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ABSTRACT
Global climate change can drive many changes in species interactions. One primary way
it affects species is by changing climates, causing species to expand their ranges and allowing
them to interact with species from whom they were previously isolated. In plants, new species
interactions can result in hybridization – the creation of hybrid offspring between two separate
species. This hybridization can increase gene flow between the species and lead to introgression,
the transfer of genetic material from one species to another through hybrid backcrossing with the
parent species. My thesis investigates hybridization in the model system Asclepias (milkweed)
by analyzing phenotypic and genetic data from historical and present populations of milkweed.
Our analysis of several sympatric populations of common milkweed (A. syriaca) and poke
milkweed (A. exaltata) in Virginia reveals extensive genetic admixture despite phenotypic
segregation. We also found evidence of introgression from common milkweed into the poke
milkweed genome, supporting our hypothesis that through hybridization with common
milkweed, poke milkweed is rapidly adapting to the changing habitat on the eastern United
States and moving out of the forest. By investigating the mechanisms of hybridization and
introgression in milkweed, researchers can better understand the impact climate change has on
species and whether introgression is a viable way species can avoid extinction.
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INTRODUCTION
As global climate change continues to cause drastic changes to the environment around
the world, species responding to these changes begin to interact in new ways. Species in once
isolated environments now face the new challenges and opportunities involved in habitat overlap
as global climate change causes climate homogenization and as human action moves species
around the world (Stoepler, Edge, Steel, O’Quinn, & Fishbein, 2012). When two different
species expand their ranges in either natural (following the available land as the climate changes)
or artificial (due to human displacement) ways and encounter one another, one species will
usually outperform the other, forcing it out of the habitat (Vallejo-Marín & Hiscock, 2016).
However, in many species of plants hybridization, where a member of one species pollinates a
member of the other species and creates a hybrid offspring, can occur (Oziolor, et al., 2019). If
hybridization is successful, it can lead to increased gene flow between the species and possibly
introgression, when alleles of one species are taken up into the genome of the other species
through interbreeding. Introgression can be particularly beneficial to a threatened species if the
introgressed genes increase that species’s fitness (Hofford, 2020). We hypothesize that
introgression of beneficial alleles could be a potential means by which species adapt to avoid
extinction due to climate change (Vallejo-Marín & Hiscock, 2016). To begin to understand the
role of introgression in rapid adaptation to new environments, my research investigates
hybridization in the model system Asclepias (milkweed) – specifically between forest loving
Asclepias exaltata (poke milkweed) and sun-dwelling Asclepias syriaca (common milkweed).
Milkweeds are native North American flowering plants, characteristic for their attractive
pink floral clusters and their function as the host plant for the monarch butterfly (Danaus
plexippus) (Figure 1). A. syriaca, common milkweed, grows in open fields and disturbed habitats
across the eastern to central United States. A. syriaca has wide, flat, light green leaves and large,
pink floral clusters. A. exaltata, poke milkweed, is an understory plant that lives in moist and
heavily canopied forests on the east coast of the United States, typically at higher elevations. A.
exaltata has thinner and more pointed, darker green leaves with smaller, white floral clusters
(O’Quinn & Fishbein, 2009).
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Figure 1: Native ranges of A. syriaca and A. exaltata show extensive overlap throughout the Appalachian Region in Virginia
(Kartesz, 2015) providing the potential for hybridization. Images taken by the Puzey lab at field sites during the summer 2021
sampling.

