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Abstract

Species invasions can be influenced by various ecological and genomic factors. One
contribution that may influence the ability for new variation to arise comes from transposable
element (TE) activity. TEs may provide organisms with favorable novel genomic mutations that
allow for adaptation. This study investigates the contribution of TE content in Centaurea
solstitialis, commonly known as yellow starthistle (YST). YST is known for its invasive ability in
the Americas, where it has established large invaded ranges. In this study, seeds from native
and invaded populations were reared in a common environment and traits involving growth,
reproduction, and genome size were measured. Correlations between genome size and growth
rate, dry aboveground biomass, number of flowering heads, and days to first start flowering
were tested. In addition bioinformatic analysis of genomic data from a native and invading YST
were used to estimate average number and average length of long terminal repeat (LTR)
sequences. Results from genomic analysis show substantial amounts of intraspecific size
variation in genomic content, commonly attributed by class | TE activity, as well as larger
genome size being positively correlated with longer generation times. These results
demonstrate that TE activity contributing to genome size correlates with important ecological
traits.

Introduction and Background

An invasive species is one that has colonized a novel environment and grows to high
abundance, commonly crowding out native species and reducing native populations (Beck et al.
2008). Understanding mechanisms that enable an introduced species to become invasive is
critical to their successful control and management. In particular YST has evolved increased
ability to use resources in its invaded ranges, which aids its ability to flourish in its established
non-native regions (Dlugosch et al. 2015). YST is a thistle plant that originated from a region in
the Mediterranean and has now colonized regions in both North and South America (Barker et
al. 2017). A notable feature is that YST’s native range and invaded range populations include
substantially different phenotypes, even when grown in to the same environmental conditions
(Eriksen et al. 2012; