populations, rosette diameter increased between 8 and 14 weeks after
planting while leaf number stayed relatively uniform. Following vernalization, leaf number
increased while rosette diameter began to decline. This decline in rosette diameter is consistent

with the plants starting to bolt (Fig. 2).

10



Overall, plants derived from the Wyoming/Idaho border populations tended to be smaller
than plants derived from other sources, where as plants from California tended to be larger (Fig.
2). Plants from the commercial seed source AW showed a sharp difference in patterns of growth
with respect to leaf diameter and were much larger at the end of 24 weeks (Fig. 2; Also see Fig. 1
for population locations/ abbreviations). There was a significant negative relationship between
mean rosette diameter and latitude where plants from more northern latitudes had smaller
rosettes (Fig. 3a). There was no relationship between the mean number of leaves per plant and
latitude.

Photosynthesis

Source population strongly affected all photosynthetic measures (Table 2). There was a
clear division among populations in maximum rates of photosynthesis (Py.x), where the 2
commercial populations (AW, EF) and the California population (SF) had higher rates than the
remaining 3 populations (Table 2). For all photosynthetic measures the Idaho (GT) and
Wyoming (SB) populations ranked lowest and the commercial AW population consistently
ranked the highest. Plants with higher light-saturated photosynthetic rates also tended to be
larger. Maximum rates of photosynthesis were positively correlated with mean rosette diameter
taken at 14 weeks, the same time photosynthetic measures were taken (Table 2)

Development

Source population influenced plant development; for all three measures taken there were
significant population level effects and these effects were present with or without the inclusion of
commercial populations in the model (Table 3). Maternal family within population also
influenced all three measures of development; however, these effects were strongest on time of

seedling emergence. Plants derived from California populations (SF, KR, YN, YS) had the most
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seedlings emerge (96-100%) and these seedlings came up earliest, followed by plants from the
areas collected around Utah (Fig. 4). Plants derived from the Idaho/Wyoming (SB, GT, CC)
border populations had fewer seedlings emerge (46-59%) and these seedlings came up later.
Plants from the 2 commercial seeds sources (AW, EF) and also those derived from the Nevada
population (SC) had the lowest levels of emergence (25-32%) and came up the last.

As was seen with seedling emergence, source population and maternal family also
affected floral development (Table 3), and plants from similar geographic regions showed
similar patterns of floral development (Fig. 4). There was a strong positive correlation between
bud and floral emergence with latitude (R* = 0.73, P = 0.002; R* = 0.84, P < 0.001, respectively),
where plants that occurred at more northern latitudes flowered later (Fig. 3b). There was no
relationship between latitude and seedling emergence.

Reproduction

Of the plants that flowered there was no difference among populations in the number of
flowering stems produced (F=1.22, P=0.260). Most plants produced a single flowering stem
(88%). Interestingly, of the plants that produced multiple flowering stems, 34% of these came
from one of the commercial populations (EF). Source population affected how tall flowering
stems grew (All populations: F =9.91, P =<0.0001; Excluding commercial: F = 6.01, P =
<0.0001). Plants from the commercial seed sources had the tallest flowering stems and plants
from the ID/WY border had the shortest flowering stems. Maternal family within population
also had a significant affect on flowering stem height (F = 1.77, P = 0.0005).

Self-fertilization
Source population did not affect whether or not a plant produced a good seed following

self-fertilization (All populations: > = 9.81, P = 0.5472; Excluding commercial: 3> = 0.90, P =
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0.9996). There was also no affect of maternal family on ability to self (X2 =4.25,P=0.9999).
However, there was variation within each population where some plants were able to produce
good seed following self-fertilization and other plants that were not (Fig. 5).
Components of Phenotypic Variance

For almost all traits measured, most of the phenotypic variance was due to difference
among populations relative to maternal families within populations (Fig. 6). The one exception
was flowering stalk height which showed much more variance among maternal families than
source populations.

Discussion

It is thought that Isatis tinctoria has been released multiple times in the western US as
both a crop contaminant and intentionally for its use as a dye plant (Callihan et al. 1984; Mack
1991; Mack and Lonsdale 2001). In its naturalized European range it has high levels of
morphological and genetic diversity (Gilbert (nee Stoker) et al. 2002; Spataro and Negri 2008a;
Spataro et al. 2007). This is of concern because if high levels of diversity are maintained in
introduced populations of L. tinctoria there could be the potential for adaptive evolution. While
the importance of adaptive evolution in invasion success remains unclear, the development of
genetically based clinal variation in reproductive timing has been observed in many invasive
plants (Dlugosch and Parker 2008b; Lacey 1988; Leger and Rice 2007; Maron et al. 2004;
Neuffer and Hurka 1999; Rice and Mack 1991), and can occur rapidly in invasive populations
(Garcia-Ramos and Rodriguez 2002; Thompson 1998). If this type of adaptive evolution is
occurring in introduced populations of /. tinctoria we would expect to see genetically based

differentiation among populations, especially for traits that involve reproductive development.
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Our common garden study showed significant population differentiation for nearly all
traits measured. Additionally, populations from within a geographic region showed similar
patterns of growth and development. For example, plants from California tended to be larger
and develop faster than plants from other regions, especially those from more northern latitudes.
This divergence in quantitative traits among geographic regions could be caused by local
adaptation as plants evolve following exposure to different environmental conditions. It is also
important to note that these patterns of differentiation may also be caused by selectively neutral
processes such as genetic drift, founder effects or a combination these factors. One way to
provide support for local adaptation is to ask whether this observed variation is correlated with
the environment where plants were collected (Leger and Rice 2007).

Both size and timing of reproduction were correlated with latitude; plants from more
northern latitudes were smaller and flowered later. Both reduction in size and delayed flowering
are classic examples of adaptation to harsher growing conditions in colder environments
(Clausen et al. 1948). Plants from more northern latitudes also had lower rates of maximum
photosynthesis and lower photosynthetic efficiency which could be an underlying explanation of
their smaller stature and slower development.

We found no variation among populations in the ability to self-fertilize. Within each
population there were some plants that produced good seed following self-pollination and some
that did not. The number of plants that produced at least one seed following self-fertilization
was surprising given this plant is thought to be an obligate outbreeder. However, without further
investigation it is uncertain how self-fertilization will affect offspring fitness. In its naturalized
range, I. tinctoria selfed seed had lower germination than outcrossed seed, however; of the seeds

that did germinate fitness was similar in selfed and outcrossed plants (Spataro and Negri 2008b).
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The reduction in germination is presumably due to the expression of deleterious alleles in early
stages of development and may also explain why some self-fertilized plants in our study
produced no seed. Plants that produced self seed may also be experiencing a breakdown in the
self-incompatibility system. While the mechanism of this variation is unclear its presence is still
important because a shift toward a self-fertilizing mating system could promote invasion success.
This type of mating system shift has been seen in other invasive plants (Amsellem et al. 2001;
Brown and Marshall 1981; Daehler 1998; Sun and Ritland 1998).