Over the past 400 years, the eastern United States has experienced extensive
deforestation (Foster & Aber, 2004; Foster, et al., 1998), threatening the survival of A. exaltata,
due to destruction of its natural habitat. In addition, urbanization has also increased the frequency
of interactions between A. syriaca and A. exaltata populations by bringing open and shaded
environments into closer contact, at sites such as roads, railroads, and farmlands (Heilman, et al.,
2002). With closer proximity comes increased likelihood of hybridization. Indeed, previous
research has documented hybridization between A. syriaca and A. exaltata at forest margins in
Shenandoah National Park (O’Quinn & Fishbein, 2009; Wyatt & Hunt, 1991).
One interesting potential effect of increased hybridization is the facilitation of rapid
adaptation to new environments. I use milkweed as a model to test this phenomenon by
investigating whether increased hybridization between A. exaltata and A. syriaca has allowed A.
exaltata to rapidly evolve novel physiological responses to the selective pressure of hot and dry
environments. The discovery of a sustained population of A. exaltata growing in sunny field
habitats in Shenandoah National Park’s ‘Big Meadow’ region gives a unique opportunity to
determine how plants might adapt to novel habitats. One interesting piece of evidence that might
help answer the question of how poke milkweed rapidly adapted to this sun-drenched, hot, and
dry habitat is the fact that aspects of its phenotype bear a cryptic resemblance to the field
dwelling A. syriaca; similarities that are not seen elsewhere across its range. These phenotypic
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similarities strongly suggest that hybridization events between A. syriaca and A. exaltata may
have allowed the transfer of beneficial alleles. Understanding the role of hybridization in
transferring beneficial traits might give insight into possible paths of rapid adaption to novel
climates, especially of interest given global climate change. Specifically, we hypothesize that
through the increased interaction between A. exaltata and A. syriaca, hybridization between A.
exaltata and A. syriaca could be allowing A. exaltata to rapidly adapt to the extensive loss of
forests on the east coast of the United States.
My research asked three questions:
1. Is there evidence of hybridization between milkweed species in the herbaria record?
To gain a broad scale look into the potential hybridization of milkweed, I used herbarium
records of milkweed samples collected across the United States between 1805 and 2019 to ask
whether there is evidence of hybridization between milkweed species based on phenotype. I then
asked, from this dataset, which morphological characteristics best distinguish milkweed species,
and which characteristics are most indicative of hybrids.
2. Is there current evidence of hybridization at a site of sympatric A. syriaca and A.
exaltata populations?
To then investigate hybridization currently occurring between populations of milkweed, I
identified a site of co-located milkweed species at Naked Creek Overlook in Stanley, Virginia
and analyzed morphological and genetic data from putative parent and hybrid species. I asked
whether the parent species exhibited significantly different phenotypes and whether these
phenotypic differences were reflected in the genetic sequences. I then looked for evidence of
hybrid individuals based on intermediate phenotypes and genotypes.
3. Is there widespread hybridization between A. syriaca and A. exaltata throughout
Virginia?
Lastly, to investigate the extent of hybridization between milkweed species throughout
Virginia, the Puzey lab and I visited 16 sites along the Appalachian trail in western Virginia and
collected plant samples and soil cores from populations of A. syriaca and A. exaltata. We used
morphological and genetic data from these sites to look for evidence of hybridization and asked
whether there is evidence of preferential introgression from A. syriaca into A. exaltata to identify
whether hybridization was conferring a selective advantage to A. exaltata.
METHODS AND RESULTS
Is there evidence of hybridization between milkweed species in the herbaria record?
Meineke, et al. (2018) emphasized the value of plant specimens in herbaria records as
primary sources for investigating research questions related to phenotypic or morphological
characteristics (Table 1), especially for applications to climate change. Herbaria collections
provide a record of the species present across a great time and geographic scale and preserve
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valuable morphological information about the samples. Over the summer of 2020, I worked with
the Puzey lab to utilize online herbarium records and build an extensive dataset of milkweed
specimen and their phenotypic measurements. We used these data not only to ask whether the
morphological traits indicate evidence of hybridization between milkweed species, but also to
determine which traits would be most useful for hybrid identification. We recorded
morphological measurements for seven characteristics, based on previous work from Kephart et
al. (1988), for over 500 specimens across three Asclepias species: A. syriaca (common
milkweed), A. exaltata (poke milkweed), and A. speciosa (showy milkweed): Leaf length (cm),
leaf width (cm), apical (top) leaf angle (degrees), basal (bottom) leaf angle (degrees), number of
second-degree veins, petiole length (cm), and pedicel length (cm).
For all the leaf measurements we took measurements from two leaves per specimen and
averaged the values. For the flower characteristic (pedicel length), we measured two
inflorescences and averaged the result. We also recorded the sample ID, date the specimen was
collected, the location and environment where it was collected, whether it was flowering or
fruiting, and its species recorded upon collection. Measurements were taken using a pixel
counter on ImageJ (Schneider, et al., 2012) and converted into centimeters according to the
length of the 10cm scale bar included in each specimen’s photograph.
Using this dataset I asked the following questions:
1. Is there evidence of hybridization between milkweed species based on phenotype?
2. Are hybrid individuals found in and only in areas of milkweed species range overlap?
3. What morphological characteristics best distinguish species and could be best used to
identify hybrids in the field?
To answer question one, I conducted a Principal Components Analysis (PCA), to answer
question two I used hierarchical clustering to create a dendrogram, and to answer question three I
analyzed the spread of my variables in box plots. I performed these analyses using R 4.1.2 (R
Core Team, 2021).
For my analysis, I kept only the most relevant variables (leaf length to width ratio, average
leaf length, leaf length to number of second-degree veins ratio, average pedicel length, average
apical angle, average basal angle, and average leaf length to petiole length ratio) and used mostly
ratios (with the exception of average leaf length, average pedicel length, and apical and basal
angles) to control for varying leaf sizes at different stages of development. This allowed me to
compare leaf sizes while controlling for confounding variables such as the age of the plant when
collected. I left out the other variables that we used to determine the ratios or were otherwise
redundant (sample ID, recorder initials, species, date collected, location collected, flowering,
fruiting, length of 10cm scale bar, leaf 1 length, leaf 1 width, leaf 1 apical angle, leaf 1 basal
angle, leaf 1 number of veins, leaf 1 petiole length, leaf 2 length, leaf 2 width, leaf 2 apical angle,
leaf 2 basal angle, leaf 2 number of veins, leaf 2 petiole length, flower 1 pedicel length, flower 2
pedicel length, leaf length average, leaf 1 length to width ratio, leaf 2 length to width ratio, leaf 2
length cm, leaf 1 length to number of veins ratio, leaf 2 length to number of veins ratio, pedicel 1
length cm, pedicel 2 length cm, pedicel length average cm, leaf 1 length to petiole ratio, leaf 2
length to petiole ratio). My final variables and their descriptions can be found in Table 1.
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Table 1: Variables used in analysis of herbaria samples
Variable Name
Description
L/W Avg
Average ratio of leaf length to leaf width. Larger values mean the leaf was
longer than it was wide and more of a slim oval shape, values closer to 1
mean the leaf was rounder and wider, more of a fat oval shape.
Length.cm.1

Length of the first leaf in cm. Larger values correspond to longer leaves.

L/V avg

The average ratio of leaf length in cm to number of veins. Larger values
had fewer second-degree veins, smaller values had more second-degree
veins.
Average pedicel length in centimeters.
Average leaf apical angle. Larger values mean the tip angle was wider, and
the leaf shape was more round and less angular. Smaller values mean the
leaf tip was more pointed.
Average leaf basal angle.
Average leaf length to petiole length ratio. Larger values mean the leaf had
a smaller petiole relative to leaf length.

Pedicel length cm avg
AA avg
BA avg
L/petiole avg

Table 1: Description of measurements calculated from the herbarium records. .

Figure 2: Visual representation of the measurements taken from the herbarium records.

Upon investigating the dataset, I found several outliers lying far outside the range of the
other data points. After looking in the data set, I found that these records showed unrealistic
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values for leaf length, pedicel length, etc. and concluded that they were likely due to data entry
error and not natural variation within species phenotypes. Because of this, I decided to remove
the outliers from my data set. For each of the key variables, I calculated the values 1.5 times the
inter-quartile range below the first quartile and 1.5 times the inter-quartile range above the third
quartile and subset the data to only include values within this range.
To answer the question of whether the herbaria data indicates evidence of hybridization
between milkweed species, I conducted a PCA to cluster samples based on the similarity in their
phenotype. I predicted that if the samples measured included hybrid individuals, a PCA would
show three main clusters of samples, according to the species they were identified as in the field,
with some samples located in between the clusters, reflecting their morphological intermediacy.
I chose to perform an indirect gradient analysis (an unconstrained ordination) which
arranges samples to best preserve multivariate relationships in a reduced number of dimensions. I
performed a PCA which captures the maximum variance in the raw values of the original
variables. PCA is based on correlation, with PC1 capturing the strongest correlations among
variables and PC2 capturing the second strongest correlations, all the way down to the final
number of variables in the dataset.
My data met all the assumptions of a PCA, my variables are continuous and normally
distributed, they show a linear relationship and are correlated, and my sample size is sufficiently
large with 581 total observations. I ran a PCA on all the continuous numeric variables using the
vegan package (Oksanen, et al., 2020) in R (R Core Team, 2021). Data were scaled (to consider
the correlation matrix rather than the covariance, removing bias toward high variances) and
centered on zero (to make visualization easier). The first principal component explains 37.4% of
the variance and the second explains 18.8%. I graphed my sample scores for PC1 and PC2
(Figure 3).
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Figure 3: Principal Component Analysis of Milkweed samples based on phenotypic variation for herbaria samples. Circles
represent the center of clusters and are drawn one standard deviation away from the center.