We also found significant variation in the performance of individual maternal families
within populations for growth measures and seedling and floral development (Table 1and Table
3). In our design we did not control for maternal effects but if present we would expect them to
be strongest in earlier stages of development. Maternal effects were weak at this stage of
development relative to later measures (Fig. 6). We found that source population contributed
more to the variance than maternal families within populations for all traits measured except
flowering stem height (Fig. 6). However, the contribution of maternal family to total phenotypic
variance was never zero, consistent with the idea that most quantitative traits are moderately
heritable (Kingsolver et al. 2001). The amount of variation observed among families might have
been greater if we had used more than 2 plants per maternal family. It is also important to note
that family level variation may also be limited if founder effects strongly shaped the underlying
genetics of these populations. Recent work by Dlugosch and Parker (2008b) shows the
occurrence of adaptive evolution of flowering phenology in populations of Hypericum
canariense that have undergone substantial founder effects. This indicates that even populations
that have undergone large reductions in genetic diversity may still be able to evolve in response

to varying environmental conditions.
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In our common garden study we also included plants grown from seed obtained from 2
commercial seed sources to investigate if plants that are commercially available in the US (and
may have undergone artificial selection) exhibit differences in morphology relative to introduced
populations. Only one of these two populations showed clear morphological differences from
introduced populations. Population AW was consistently larger than the introduced populations
(Fig. 2) and showed a drastically different pattern in rosette growth at the end of 24 weeks. This
population also had much taller flowering stems, but a much smaller proportion of these plants
flowered. This difference in size may be partially explained by the fact that these plants had
much higher rates of maximum photosynthesis and higher photosynthetic efficiency (Table 2).
These commercial plants may have been selectively bred to invest more energy into foliar
development, the tissue that is used for dye extraction. Given that these traits have most likely
undergone selective breeding it is also likely that these economically important traits were highly
heritable. The larger size of commercial plants compared to wild plants may confer and
advantage if these plants were grown in a competitive environment. While introduction of these
genotypes into current invasive populations is only speculative it does draw attention to the
negative impacts that the commercial seed trade and further introductions could have on these
populations.

Conclusions

Our results clearly show that there is local differentiation among introduced populations
of I tinctoria and these traits appear to be moderately heritable. In addition, observed variation
in flower development and growth was correlated with the environmental gradient of latitude.

These results suggest that local adaptation has occurred in these populations, yet more work
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needs to be done to test whether these morphological differences confer a fitness advantage in

certain environments and how this in turn could impact the dynamics of range expansion.
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Figures
Fig. 1 Distribution of /. tinctoria in the western US based on 205 herbarium specimens. Each
square represents one or more herbaria specimens. The smallest squares represent a single record
and squares get progressively larger with increasing numbers of records. Darker colored squares
represent earlier introduction events relative to lighter colored squares. Triangles mark sites
where seed samples were collected. Herbarium specimen data were published by the Rocky
Mountain Herbarium, C.V. Starr Virtual Herbarium, Consortium of California Herbaria, and the

GBIF Data Portal.
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Fig. 2 Growth measures for /. tinctoria plants grown in a common greenhouse
environment from different source populations. Plants underwent a period of

vernalization outdoors starting 14 weeks after planting
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Fig. 4 Patterns of seedling and flower emergence for /. tinctoria plants grown in a
common greenhouse environment from different source populations. Patterns of bud
emergence are not shown because they were nearly identical to those of flower

emergence.
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Fig. 5 Proportion of self-pollinated fruit set by category across populations. All = All 3
fruits produced good seed, Partial = lor 2 fruits produced good seed, None = no fruits

produced good seed.
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CHAPTER 2
Genetic diversity within and among introduced populations
of the invasive plant Isatis tinctoria L. (Brassicaceae) using AFLP markers
Abstract

Evolutionary change can play an important role in the invasion process if novel
selective pressures drive adaptive evolution. It is important to examine the underlying
genetics of introduced populations, particularly in populations that have traits and/or
introduction histories that promote high levels of variation. Species that are able to avoid
reductions in genetic diversity associated with colonization may be better able to adapt to
their introduced range. The focus of our study was to measure levels of genetic variation
present in introduced populations of the invasive mustard, Isatis tinctoria L., using AFLP
markers. We found that the average proportion of polymorphic loci and expected
heterozygosity varied across populations ranging from 27.0-54% and 0.10-0.18,
respectively. Older populations and populations closest to the earliest known point of
introduction tended to have the highest levels of diversity. Most of the genetic variation
was partitioned within populations where among population differences explained only
17-26% of the total genetic variation. Cluster analysis revealed that one group of
populations, introduced recently, was genetically distinct and may represent a separate
introduction event or be reflective of a recent founder effects. introductions ¢ founder
effects.

Introduction
Invasive species are widely recognized as serious environmental threats due to

their negative impacts on biodiversity and ecosystem function (Pimentel 2000; Sala et al.

33



2000; Wilcove et al. 1998). However, not all introduced species become invasive. A
primary focus of invasion biology has been to identify traits that promote invasiveness
and processes that enable these species to become widespread. Some of the most
problematic invasive species are those that establish across areas that are environmentally
diverse. The mechanisms that allow this type of invasion are often complex and vary
among species. This has made it difficult for invasion biologists to predict the invasion
potential of individual species; however, both phenotypic plasticity and adaptive
evolution are cited as mechanisms for wide spread invasion (Allendorf and Lundquist
2003; Novak and Mack 2005; Parker et al. 2003; Sakai et al. 2001).

Phenotypic plasticity may be particularly important for species where only a
limited number of individuals are released and/or for those that exhibit high degrees of
self-fertilization or clonal reproduction (Baker 1965). This type of invasion scenario
limits genetic diversity of the founding population(s), but species that have broad
environmental tolerance may be successful despite any limits on adaptive evolution. In
fact, low levels of genetic variation may actually help to conserve adaptive gene
complexes. It is important to note that the role of phenotypic plasticity in invasion may
not be limited to genetically depauperate populations as plasticity itself may be selected
upon if there is heritable variation in this trait (reviewed in Richards et al. 2006).

Evolutionary change can also play an important role in the invasion process.
Introduced species may encounter drastic changes in the selective pressures which can
drive evolution. Studies have shown that evolution in invasive species can occur over
relatively short periods of time, and has been seen in a wide variety of traits including:

increased growth rates, reduced herbivore defenses, shifts in mating system structure, and
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establishment of geographic clines (Cox 2004; Daehler 1998; Ellstrand and Schierenbeck
2000; Keller and Taylor 2008; Weber and Schmid 1998). However, for evolution to
occur, there must be sufficient genetic variation for selection to act upon (Fisher 1930).

During introduction and establishment multiple factors can alter the amount of
genetic variation present in populations. These include well known processes such as
genetic drift, founder effects, and inbreeding (Allendorf and Lundquist 2003; Barrett and
Kohn 1991; Sakai et al. 2001). The mating system of the species is also important.
Outcrossing species may contain enough genetic variation within the founding population
to minimize adverse effects associated with a population bottleneck (Barrett and Kohn
1991). Finally, the history of the introduction event(s) is also likely influence the
underlying genetics of introduced populations. If species were initially released in a large
numbers, high levels of genetic variation may be maintained if they were also present in
the source population(Bossdorf et al. 2005). Repeated introductions may act to maintain
or increase genetic variation (relative to the source population) when intra-specific
hybridization occurs(Ellstrand and Schierenbeck 2000; Ellstrand and Schierenbeck
20006).

Given the influence that adaptive evolution may have on the success of an
invasion, it is important to examine the underlying genetics of introduced populations,
particularly in populations that have traits and/or introduction histories that promote high
levels of variation. The purpose of this study is to measure the level of genetic variation
present in introduced populations of the invasive mustard, Isatis tinctoria L., using a

neutral genetic marker.
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The introduction history of 1. tinctoria suggests that it was introduced multiple
times and the reasons for introduction were different. It was intentionally introduced into
the eastern US from Europe in colonial times as a source of indigo dye. The first western
introduction occurred in California in the late 1890’s where /. tinctoria entered the US as
a contaminate in alfalfa seed from Ireland (Young and Evans 1977) (Fig 1). For other
western states, its spread is attributed to both its use as a dye plant as well as a crop
contaminant (Kedzie-Webb et al. 1996). 1. tinctoria occurs distributed in both the eastern
and western US but its distribution is limited in the eastern US. It is considered invasive
only in the west and is listed as a noxious or potentially noxious weed by the US federal
government in 11 western states: AZ, CA, CO, ID, MT, NM, NV, OR, UT, WA, WY
(USDA 2010).