To test whether the different species have statistically different phenotypes, I used the
Permanova test to test the null hypothesis that multivariate phenotype is the same among species.
Results of the Permanova test can be seen in Table 2. The P-value is significant, providing
enough evidence to reject the null hypothesis that the different species have the same phenotypic
compositions. The R2 value is 0.482, which means a difference in species accounts for 48.2% of
variation in multivariate phenotype.
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Table 2: Permanova analysis for herbaria samples phenotypic data
Df
SumsofSqs MeanSqs
F.Model
R2
species
2
6.8699
3.4350
269.41
0.48246
Residuals
578
7.3693
0.0127
0.51754
Total
580
14.2393
1.00000

Pr(>F)
1e-04 ***

Table 2: PERMANOVA results from the phenotypic traits of herbarium samples: adonis(formula = response ~ species,
permutations = 9999, method = “bray”) Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

This evidence shows that the three different species, A. syriaca, A. exaltata, and A.
speciosa have statistically different phenotypes. As shown in Figure 3, however, there are many
individuals in between the main species clusters. These samples display intermediate phenotypes
which could be due to natural morphological variation or because these samples are hybrids.
To further investigate this, I visualized the data by creating a dendrogram using the vegan
package in R (Oksanen, 2020). I created a distance matrix using Euclidean distance because
Euclidean distance is good for diverse continuous data and my data does not face the double zero
problem. I created the hierarchical clustering based on the average method to get an average
inner-cluster distance in each cluster, preventing tight clusters too close together that sometimes
form with the complete method. My dendrogram can be seen in Figure 4.
The dendrogram shows that individuals cluster based on phenotype roughly, with certain
individuals clustered as phenotypically more similar to a species they were not identified as upon
collection. This provides good evidence that some of these species are hybrids. These putative
hybrids were observed in areas where the parent species’ ranges overlapped, giving further
evidence that their phenotypic intermediacy is due to hybridization and not natural variation in
morphology.

Davies 12

Figure 4: A dendrogram displaying hierarchical clustering of A. speciosa, A. syriaca, and A. exaltata based on phenotypic
variation.

My final question asked how morphological traits of interest vary with species and which
specific trait values would be most indicative of a possible hybrid individual. To determine this, I
created boxplots showing the distribution of values for the different morphological traits for each
species (Figure 5). Based on my results, individuals individually classified as A. exaltata or
located in primarily A. exaltata populations with a higher number of veins than average, smaller
leaf and pedicel lengths and more rounded basal angles would be good hybrid candidates.
Similarly, individuals originally classified as A. syriaca or located within A. syriaca populations
that have fewer veins than average, longer leaves and pedicels, and a more pointed basal angle
would also be good hybrid candidates. This analysis helped us know what traits to look for when
identifying putative hybrids in the field.
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Figure 5: Boxplots showing the distribution of data for leaf size (a), leaf length (b), apical angle (c), basal angle (d), number of
second-degree veins (e), petiole length (f), and pedicel length (g) according to milkweed species. A. exaltata is in green, A.
speciosa is in orange, and A. syriaca is in blue.

Is there current evidence of hybridization at a site of sympatric A. syriaca and A. exaltata
populations?
Previous work has demonstrated potential hybridization at Naked Creek Overlook in
Stanley, Virginia (Figure 6) (de la Puente, et al., 2012; O’Quinn & Fishbein, 2008). We obtained
over 130 samples from milkweed growing at Naked Creek. The samples were visually classified
in the field as either A. syriaca, A. exaltata, or putative hybrids. Morphological traits (leaf length,
number of second-degree veins, petiole length, pedicel length, number of flowers, corona
diameter, and trichome density) were recorded for each individual. DNA was extracted from
each individual using Qiagen DNeasy Plant Mini Kits and sequenced using low-pass whole
genome Illumina sequencing.
We aligned sequences to the A. syriaca reference genome using bowtie2 (Langmead &
Salzberg, 2012). We then converted SAM alignment files to binary format using samtools (Li, et
al., 2009) and processed alignments with Picardtools (http://broadinstitute.github.io/picard;
Commands: AddorReplaceReadGroups, index. The Picard processing added read groups and
indexed BAM files for analysis in the Genome Analysis Toolkit (GATK) (DePristo, et al., 2011).
We used GATK to assemble a Variant Call Format (VCF) file and filtered it using
vcftools (Danecek, et al., 2011) to exclude locations on the genome that had missing data for
over 65% of individuals. This was to filter out poorly sequenced sites. We also filtered the VCF
to exclude individuals with a minor allele frequency below 0.05. The minor allele frequency is
the frequency at which the second most common allele occurs in a given population. By
excluding sites with a minor allele frequency below 0.05, we filtered out locations with too little
genetic variation to yield any insights into possible introgression.
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Figure 6: Location of Naked Creek Overlook in Stanely, Virginia.