The possibility of multiple introductions is of particular concern because 1.
tinctoria is a predominantly outcrossing species that has a high degree of genetic and
morphological variability in its naturalized European range (Gilbert (nee Stoker) et al.
2002; Spataro and Negri 2008a; Spataro et al. 2007). High levels of genetic diversity in
introduced populations may be maintained if large numbers of individuals were released
or if intra-specific hybridization has occurred among populations. In addition, plants are
still sold commercially in the US which could further increase genetic variation through
intra-specific hybridization.

Given the potential for high levels of genetic variation to be present in introduced
populations of 1. tinctoria, 1 performed a study to addresses the following specific
questions: 1) What is the level of genetic variation of introduced populations of /.

tinctoria? 2) What is the level of genetic variation in commercial populations? 3) How is
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genetic variation structured across the introduced range of this species? 4) Can
populations be separated into distinct clusters or groups and is this grouping related to
geography or introduction history? 5) Are populations that are closer together
geographically more genetically similar?
Methods

Tissue Collection

DNA was extracted from lyophilized leaf tissue that came from plants grown
from seed or tissue collected from 16 wild populations and 2 commercial seed sources.
Seed was collected from 14 wild populations across the known introduced western range
of this species and 1 population in the eastern US during peak seed production in late
June and early July (Fig 1). No seeds were collected from Montana because populations
in this state are currently undergoing a rigorous control program that prevents any plants
from going to seed, so leaf tissue collected on site was used instead. Samples from Idaho
were limited by the spraying of herbicides that halted viable seed production. Seed was
obtained from 2 commercial seed sources to compare genetic differences among wild
plants and those that may have undergone artificial selection for traits that increase dye
production. In the field, seeds were collected haphazardly from 50 maternal plants in
each population and stored in coin envelopes until planting. From each population, 20
maternal families were randomly selected and planted to obtain leaf tissue. Leaves were
collected from young plants and then stored in silica desiccant until further processing.
DNA Isolation

Extractions were done on 20-25 individuals per population. DNA was extracted

using the CTAB method (Cullings 1992; Doyle and Doyle 1987) with minor
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modifications. For each extraction 20mg of dried leaf tissue was used. Tissue was
homogenized in 1.5ml centrifuge tubes that contained a small amount of autoclaved sand.
Prior to grinding, the centrifuge tubes were dipped in liquid nitrogen to aid with
homogenation. Samples were then incubated for 1h at 60°C in CTAB lysis buffer.
Following tissue disruption, DNA was separated out by adding SOOuL of 24:1
chloroform:isoamyl alcohol and allowed to stand at room temperature for 10 minutes.
Samples were centrifuged for 10 minutes at 10,000 r.p.m. and the aqueous phase was
collected into a new centrifuge tube. To remove co-precipitated RNA, heat treated
RNase A was added to the aqueous phase to a final concentration of 100pg/ml and
incubated at 37°C for 30 minutes. DNA was then precipitated on ice for 45 minutes with
0.08 volumes of 7.5M ammonium acetate and 0.54 volumes of isopropanol. Precipitated
DNA was then washed with 70% ethanol followed by a 95% ethanol wash and allowed to
resuspend overnight in 0.1x TE. DNA quantity and quality were analyzed with a
NanoDrop ™ 1000 Spectrophotometer (Thermo Scientific). DNA integrity was also
checked by running a small amount of DNA template on a 1% agarose gel (w/v) in
0.5xTBE. A subset of samples had consistently poor quality DNA, most likely due to
the degradation of tissue during storage, and were re-extracted using fresh leaf tissue.
Samples were diluted to ~100ng/pl in 0.1x TE and stored at -20°C for AFLP processing.
AFLP Procedure

The AFLP technique for this experiment is based on the radioactive labeling
protocol of Vos et al. (1995). with modifications for fluorescence detection (Huang and
Sun 1999). A LI-COR® AFLP Template Preparation Kit was used to restrict genomic

DNA, ligate adaptors and perform the preselective amplification. These reactions were
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run according to the provided manual with slight modifications. Approximately 100ng of
genomic DNA was digested with the endonucleases EcoRI and Msel for 3 hin a
thermocycler held at 37°C. The digested DNA was then ligated overnight (~17 h) at
20°C. Products were checked for complete digestion on 2% agarose gel and then diluted
10-fold in 0.1xTE. Following ligation, preselective amplification was performed using
EcoRI and Msel primers that each had a single selective nucleotide: EcoRI: 5'-GAC TGC
GTA CCA ATT C +1-3' and Msel: 5'-GAT GAG TCC TGA GTA A+1-3". The
preselective PCR parameters were as follows: initial denature 94°C for 2 minutes; 19
cycles of 30s denaturing at 94°C, 1 minute annealing at 58°C, and a 1 minute extension at
72°C; this was followed by a 10 minute final extension at 72°C. Preamplification
products were diluted 20-fold in 0.1xTE and stored at -20°C for selective amplification.
Selective amplification was performed using two primer pairs where each primer
had 3 selective nucleotides at the 3’ end: EcoRI + AAG/Msel + CAT and EcoRI +ACT
/Msel + CAA. The EcoRI selective primers were 5’-labeled with 6-FAM fluorescent dye
(Invitrogen). The selective PCR reaction (10p1) contained: 10X PCR buffer (50mM KCl,
10mM HCI, 1.5mM MgCl,), 0.2mM dNTP mix (Invitrogen), 0.25uM Msel primer,
0.05uM EcoRI primer, 0.5units Taq (New England Biolabs Inc.) and 1yl of diluted
(1:20) preselective PCR product. The selective PCR parameters were as follows: initial
denature at 94°C for 1 minute, 30s annealing at 65°C, and a 1 minute of extension at
72°C; 13 cycles of 30s denaturing at 94°C, 1 minute annealing at 58°C, 1 minute
extension at 72°C (annealing temperature reduced by 0.7°C each cycle); 20 cycles of 30s
denature at 94°C, 30s of annealing at 56°C, 1 minute extension at 72°C; this was

followed by a 10 minute final extension at 72°C.
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The fluorescence labeled amplified fragments were separated by capillary
electrophoresis with an ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems) using
GeneScan'"-500 ROX™ (Applied Biosystems) as an internal size standard. Samples
were processed in the Molecular Biology Facility housed in the Biology Department at
the University of New Mexico. Prior to submission, 1 pl of the selective amplification
product was mixed with 9l of formamide and 1 pl of size standard and denatured for 5
minutes at 95°C. Samples were then cooled to 4°C and stored at -20°C until they could
be processed. Electropherograms were scored for the presence and absence of fragments
in the range of 100-350 base pairs using GeneMapper® software version 4.0 (Applied
Biosystems). Each fragment was coded as 1 (presence) or 0 (absence) to form a binary
data matrix.

Data Analysis

Analyses were based on 385 scoreable fragments across 320 individuals scored
with an average of 75.8 fragments per individual. Due to inconsistencies in scorable
bands (peak height < 50 RFU), we were unable to sample 20 individuals from every
population. The differences in samples may be due to poor quality DNA extracted from
some populations. Repeating the procedure on fresh tissue did not improve the quality of
results for certain populations.

Expected heterozygosity, the proportion of polymorphic loci, genetic
differentiation among populations (Fsr), and Nei’s genetic distances were calculated
using a Bayesian method with non-uniform prior distribution of allele frequencies with
the program AFLP-SURYV 1.0 (Vekemans 2002). Significance of Fsr values was

determined using 500 bootstrapped data sets. AMOVA was used to partition variance in
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AFLP banding patterns within and among populations (GenAlEx 6.0, 2009). To visualize
genetic structure a neighbor joining phenogram was constructed using Nei’s genetic
distances based on 500 resampled data sets using the programs Neighbour and Consense,
respectively (PHYLIP 3.66). PCA was also used to visualize patterns of genetic structure
among populations (GenAlEx 6.0, 2009). A Mantel test was performed to test for
isolation by distance (GenAlEx 6.0, 2009). For the Mantel test FST values (described
above) were used for the genetic distance matrix.
Results

Genetic Variation in Introduced Populations

The average proportion of polymorphic loci ranged from 27.0-54.5%. The highest
level occurred in population SF, the earliest known introduction in the western US.
Percent of polymorphic loci was lower in the other 3 California populations (Table 1).
Similarly high levels of polymorphic loci were present in some Utah populations. The
lowest levels of polymorphic loci occurred in two of the more isolated populations, SB
and SC (Fig 2, Table 1). The pattern of expected heterozygosity (H;) was similar to
percent of polymorphic loci where populations that ranked highest in polymorphic loci
also had higher levels of expected heterozygosity (Table 1). These two measures were
highly correlated (r = 0.95, P <0.0001).
Genetic Variation in Commercial Populations

The two commercial populations had intermediate levels of percent polymorphic loci
and expected heterozygosity relative to the introduced populations (Table 1). This

suggests that these commercial sources are not genetically depauperate relative to

41



introduced populations. Commercial source EF had higher levels than AW for both
measures.
Genetic Structure of Introduced Populations

To determine the genetic structure of introduced populations we looked at measures
of gene diversity among and within populations. Most of the genetic variation in
introduced populations occurred within populations rather than among populations. The
total gene diversity (Hr) of the introduced populations was 0.17. Mean gene diversity
within populations (Hg) was 0.14 and mean gene diversity among populations (Dgsr) was
0.03. There was a moderate level of differentiation among introduced populations where
17.9% of the total genetic variation can be explained by among population differences
(Gst=0.18; P <0.01).

We also performed an analysis of molecular variance to provide another metric of the
genetic structure of introduced populations (Table 2). This analysis also showed that
most of the genetic variation occurred within populations. When looking at all 16
introduced populations, 74% of the variation occurred within populations and 26%
among populations. Another hierarchical level was added to this analysis by partitioning
the 16 populations into 3 groupings (denoted groups) based on the results of the cluster
analysis (described below). Most variation was still due to differences within
populations, but group did significantly contribute to genetic variation (Table 2).
Interestingly, differences among groups accounted for slightly more of the variation than
did differences among populations within groups (Table 2).

Separation of Populations Into Genetically Distinct Clusters and the Relationship to

Geography
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A neighbor joining tree of Nei’s pairwise genetic distances showed three distinct
groups (Fig 2B). There was moderate support for the separation of group 1 and group 2
with a bootstrap value of 82%. Group 1 includes 3 of the 4 California populations (YS,
YN, and SF). The remaining populations in this group are from northern Utah (W, EO,
SL), and there is one population (BR) from the Utah-Wyoming border (Fig 2a & b). The
second group contains the California population (KR), and the remaining populations in
this group are geographically dispersed (Fig 2a & b). The third group is clearly separated
from the other 2 and is strongly supported with a bootstrap value of 100%. This group
contains the 3 populations from the Idaho-Wyoming border (SB, GT, CC). It should be
noted that in this analysis the Virginia population was arbitrarily picked as the out group;
however, using other out groups resulted in qualitatively similar trees.

To evaluate the genetic associations of the 320 individuals analyzed, an individual
pairwise genetic similarity matrix was used for principal components analysis. In this
analysis the first 3 eigenvectors accounted for 73.1% of the variation and were able to
separate individuals by population. The results of the cluster analysis showed separation
into two distinct groupings (Fig 3). The first grouping, cluster 3, consisted of the
populations SB, GT, CC & AW which are the same populations that fell out strongly as
group 3 in the neighbor joining tree (Fig 2b and 3). The second grouping, cluster 1,
contains the individuals from all other populations. Overall, these points have a larger
spread suggesting that this second grouping has more genetic variation. Finally, cluster 2
was not distinct from cluster 1 but represents populations KR, SC, DH, DV and M
(cluster 2 in the neighbor joining tree, Fig 2). Even though these populations did not

form a clearly separate cluster they were confined to a much smaller area. The Virginia
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population also fell out in this smaller cluster (Fig 3). The commercial populations were
not clearly separated from any of the introduced populations but they were different from
each other.
Isolation by Distance
If the introduced western populations had come from a single source population
we expected to see isolation by distance. A Mantel test showed no correlation between
geographic distance and genetic distance (r = -0.003, P = 0.450). Genetic similarity did
not decrease with increased geographic distance.
Discussion

Given the influence that genetic diversity may have on the successful establishment
and spread of an introduced species, it is important to examine the underlying genetics of
introduced populations, particularly in populations that have traits and/or introduction
histories that promote high levels of genetic variation. It is thought that the outcrossing
species Isatis tinctoria has been released multiple times in the western US as both a crop
contaminant and intentionally for its use as a dye plant (Callihan et al. 1984; Mack 1991;
Mack and Lonsdale 2001). Also, in its naturalized European range it has high levels of
morphological and genetic diversity (Gilbert (nee Stoker) et al. 2002; Spataro and Negri
2008a; Spataro et al. 2007). These observations are of concern because if high levels of
diversity are maintained in introduced populations of /. tinctoria there could be the
potential for adaptive evolution. In addition, 1. tinctoria seed is sold commercially in the
US which may act as an additional source of genetic variation. Cultivation of introduced
species may yield traits that increase vigor and/or fitness through artificial selection and

may also buffer individuals from naturally occurring environmental stochasticity (Mack
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1991, 2000). If I tinctoria has been introduced multiple times from genetically diverse
source populations we would expect to see a high degree of genetic differentiation among
introduced populations.

Genetic Variation in Introduced Populations

The results of our study showed that levels of genetic variation differed significantly
across populations for both the proportion of polymorphic loci and expected
heterozygosity. Our values of expected heterozygosity are consistent with typical levels
seen in outcrossing species (Hamrick and Godt 1996; Schoen and Brown 1991) and with
other outcrossing colonizing mustards (Kercher and Conner 1996; Lee et al. 2004).
Although we did not do a direct comparison of genetic variation between the native and
introduced range this suggests that these populations are not genetically depauperate.

Our values for the proportion of polymorphic loci were slightly lower than those obtained
in a survey of genetic variation of L. tinctoria (41-61%) that was done on a small number
of European populations across a large geographic range (Gilbert (nee Stoker) et al.
2002).

California populations which include the earliest known introduction of this species
into the Western US had some of the highest levels of genetic variation. The
maintenance of genetic variation in these populations may have occurred if the initial
population resulted from the introduction of a large number of seeds. This scenario is
probable because the first introduction into this area is attributed to seed contamination in
hay used for packing. Since a single plant can produce 100’s to 1000’s of seeds only a
few plants would be necessary to create a large founding population. High levels of

outcrossing in this species may have then maintained levels of diversity in these

45



populations. We also saw high levels of genetic variation in almost all of the populations
in Utah. This is currently where the invasion of this species is most problematic with
populations being larger and more continuous. The lowest levels of genetic variation
occurred in populations that were more geographically isolated and are most likely due
genetic drift (Lande 1988).
Genetic Variation in Commercial Populations

The two commercial populations that we measured had intermediate levels of genetic
variation relative to the introduced populations. One of the limitations of our study is that
we were unable to determine the exact source of this seed or the details of the breeding
program used to develop it. Even if this seed was derived from only a few plants there
was still genetic variation present. This is important because it represents an additional
source of variation that could be brought in to existing populations if inter-specific
hybridization were to occur.
Genetic Structure of Introduced Populations

Our results showed that most of the genetic variation in the introduced populations
occurred within populations. Differences among populations explained only 17.9-26.0%
of the total genetic variation. This lack of among population genetic structure is typical
for predominantly outcrossing species in their native ranges (Hamrick and Godt 1996;
Schoen and Brown 1991) but is contrary to what is expected from a species that
undergoes an extreme population bottleneck or founder effects (Novak and Mack 2005).
The lack of differentiation among populations could be mitigated by several factors (1)
founding populations were not initiated from genetically divergent source populations

and/or (2) there has been gene flow among populations. In the case of 1. tinctoria it is
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likely that gene flow does occur among populations, especially in the more continuous
Utah populations.