Figure 7 shows a PCA of the phenotypic trait analysis for the milkweed samples from
Naked Creek. I performed the PCA in the same method as described before. The first principal
component explains 46.5% of the variance and the second principal component explains 20.6%
of the variance. Table 3 shows the results from the PERMANOVA test for the phenotypic traits
of the Naked Creek samples. The species variable was found to be significant with a P-value less
than 0.0001 and the R2 value was 0.632 meaning that 63.2% of the phenotypic variance was
explained by a difference in species.
Figure 8 shows a PCA of the genetic sequence analysis for milkweed collected from
Naked Creek. I used Tassel5 (Bradbury, et al., 2007) to create a distance matrix based on the
SNP sequences from our Naked Creek Samples and then to calculate PC values for each Naked
Creek Samples. I then graphed the PC values in R (R Core Team, 2021). The difference in the
amount of variance each principal component explains in the genetic PCA is reflected in the
difference scaling of the axes, with the first principal component explaining about twice as much
variation as the second principal component.
These data clearly show that species show significantly different phenotypes and
genotypes. Correspondingly, individuals identified in the field as phenotypically intermediate
show intermediate genotypes as well. This provides evidence supporting our hypothesis that
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these phenotypically intermediate individuals are first generation hybrid offspring from crosses
between co-localized A. syriaca and A. exaltata.

Figure 7: PCA for the phenotypic traits of milkweed samples from Naked Creek. Species variable was found to be significant
with a P-value of less than 0.0001 and with an R2 value of 0.63246.

Table 3: Permanova analysis for Naked Creek phenotypic data
Df
SumsofSqs MeanSqs
F.Model
species
2
11.5264
5.7632
114.43
Residuals
133
6.6984
0.0504
Total
135
18.2247

R2
0.63246
0.36754
1.00000

Pr(>F)
1e-04 ***

Table 3: PERMANOVA results from the phenotypic traits of Naked Creek samples: adonis(formula = response ~ species,
permutations = 9999, method = “bray”) Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Figure 8: PCA for the genetic sequences of milkweed samples from Naked Creek.

In the Naked Creek Genetic PCA, the first Principal Component explains about twice as
much variance as the second, as shown by the axes scale labels. The PCA shows two clear
groups of milkweed samples, one group corresponding to milkweed samples identified as A.
syriaca in the field and the other corresponding to milkweed samples identified as A. exaltata in
the field. There is also a smaller group of samples right in the middle of the two bigger clusters.
This smaller group contains individuals identified as possible hybrids in the field as well as
individuals classified as A. syriaca and A. exaltata. This is important because it shows that
milkweed samples that were visually identifiable as putative hybrids showed an intermediate
genotype when compared to individuals clearly A. syriaca or A. exaltata based on phenotype. In
addition, there are a few samples either located halfway between the hybrid cluster and the A.
syriaca cluster or the hybrid cluster and the A. exaltata cluster. We hypothesize that these
individuals are first-generation backcrosses between a first-generation hybrid and a member of
the parent species, given that their genotype is located halfway between the hybrid and parent
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clusters. This shows the potential for introgression to occur, through interbreeding between
hybrids and parents.
Is there widespread hybridization between A. syriaca and A. exaltata throughout Virginia?
In light of the support for hybridization between milkweed species at Naked Creek, the
Puzey lab and I decided to conduct a study investigating the potential hybridization of current
milkweed populations across Virginia. Over the summer of 2021, our lab visited 16 sites along
the Appalachian trail in Virginia collecting milkweed samples from populations of A. syriaca
and A. exaltata (Table 4; Figure 9). We measured phenotypic characteristics of each plant and
collected two leaves for DNA extractions. We also collected soil cores (~50g) from the soil six
inches from the base of each plant to capture the plants’ abiotic soil environments. Upon
collection, leaves and soil cores were kept on ice and then frozen until we were ready to perform
extractions.
Table 4: Summer 2021 milkweed collection sites
Site Key Full Site
Latitude Longitude Number of
Name
identifiably
A. syriaca
collected
LM
Lower
20
N 37°
W 078°
Mashokin
54.944’ 54.635’
HR
Humpback
0
N 37°
W 78°
Rocks
56.6826 54.6882
GH
Glass
0
N 37°
W 78°
Hollow
56.6826 54.6882
RGT
Rockfield
7
N 38°
W 078°
Gap Tourist 01.827’ 51.799’
Site
PTW
Peddar Trail N 37°
0
W 78°
Wintergreen 54.579’ 55.918’
FRW
Fortunes
18
N 37°
W 078°
Road
54.288’ 57.355’
Wintergreen
SLG
Salt Log
15
N 37°
W 079°
Gap
46.807’ 10.924’
LFS
Lush Forest N 37°
0
W 079°
Shire
46.378’ 11.042’
MMP
Milkweed
17
N 37°
W 079°
Mountain
46.017’ 11.226’
Peak
CMB
Cole
21
N 37°
W 079°
Mountain
45.051’ 12.321’
Bald