Separation of Populations Into Genetically Distinct Clusters and the Relationship to
Geography

Both the principal components analysis and the neighbor joining tree showed that
the 3 populations from the Idaho-Wyoming border were clearly distinct from the other
populations but were closely related to each other. According to herbarium records (Fig.
1) introduction into this area has been recent compared to many of the populations in
California and Utah. This is supported by the lower levels of diversity in these
populations which may be experiencing founder effects. The clear separation of these 3
populations was surprising given the close proximity of these populations to populations
in Utah. This strongly supported separation suggests that the plants in this region are
most likely from a different source population. This is important because these plants
could contain unique traits that promote invasiveness and if heritable could be introduced
into other populations via gene flow.

There was less differentiation among the remaining populations which is the
consistent with the results of the AMOVA and our values of Ggr. We did not see a clear
separation of the commercial populations from our introduced populations. This is
important because while seeds obtained from a commercial source did not appear to be
genetically uniform they were not obviously distinct. This lack of distinction could be
due to the fact that these commercial stocks were derived from an existing invasive
population in the Western US. However, it should also be mentioned that Virginia

population also did not appear to be distinct according to the cluster analysis. This is
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contrary to what we expected given the geographic separation of this population. This
suggests that looking at more markers could help to refine our analysis and may provide
more separation with in our groups.
Isolation by Distance
We found no evidence of isolation by distance which would occur if 1. tinctoria in
the Western US originated from a single source population with no gene flow among
each subsequent population. This means that even if the populations in California were
the initial source of many of the subsequent Western populations that the pattern of
introduction is probably more complex. The introduction of 1. tinctoria may be more
accurately described by a migrant pool model which incorporates gene flow among
populations (Wade and McCauley 1988) resulting in most of the genetic structuring to
occur within populations relative to among them.
Conclusion
The results of this study show that the Idaho/Wyoming border populations are
genetically distinct. Examining genetic variation among introduced populations using
neutral genetic markers is important but it only gives us an estimate of total genetic
variance. Often this type of measure is more sensitive to founder effects than quantitative
fitness traits (Dlugosch and Parker 2008a; Novak and Mack 2005) which means that
these results may not correlate with patterns of phenotypic differentiation (McKay and
Latta 2002) . Therefore, to get a better understanding of the implications for control of
this species it will also be important to look at phenotypic differentiation in these

populations to see if there are morphological differences that could impact fitness.
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Tables
Table 1. Genetic variation within natural populations and commercial varieties of 1.
tinctoria. Expected heterozygosity (H;) is equivalent to Nei’s gene diversity and the

standard error of gene diversity over individuals and loci is given in parentheses.

Polymorphic
Region Population N H;
Loci (%)
Western US California YN 16 37.4 0.14 (£ 0.009)

YS 13 45.2 0.17 (£ 0.009)
SF 21 54.5 0.17 (£ 0.008)

KR 18 35.6 0.13 (£ 0.009)

Nevada SC 11 304 0.12 (£ 0.009)
Utah \W% 18 53.8 0.17 (£ 0.008)
EO 18 54.3 0.18 (£ 0.009)

SL 16 46.8 0.16 (£ 0.009)

DH 18 34.5 0.12 (£ 0.009)
DV 20 423 0.14 (£ 0.009)
Utah/Wyoming BR 17 47.0 0.15 (£ 0.008)
Idaho/Wyoming GT 20 37.1 0.13 (£ 0.009)

SB 19 27.0 0.10 (£ 0.008)
cC 20 36.6 0.11 (£ 0.008)

Montana M 23 31.4 0.10 (+ 0.008)

(Table 1. continued on next page)
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Table 1

Polymorphic
Region Population n H;
Loci (%)
Eastern US Virginia Vv 19 37.1 0.13 (£ 0.009)
Commercial AW 14 33.8 0.12 (£ 0.011)
EF 19 41.9 0.14 (£ 0.011)
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Table 2. Analysis of molecular variance based on AFLP data from 320 plants with

respect to population and group.

Variance %

Source of variation df SS MS Components  Variation
Among populations 15 2013.48 134.23 6.54%* 26
Within populations 271 5058.60 18.67 18.67* 74
Among groups 2 1078.21 359.40 4.25% 16
Among populations 13 935.27 77.94 3.35% 13
Within populations 272 5058.60 18.67 18.67* 71

* P <0.01 calculated from 999 random permutations
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Figures
Fig.1 Distribution of 1. tinctoria in the western US based on 205 herbarium specimens. Each
square represents one or more herbaria specimens. The smallest squares represent a single record
and squares get progressively larger with increasing numbers of records. Darker colored squares
represent earlier introduction events relative to lighter colored squares. Triangles mark sites
where seed samples were collected. Herbarium specimen data were published by the Rocky
Mountain Herbarium, C.V. Starr Virtual Herbarium, Consortium of California Herbaria, and the

GBIF Data Portal.
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Fig. 3 Plot of 1* and 2™ principal components. Component 1 accounted for 34.8% of the
variation and component 2 for 23.9%. Cluster 1 contains populations: SB, GT, CC and
AW; Cluster 2: All remaining populations; Cluster 3: KR, SC, DH, DV and M

(equivalent to group 2 in Fig 2.)
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CHAPTER 3
Is adaptive divergence occurring in introduced populations

of the invasive plant Isatis tinctoria L. (Brassicaceae)? Comparison of neutral molecular

genetic divergence and quantitative trait divergence in introduced populations.

Abstract
The development of phenotypic clines in invasive species is widely recognized
for a variety of traits. This population differentiation is often thought to be an indicator
of adaptive evolution and may be linked to invasion success for some species if it allows
them to colonize environmentally diverse areas. However, not all population
differentiation can be considered adaptive since processes that occur during introduction
and are selectively neutral can resemble local adaptation. The focus of our study was to
compare neutral molecular variation and quantitative trait variation in introduced
populations of the invasive mustard Isatis tinctoria L. to determine if selection and/or
genetic drift are important in shaping patterns of phenotypic differentiation in this
species. We found that values of quantitative genetic variance (Qsr) associated with
floral development were much larger than genetic variance at neutral loci (Fsr) and this is
an indicator of directional selection in this trait. These results were supported by
additional analyses that used multiple regression to compare the strength that neutral
genetic variation and environmental conditions have on trait differentiation in this
species.
Introduction
Invasive species are recognized as key threats to endangered species, cause

substantial loss in biodiversity and ecosystem function, and have severe economic
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impacts (Sala et al. 2000; Wilcove et al. 1998). Some of the most problematic invasive
species are those that become wide spread across areas that are environmentally diverse
because spatial heterogeneity necessitates larger, more intensive control programs and
reduces the probability of eradication (Vuilleumier et al. 2011) Determining how these
introduced species are able to establish and then expand their geographical range across
diverse environments remains a primary focus of invasion biology. The underlying
factors that influence establishment and spread can be complex and are often different for
individual species, but evolutionary change may be an important part of the invasion
process (Allendorf and Lundquist 2003; Novak and Mack 2005; Sakai et al. 2001).
Introduced species may encounter drastic changes in selective pressures in their
new range which can drive rapid evolution. For example, Hypericum perforatum has
undergone evolution in leaf size and fecundity in response to broad-scale environmental
conditions in as little as 12-15 generations (Maron et al. 2004). In addition, many studies
have shown the development of latidunal clines in invasive species for a wide variety of
traits (Parker et al., 2003, Kollmann & Banuelos, 2004; Ledger and Rice, 2007). The
development of these environmentally based patterns are indicators of adaptive evolution
but without explicit testing one cannot be certain if adaptive evolution is the mechanism.
This is especially true because processes that occur during dispersal, colonization and
range expansion may yield neutral phenotypic differentiation (reviewed in Keller and
Taylor, 2008) that resembles local adaptation. In these cases a good match between
genotype and environmental conditions may simply be due to chance dispersal into an

area and not adaptive evolution.
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Many studies have looked at neutral marker variation in invasive species to get an
estimate of the potential for adaptive evolution (Bossdorf et al. 2005; Brown and
Marshall 1981; Lambrinos 2004; Merild and Crnokrak 2001; Novak and Mack 1995)
because, for evolution to occur, there must be sufficient genetic variation for selection to
act upon (Fisher 1930). These studies have shown a range of outcomes where some
species exhibit severe reductions in genetic variation upon introduction and others do not
(reviewed in Bossdorf et al. 2005). While these studies are important in elucidating
factors occurring during the invasion process that can alter genetic variation, they do not
give information on phenotypic differences that may play a role in invasion success. This
is because many fitness related traits are quantitative in nature. This means that the
results from studies using neutral molecular markers may not correlate with observed
patterns of phenotypic differentiation (McKay and Latta 2002). Estimates of total genetic
variance measured via neutral molecular markers (discrete traits) are more sensitive to
founder effects than quantitative fitness traits. These traits result from multiple genes
and are characterized by distributions rather than discrete values (Dlugosch and Parker
2008a; Novak and Mack 2005). In the case of quantitative traits, the loss of rare alleles
due to founder effects will not cause a decrease in additive genetic variance proportional
to total genetic variance. Therefore, looking at both genetic and phenotypic traits may
provide a more complete picture of how differences in invasive populations may affect
fitness and the potential for adaptive evolution.

Reciprocal transplant studies can provide some insight into adaptive evolution versus
neutral phenotypic evolution (Dlugosch and Parker 2008a) but are often not feasible for

invasive species given the risk of introducing additional sources of genetic variation or
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traits that may further promote invasion into an area (Parker et al. 2003). Another
approach to partition out selective evolution versus neutral phenotypic evolution is to
compare genetic variance at neutral loci (Fst) to quantitative genetic variance (Qsr)
(McKay and Latta 2002). Using this approach it is assumed Qgsr and Fsr should have
similar values in the absence of selection, Qsr will be greater than Fgrunder directional
selection and Qsr will be small than Fsrunder stabilizing selection (Keller and Taylor,
2008). For example, in Pinus sylvestris Qs values for timing of bud burst were larger
than Fgr values for samples taken across a latitudinal cline where you would expect
strong selection pressure (McKay and Latta 2002).

The purpose of this study was to test the relationship between phenotypic variation
and genetic variation in introduced populations of an invasive mustard, Isatis tinctoria, in
order to determine if adaptive evolution is occurring. /. tinctoria L. is a vigorous weed
that is able to invade both disturbed and undisturbed grassland and perennial plant
communities. It is currently distributed in both the eastern and western US but is
considered invasive only in the west. Distribution in the eastern US may be limited
because it is well adapted to arid environments (Farah et al. 1988; Stirk et al. 2006). It
was intentionally introduced into the eastern US from Europe in colonial times as a
source of indigo dye. The first western introduction occurred in California in the late
1890’s where it entered the US as a contaminate in alfalfa seed from Ireland (Young and
Evans 1977) (Fig. 1). For other western states, its spread is attributed to both its use as a
dye plant as well as a crop contaminant (Kedzie-Webb et al. 1996).

Recent work has shown that 1. tinctoria has a high degree of genetic and

morphological variability in its naturalized European range (Gilbert (nee Stoker) et al.
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2002; Spataro and Negri 2008a; Spataro et al. 2007) indicating a potential source of
genetic material on which selection can act upon if these levels are maintained in the
introduced populations. Analysis of introduced populations has shown that clinal
patterns of phenotypic variation are present and these may be the result of local
adaptation. Data collected as part of a larger common garden study allowed us to
calculate among family variance in phenotypic traits and to generate estimates of
quantitative trait variation (Qst). Structure of molecular variation (Fsr) was also
available from a survey of genetic variation in introduced populations. We used this data
to look for evidence of adaptive divergence in these populations and asked the following
specific questions. 1) First we asked whether geographic location or bioclimatic
variables were better predictors of phenotypic variation. 2) We then used multiple
regression to determine if phenotypic variation is best explained by neutral genetic
variation and/or environmental conditions. If patterns of variation in phenotypic traits are
non-adaptive we expect that neutral genetic variation alone will be the best predictor of
phenotypic traits. 3) If neutral genetic variation is not the best predictor of phenotypic
variation then which variables (if any) contribute to phenotypic clines? 4) Finally, we
compared values of Qst and Fsr. If patterns of variation in phenotypic traits are non-
adaptive we expect values of Qgr to be equal to Fgr.
Methods

Common Garden Study

Seed was collected from 14 wild populations across the known introduced range
of this species during peak seed production in late June and early July (Fig. 1). No seeds

were collected from Montana because populations in this state are currently undergoing a
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rigorous control program that prevents any plants from going to seed. In addition,
samples from Idaho were limited by the spraying of herbicides that halted viable seed
production. Seeds were collected haphazardly from 50 maternal plants in each population
and stored in coin envelopes until planting.

From each population, 15 maternal families were randomly selected to use in a
greenhouse study and seed was planted in October, 2005. In total, 2100 seeds were
planted (5 seeds per family x 15 families x 14 populations x 2 replicates) and each set of
5 seeds was kept together but randomly placed within the greenhouse to minimize
environmental effects. Seedlings were hand watered as needed and the date of seedling
emergence was scored daily for 4 weeks to measure differences in development. After 4
weeks, 2 seedlings were randomly selected to transplant from each family to use for the
remainder of the study. This resulted in 420 transplants (15 families x 14 populations x 2
replicates) that were grown in a common greenhouse environment for 9 months. (See
chapter 1 for details on pot size, planting medium, watering and fertilizer regime). After
transplanting, almost all seedlings derived from the Nevada population died and therefore
had to be excluded from the remainder of the experiment.

A series of leaf measurements were taken 3 times over the course of the
experiment to assess differences in growth. For each plant the diameter of the basal
rosette was measured to the nearest cm, the number of leaves was counted and the length
of the longest leaf was measured to the nearest cm. When the plants were 14 weeks old a
subset of plants was selected to measure differences in net photosynthesis. To measure
differences in floral development, the date that the first bud and the first flower

developed were censused daily. Finally, self pollinations were performed on a subset of
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plants to test for variation in the ability to self fertilize. From each population, 7 maternal
families were randomly selected for pollinations and 2 plants were pollinated per family.
Populations CC, GT, and SB had very few plants that flowered so pollinations were done
on all available plants. (See chapter 1 for details on hand pollinations and scoring of fruit
development). At the end of the experiment the number of flowering stalks produced and
the height of each flowering stalk was measured in cm to estimate reproductive effort.
Genetic Analysis

DNA extractions were done on 20-25 individuals per population. DNA was
extracted from 20mg of dried leaf tissue using the CTAB method (Cullings 1992; Doyle
and Doyle 1987) with minor modifications. (See chapter 2 for detailed methods of DNA
extraction). The AFLP technique for this experiment is based on the radioactive labeling
protocol of Vos et al. (1995). with modifications for fluorescence detection (Huang and
Sun 1999). Selective amplification was performed using two primer pairs where each
primer had 3 selective nucleotides at the 3’ end: EcoRI + AAG/Msel + CAT and EcoRI
+ACT /Msel + CAA. The EcoRlI selective primers were 5’-labeled with 6-FAM
fluorescent dye (Invitrogen). The fluorescence labeled amplified fragments were
separated by capillary electrophoresis with an ABI PRISM® 3100 Genetic Analyzer
(Applied Biosystems) using GeneScan'"-500 ROX™ (Applied Biosystems) as an
internal size standard. Samples were processed in the Molecular Biology Facility housed
in the Biology Department at the University of New Mexico. Electropherograms were
scored for the presence and absence of fragments in the range of 100-350 base pairs using
GeneMapper® software version 4.0 (Applied Biosystems). Each fragment was coded as