Number of
identifiably
A. exaltata
collected
0

Total plants
collected

0

6

0

2

0

7

10

10

0

22

7

28

15

15

0

20

6

28

28
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RF
PNR
MKP
TCP
RRL
SGC

Rice Field
(AT)
Pembrola
Near Rice
Mcafuel
Knib
Parking lot
Tinker Cliff
Parking lot
Raven
Roost Lane
Swannanoa
Golf Course

N 37°
22.603’
N 37°
21.979’
N 37°
22.808’

W 080°
45.343’
W 080°
44.680’
W 080°
05.395’

12

1

13

6

0

16

8

0

8

N 37°
27.446’
N 37°
56.022
N 38°
1.1934’

W 080°
01.044’
W 78°
56.9748
W 78°
52.758’

10

0

10

0

22

22

12

0

12

Table 4: Site names and locations for Summer 2021 Milkweed Collections. GPS coordinates are given in Degrees Decimal
Minutes (DDM). The number of A. syriaca or A. exaltata collected refers to the number of plants recognizably characterized as
either species in the field. If the total number of plants collected is higher than the added number of A. syriaca and A. exaltata,
then there were samples collected that were unable to be visually classified as one species or the other (possible hybrids) or were
classified as a third species (we did collect some plants that may have been A. quadrifolia).

Figure 9: Map of the 16 sampling locations along the Appalachian Trail where we collected milkweed during the summer of
2021.

Plant phenotype
We recorded several morphological characteristics, specifically leaf characteristics, of the
plants we collected. Each leaf collected was photographed next to a 10cm scale bar.
Measurements were then taken using ImageJ (Schneider, et al., 2012). We recorded leaf apical
angle (degrees), leaf length (cm), leaf width (cm), and number of second-degree veins (Figure
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10). For our analysis we used apical angle, leaf length, leaf width, leaf length to width ratio, and
leaf length to number of second-degree veins ratio.

Figure 10: Measurements recorded for the summer 2021 milkweed collections.

All analyses were performed in R 4.1.2 (R Core Team, 2021). I created a distance matrix
from the morphological data using Euclidean distance. I omitted two outliers due to data entry
error (MKP7 and FRW9) and computed a PCA on all the continuous numeric variables. The first
principal component accounts for 41.5% of the variance and the second principal component
accounts for 27.7%. Table 5 shows the results from the Permanova tests ran on the Summer 2021
Phenotypic PCA. The Permanova analysis found the species variable to be significant with a Pvalue of 0.0001, showing that species do differ in phenotype. The R2 value is 0.7547 meaning
that 75.47% of the variance in leaf phenotype can be explained by a difference in species.
Table 5: Permanova analysis for summer 2021 milkweed phenotypic data
Df
SumsofSqs MeanSqs
F.Model
R2
species
2
5.1270
2.5635
253.83
0.7547
Residuals
165
1.6664
0.0101
0.2453
Total
167
6.7934
1.00000

Pr(>F)
1e-04 ***

Table 5: PERMANOVA results from the phenotypic traits of summer 2021 milkweed collections: adonis(formula = response ~
species, permutations = 9999, method = “bray”) Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Figure 11: Principal component analysis for the phenotypic characteristics of the summer 2021 leaf collections. Permanova
analysis determined the species variable to be significant with a P-value of 0.0001, showing that species differed significantly
according to phenotype. Circles represent standard deviation of the species spread.

The summer 2021 milkweed collections phenotypic PCA showed that A. syriaca and A.
exaltata individuals exhibit significantly different phenotypes. However, the large number of
individuals located in between the two clusters show that certain individuals display intermediate
phenotypes. This shows that there is phenotypic evidence for milkweed hybridization in our
collections.
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Soil phenotype
Soil was collected from each milkweed plant approximately six inches from the base of
the plant. Fifty grams of soil per milkweed plant were sent to Waypoint Analytical, Inc. in
Richmond, Virginia for the abiotic analysis. We collected ppm values of organic matter, nitrogen
release, cation exchange capacity, pH, buffer pH, phosphorous, calcium, magnesium, sulfur,
sodium, zinc, manganese, iron, copper, and boron. I conducted a PCA on all the continuous
numeric variables (Figure 12). The first principal component accounts for 30.1% of the variance
in soil abiotic environment and the second principal component accounts for 18.2%. Table 6
shows the results from the Permanova tests ran on the summer 2021 soil core PCA. The
Permanova analysis found the species variable to be significant with a P-value of 0.0001,
showing that species do differ in soil abiotic environment. The R2 value is 0.16764, meaning that
about 16.76% of variance in soil abiotic environment can be explained by a difference in species.
Table 6: Permanova analysis for summer 2021 milkweed soil core data
Df
SumsofSqs MeanSqs
F.Model
R2
species
1
1.6147
1.6147
40.884
0.16764
Residuals
203
8.0175
0.0395
0.83236
Total
204
9.6322
1.00000