1 (presence) or 0 (absence) to form a binary data matrix. (See chapter 2 for detailed
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methods for PCR parameters and preparation of the DNA for pre-selective and selective
amplification.)
Data Analysis

QOsr versus Fsr

To estimate the contribution of population and maternal families to phenotype,
variance components were estimated using a Restricted Maximum Likelihood method
(PROC VARCOMP: SAS 9.3, 2010). The dependent variables were: mean flowering
time, budding time, seedling emergence time, leaf number, rosette diameter, length of the
longest leaf and flowering stalk height. Population and maternal family within
population were the independent variables and were treated as random effects. Qsr was
estimated using the method of Merild and Crnokrak (2001). Genetic differentiation
among populations (Fst) was calculated using a Bayesian method with non-uniform prior
distribution of allele frequencies with the program AFLP-SURV 1.0 (Vekemans 2002).
Significance of Fsr and Qgsr values and the confidence interval were determined using
500 bootstrapped data sets.
Multiple Regression

To test whether climate variables would be better predictors of plant traits than
latitude, longitude and elevation, we regressed each trait against 8 climate variables
(PROC REG: SAS 9.3 2010). Climate variables were obtained from the WorldClim
dataset of interpolated global climate (Hijmans et al., 2005), which incorporates long-
term climate observations over 40yrs (see Table 1 for list of climate variables). We then
regressed each trait in a model with latitude, longitude and elevation. For each trait, we

compared the AIC scores between the model that contained physical location (latitude,
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longitude and elevation) to the model that contained the 8 climate variables. Because
latitude and elevation seem to be the best predictors of phenotypic variation we used
these two variables in subsequent analyses (see Results section). We also performed
correlations between latitude, longitude and elevation with the 8 climate variables to look
at how the climate of our sites varied with physical location (PROC CORR: SAS 9.3,
2011). To test for associations in phenotypic traits with neutral genetic variation we
regressed each phenotypic trait with two neutral genetic variables (Gendim1 and
Gendim2). The neutral genetic variables were created from performing principal
coordinated analysis on genetic distances among individuals. Genetic distances among
individuals were computed from the binary AFLP data matrix using AFLP-SURV 1.0
(Vekemans, 2002) according to the method of Lynch and Milligan (1984). Finally, we
regressed each phenotypic trait with both environmental and neutral genetic variables in
the model. This approach generated 180 regression models (15 models for each of 12
traits). To determine the best model fit we looked at AIC scores and selected the model
that had the lowest score.
Results

Climate Variables as Predictors of Plant Traits

Geographic location was a better predictor of plant traits than climate variables.
For each trait, we compared the AIC scores between the model that contained location
(latitude, longitude and elevation) to the model that contained the 8 climate variables.
Models that contained geographic location performed better (had lower AIC scores) than
models that contained the 8 climate variables (Table 2). For all traits, longitude did not

have a significant effect (p > 0.05). When we compared the AIC scores of models that
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contained only the best combination of the 8 climate variables they were still higher than
models with geographic location alone for all but leaf number. In these reduced climate
models temperature variables were more important than precipitation variables for most
traits (Table 2). While geographic location models performed better than models with
climate variables the difference was not large (look at difference in AIC between best and
next best). This is most likely due to the correlation between climate variables and
geographic location (Table 1). Temperature variables were correlated with latitude and
elevation was correlated with 7 of the 8 climate variables. Because latitude and
elevation seem to be the best predictors of phenotypic variation we used these two
variables in subsequent analyses.
Neutral Genetic Variation and Patterns of Phenotypic Variation

Our results show that patterns of phenotypic variation are being driven more by
the environmental conditions in a particular location than the genetic ancestry of the
population. None of the traits measured were best fit (had lowest AIC score) by a model
that contained only neutral genetic variables (Table 3). While no trait was best explained
by neutral genetic variables, 6 of the 10 traits measured were best fit by models that
contained some combination of both genetic and environmental variables (Table 3). In
models that contained both environment and genotype as predictors, genotype was not
significant in any case. For 4 of the 10 traits measured models that contained only
geographic location variables (Latitude and/or Elevation) had the lowest AIC values
(Table 3). This suggests that patterns of phenotypic variation are being driven more by

the environmental conditions in a particular location than the genetic ancestry of the
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population. Physical environment (latitude and elevation) had the strongest effect on
phenotypic traits.
Geographic Location and Population differentiation

The models for bud and flower emergence times had the largest R values with
38% and 35% of the variance being explained by the models, respectively. In both
models, latitude had a significant effect and the regression coefficients were positive for
all variables (Table 4). Plants at higher latitudes took longer to develop buds and flowers
(Fig. 2). Latitude is significantly and negatively correlated with both mean annual
temperature and the maximum temperature of the warmest month (Table 1). July was the
warmest month for all sites and the 3 northern most sites CC, GT and SB were cooler
during this time (Fig. 3).

Plant size was not strongly controlled by environmental conditions and any
effects seen decreased as the plants got older. Models of plant size explained less
variation than those including time of bud or flower emergence. The R values for length
of the longest leaf and rosette diameter at 8 and 16 wks ranged from 0.14 to 0.18 (Table
3). The R* for size measures dropped to 10% or less by the time plants reached 24 wks in
age. None of the regressors affected leaf number and the overall models for leaf number
at 8 and 16 wks were not significant. In all cases, the elevation effect was stronger than
latitude and all regression coefficients were negative (Table 3). This means that there
was a weak relationship where plants from higher elevations were smaller. Unlike
latitude, elevation is correlated with both temperature and precipitation variables (Table

1). These higher elevation sites are cooler, receive more precipitation during the driest
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time of the year (summer) and less precipitation during the wettest time of year (late
winter, early spring).
Osr versus Fsr: Evidence of Adaptive Divergence

Out of all the traits, flowering stalk height was most uniform across populations.
The confidence interval for flowering stalk height overlapped zero showing that this trait
is extremely uniform across populations. When we compared the confidence interval for
flower stalk height Qs to that of Fgr the two measures overlapped (Table 4). Bud and
floral emergence times had the most differentiation among populations (Table 4). Qgsr
was much larger than Fgr for both of these traits and there was no overlap in the
confidence intervals. For size measures Qs values ranged from 0.17 to 0.43. Only 3 of
these measures were not equal to Fsy when confidence intervals were compared: length
of the longest leaf and rosette diameter at 8§ wks and rosette diameter at 16 wks. There
was also no difference between the values of Qst and Fgr for seedling emergence.

Discussion

Introduced species may encounter drastic changes in selective pressures in their
new range which can drive rapid evolution. However, testing whether differences in
traits are present due to adaptation or are simply an artifact of the introduction history can
be difficult. The development of environmentally based patterns can occur for reasons
other than local adaptation. A good match between genotype and environment due to
chance dispersal into an area from a source pre-adapted to these conditions can mimic
local adaptation. Reciprocal transplant studies are a classic way to parse out differences
due to adaptive versus neutral phenotypic evolution but are often not feasible for invasive

species. Another approach to test if traits are under selection is to compare genetic
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variance at neutral loci (Fsr) to quantitative genetic variance (Qst) (McKay and Latta
2002). Comparison of Qgst and Fsr in 1. tinctoria suggests that directional selection may
be occurring in introduced populations for some traits.

Quantitative trait differentiation for floral emergence traits was 2.5 to 3 times
greater than neutral genetic differentiation. While a strict statistical test cannot be
conducted to directly compare Qsr and Fst values due to heterogeneity of their variance
(Liang et al. 2009), confidence intervals of these values can be compared. Comparison of
these confidence intervals for floral emergence traits shows no overlap and supports that
these values are different. These large differences indicate that divergence in these traits
is more than would be predicted by drift or pre-adaptation alone and provides evidence
for directional selection (Dlugosch and Parker 2007; Lavergne and Molofsky 2007;
Merild and Crnokrak 2001).