Pr(>F)
1e-04 ***

Table 6: PERMANOVA results from abiotic soil characteristics of the summer 2021 milkweed collections: adonis(formula =
response ~ species, permutations = 9999, method = “bray”) Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1
‘’ 1
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Figure 12: Principal component analysis for the soil abiotic characteristics of the summer 2021 leaf collections. Permanova
analysis determined the species variable to be significant with a P-value of 0.0001, showing that species differed significantly
according to abiotic soil characteristics. Circles represent standard deviation of the species spread.

The PCA for the soil analysis shows that A. syriaca and A. exaltata occupy different
abiotic soil environments. Importantly, many individuals of one species were collected from the
same sampling sites, so variation in abiotic soil condition could be more a factor of site-to-site
variation than milkweed species habitat preference. However, the overlap between the two
clusters demonstrates the potential for A. syriaca and A. exaltata to live in similar soil
environments, possibly leading to more hybridization events. Additionally, A. exaltata
individuals living in characteristically A. syriaca soil environments could also be putative
hybrids, occupying an untraditional habitat due to the introgressed A. syriaca alleles, however
more specific analysis would be needed in order to confirm this possibility.
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Genetic Data
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We extracted DNA from each milkweed sample using Qiagen DNeasy Plant Mini Kits
and sequenced using low-pass whole genome Illumina sequencing at Michigan State University.
We aligned sequences to the A. syriaca reference genome and called single nucleotide
polymorphisms (SNPs) in the same method as described in the Naked Creek analysis. We
filtered out missing data above 0.65 and minor allele frequency below 0.05. I constructed a nonspatial model using the conStruct package (Bradburd, 2019) in R and visualized the results in a
STRUCTURE plot (Figure 12).

A. syriaca

A. exaltata

Figure 12: STRUCTURE plot of the genetic sequences for A. syriaca (blue) and A. exaltata (green) shows extensive admixture.
Very few individuals are purely A. syriaca or A.exaltata. There is initial support for preferential introgression of common
milkweed into poke milkweed.

The STRUCTURE analysis assesses differences in distribution of genetic variants
between populations with a Bayesian iterative algorithm by placing samples into groups whose
members share similar patterns of variation (Porras-Hurtado, et al., 2013). Each bar in the
STRUCTURE plot corresponds to a milkweed sample that we identified as either A. syriaca or
A. exaltata in the field (the colored bar at the bottom of the plot corresponds to our classification
in the field) and the color of the bar reflects the probability of assigning that sample to either of
the two groups (blue – A. syriaca, green – A. exaltata). The STRUCTURE plot reveals extensive
admixture between A. syriaca and A. exaltata. If the two populations were genetically distinct
from one another, one would expect to see the individuals we classified in the field as A. syriaca
showing almost completely blue bars and individuals we classified in the field as A. exaltata
showing nearly completely green bars. However, a large percentage of our samples show about
an equal likelihood of being assigned to the A. syriaca and A. exaltata group, showing that based
on their genetic variants, they were equally genetically similar to both parental groups.
Interestingly, a larger proportion of individuals we classified in the field as A. exaltata showed
admixture when compared with the A. syriaca individuals. This provides evidence for
preferential introgression from A. syriaca into the A. exaltata genome.
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DISCUSSION
Understanding how species have responded to the Anthropocene is one of the most
pressing questions in conservation biology (Corlett, 2015). As human activity has altered the
climate, we have seen major shifts in the relative abundances and interactions of many species,
with many facing extinction (Lankau & Strauss, 2011). Within the context of North America, it
is very interesting to consider what the landscape looked like prior to the arrival of Europeans.
For instance, where did A. syriaca (common milkweed), a sun-dwelling shade intolerant plant,
exist prior to the extensive deforestation in the eastern United States (Marks, 1983)? Is it possible
that A. exaltata (poke milkweed) was actually more common than common milkweed itself? And
finally, what was the extent of the interactions between A. syriaca and A. exaltata prior to the
forest fragmentation that accompanied European colonization? It is possible that these species
did not interact much at all.
As Europeans moved westward across the United States cutting trees, they opened up
areas for A. syriaca to thrive and increased the number of forest margins, allowing opportunities
for A. syriaca and A. exaltata to come into contact. This human activity caused a huge shift in
the relative abundances of and an increase in interactions between these two species. Our
analysis of the herbaria record provides evidence for historical hybridization events between
these species. Furthermore, our research found that hybridization between A. syriaca and A.
exaltata is the rule rather than the exception. Surprisingly, our genetic analysis of the 2021
milkweed collections reveals extensive admixture between the populations of A. syriaca and A.
exaltata, much more than previously thought. This gives evidence that hybridization between
milkweed species is much more frequent than previously supposed.
Our genetic analysis showed a very small percentage of the species we identified as A.
exaltata in the field were assigned with a 100% probability to the A. exaltata group, in contrast
to A. syriaca. While A. syriaca still showed extensive admixture, a greater percentage of samples
were assigned with a high probability to the A. syriaca group. This gives evidence of preferential
introgression from A. syriaca into the genome of A. exaltata. We would hypothesize that this
asymmetric admixture in A. exaltata when compared to A. syriaca is due to traits from A. syriaca
being preferentially selected for when present in hybrid individuals. That is, when hybrids form,
offspring that have inherited traits from A. syriaca are more likely to survive than hybrids
inheriting traits from A. exaltata. This is because traits present in A. syriaca are more beneficial
in open, sunny environments, including greater drought tolerance (Szitár, et al., 2018), and so
offer a fitness advantage in the now more prevalent open fields. It is possible, however, that A.
syriaca are simply much more prevalent than A. exaltata and so their genes are swamping out
pure A. exaltata individuals, explaining the asymmetric admixture. Alternatively, there could be
a mating barrier to backcrosses forming between hybrids and A. syriaca, resulting in more
backcrosses forming with A. exaltata and therefore fewer pure A. exaltata individuals. To
uncover which of these mechanisms are taking place, more research is needed into the extent of
A. exaltata populations on the eastern United States and common garden studies are needed to
directly cross A. syriaca and A. exaltata individuals with hybrids. These studies could explore
whether hybrid A. exaltata have higher fitness in hotter and dryer habitats than pure A. exaltata.
Then, genetic analysis could be used to explore the genetic basis for that advantage. However,
our research at present is consistent with our hypothesis, showing that milkweed species could be
rapidly adapting to habitat change on the eastern United States through hybridization.
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Currently, due to global climate change, many species are facing rapid habitat change.
This rapid habitat change threatens the survival of many species unless they can, in turn, rapidly
adapt to the new conditions. When thinking about how plants will adapt to this rapid change, we
have to think about the four main forces in evolution: natural selection, mutation, genetic drift,
and migration. Which of these forces will occur fast enough to allow for the rapid adaptation
species need in order to keep up with the rapidly changing climate? Mutations do not occur fast
enough to allow for this rapid adaptation and genetic drift, as a neutral force, will not increase
plants’ fitness in the face of rapid habitat change. Therefore, natural selection acting on
migration (gene flow) through hybridization is the only option plants have to respond to global
change (Chunco, 2019; Vallejo-Marín & Hiscock, 2016). Using the deforestation of the eastern
United States as a model for rapid habitat change, my research has investigated how milkweed
hybridization allows rapid adaptation to the changing habitat through gene introgression between
species. This concept has broader applications to species at large, in considering how species
interactions will change and how species will adapt to habitat change caused by global climate
change.
FUTURE DIRECTIONS
Following up from our field study in the summer of 2021, the Puzey lab revisited the 16
field sites in October 2021 to collect seed pods from the plants we had previously sampled. We
plan to use these seeds to grow A. syriaca, A. exaltata, and hybrid individuals in a common
garden and test their resilience to different drought stress and light intensity conditions to see
whether hybrid individuals show an increased fitness when compared to A. exaltata. This will
provide evidence that the hybrids are performing better in the current landscape conditions,
further supporting the hypothesis that milkweed are rapidly adapting to the changing climate
through hybridization.
CONCLUSION
In conclusion, my research asked the question of whether milkweed hybridization and
introgression could be a means of species response and adaptation to a changing landscape on
the eastern United States. We found historical support for milkweed hybridization in areas of
species range overlap across the United States using herbaria records and morphological
characteristics, providing the necessary background support for our question. We looked in depth
at one current site of sympatric common (A. syriaca) and poke (A. exaltata) milkweed
populations at Naked Creek and found evidence of hybridization based both on morphology and
genetic sequences. We then expanded our study to 16 sites in Virginia and found evidence of
extensive admixture between common and poke milkweed populations. Genetic analysis
indicated preferential introgression from A. syriaca into A. exaltata, supporting our hypothesis
that A. exaltata may be rapidly adapting to the habitat change through hybridization with A.
syriaca. Our results have implications for species conservation more broadly, as many habitats
are experiencing rapid change due to global climate change. Hybridization could be a means by
which species rapidly adapt to these changing conditions, thereby preserving biodiversity even
when facing the threat of extinction in the face of climate change.
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