While the pattern was not as strong, there is also evidence that differences in early
size measures are also being shaped by selection. These differences decreased as the
plants aged and quantitative and genetic variation were the same. We estimated Qsr
using broad-sense genetic variances which can include both additive and non-additive
effects. If dominance effects or maternal effects are strong then our estimates of Qgr will
be biased downward (Podolsky and Holtsford 1995). A narrow sense quantitative genetic
study can provide a more accurate estimate of Qs but requires that hundreds of crosses
be done for each population which is often not feasible. Looking at a larger number of
traits, especially those that may promote invasion success, could give us a better

understanding of how populations are able to persist across diverse environments.
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The results of the quantitative trait study are consistent with the results from the
multiple regression analysis. In our regression analysis we found that AFLP genotype
did not significantly affect floral development or any other trait. If trait variation is being
driven by non-adaptive processes we expected that neutral genetic variation alone would
be the best predictor of phenotypic traits. While neutral genetic ancestry was not a strong
predictor, it should be mentioned that several traits were best fit by models that include
both the physical environment and neutral genetic ancestry. This indicates that, while not
significant, AFLP genotype may play a subtle role in explaining trait variation.

Latitude strongly affected flowering time which is not surprising given that latitude
represents an environmental gradient that can exert strong selection pressures (Cruse-
Sanders and Hamrick 2004). A much weaker relationship was seen in early size
measures and elevation. Plants from higher latitudes took longer to develop buds and
flowers. This pattern maybe partially explained by differences in temperature. Latitude
was correlated with only 2 of the 8 climate variables we looked at and both were
measures of temperature. However, when we used either mean annual temperature
and/or maximum temperature of the warmest month in lieu of latitude and elevation the
later model always performed better. This suggests that while temperature is important,
it is not the only contributor to this geographic gradient. Other studies have shown that
when there is an association between a quantitative trait and climate or a distinct habitat
type that molecular and quantitative variation are different (Knapp and Rice 1998;
Steinger et al. 2002)

Conclusion
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Our results provide evidence that flowering time in /. tinctoria has undergone
directional selection in response to a latitudinal gradient. Our experimental design only
allowed us to measure quantitative trait variation in the broad sense and we were unable
to separate out additive from non additive variation. This may have reduced our
estimates of Qs which means that Qgt for growth traits may in fact be larger. If these
values are larger it may affect our interpretation that size measures are only under weak
directional selection. However, multiple regression analysis also showed weak clinal
development in size measures. In contrast, floral traits exhibited a much stronger clinal
pattern and this shows that reproductive traits, an important component of invasion
success, may be under stronger selection than growth. None of the traits that we studied
were best explained by simple ancestry. This suggests that the differences in populations
that we are seeing are not due to simple founder effects or the plants being introduced
from a pre-adapted source population. If true, then /. tinctoria has been able to undergo
selection in a relatively short period of time with only a modest level of genetic variation
maintained in populations. Trait variances were measured under controlled greenhouse
conditions and may not reflect what is occurring in the field. Determining whether or not
these population differences confer a fitness advantage in the field should be the next step

in understanding the invasion biology of this species.
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Tables
Table 1. Correlations between elevation, longitude and latitude and the 8 climate
variables. Positive (+) and negative (-) correlations are significant at P < 0.05 and
nonsignificant correlations are represented as NS.

Elevation Longitude Latitude

Annual mean temperature(°C) - + -
Temperature seasonality (SD) + - NS
Maximum temperature of warmest - NS -
month (°C)

Minimum temperature of coldest month - + NS
0

Annual precipitation (mm) NS NS NS
Precipitation of wettest month (mm) - + NS
Precipitation of driest month (mm) + - NS
Precipitation seasonality (CV) - + NS
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Table 2. AIC scores from multiple regression analysis of phenotypic traits against 3
different models. Values in bold represent the model with the lowest AIC score. The full
climate model contained all 8 climate variables. The reduced climate model contained
only the variables that generated the lowest AIC score. For leaf number at 8 and 16
weeks none of the models were significant (MNS, p > 0.05). Climate variables: 1 Annual
mean temperature (° C) 2 Temperature seasonality (SD) 3 Maximum temperature of
warmest mo. (° C) 4 Minimum temperature of coolest mo. (° C) 5 Annual precipitation
(mm) 6 Precipitation of wettest mo. (mm) 7 Precipitation of driest mo. (mm) 8
Precipitation seasonality (CV). Italicized numbers in the last column represent

temperature variables and non italicized are precipitation variables

Variables

Reduced in reduced

Trait Lat/Long/Elev  Full climate
Climate climate
model

Size at 8 wks
Length of longest leaf 1708.93 1716.08 1709.22 1,2,5,6
Rosette diameter 678.62 684.77 679.096 1,7
Leaf number MNS MNS MNS
Size at 16 wks
Length of longest leaf 1607.55 1614.09 1608.63 1,2,5,6
Rosette diameter 618.96 627.35 619.433 1
Leaf number MNS MNS MNS

(Table 2 continued on next page)
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Table 2.

Variables
Reduced in reduced
Trait Lat/Long/Elev  Full climate
Climate climate
model
Size at 24 wks
Length of longest leaf 2124.39 2129.77 2125.10 1,2,4,8
Rosette diameter 692.48 704.26 699.702 1,2,3,4
Leaf number 1042.71 1018.05 1014.62 1,2,4,5,7,8
Height of flowering 1138.73 1145.49 1139.74 4,6
stalk
Mean days to bud 1759.06 1767.03 1762.96 1,2,3,4,8
emergence
Mean days to flower 1706.87 1714.04 1708.91 1,2,3,4,8

emergence
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Table 4. Estimates of Qstand 95% confidence intervals (shown in parentheses) for size
and development traits in /. tinctoria. Qsr values shown in bold are when 95%

confidence intervals did not overlap with Fsr confidence intervals.

Trait Qs
Size at 8 wks
Length of longest leaf 0.42 (0.37,0.49)

Number of leaves
Rosette diameter

Size at 16 wks
Length of longest leaf
Number of leaves
Rosette diameter

Size at 24 wks
Length of longest leaf
Number of leaves

Rosette diameter

Seedling emergence
Budding
Flowering

Stalk height

0.30 (0.22, 0.33)

0.43 (0.31, 0.53)

0.21 (0.16, 0.27)
0.17 (0.11, 0.23)

0.42 (0.29, 0.52)

0.35 (0.25, 0.46)
0.24 (0.15, 0.30)

0.40 (0.26, 0.49)

0.33 (0.23, 0.36)
0.63 (0.42, 0.75)
0.53 (0.45,0.72)

0.06 (-0.02, 0.11)

Fsr

0.18 (0.10, 0.27)
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Figures
Fig.1 Distribution of 1. tinctoria in the western US based on 205 herbarium specimens. Each
square represents one or more herbaria specimens. The smallest squares represent a single record
and squares get progressively larger with increasing numbers of records. Darker colored squares
represent earlier introduction events relative to lighter colored squares. Triangles mark sites
where seed samples were collected. Herbarium specimen data were published by the Rocky
Mountain Herbarium, C.V. Starr Virtual Herbarium, Consortium of California Herbaria, and the

GBIF Data Portal.
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Fig. 2 Bud and floral development across latitude
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Fig. 3 Monthly maximum temperature at collection sites

Maximum temperature (Celsius)

35

30

25

20

15

10

Jan Feb

Mar  Apr

California KR
California YN
California YS
California SF

DH
BR
EO
w

SL

DV
CcC
GT
SB

Increasing latitude

T
May

Jun

87




	University of New Mexico
	UNM Digital Repository
	12-1-2012

	Genetic diversity, local differentiation, and adaptive evolution in introduced populations of the invasive plant Isatis tinctoria L. (Brassicaceae)
	Heather L. Simpson
	Recommended Citation


	Microsoft Word - Simpson OGS Dissertation.doc

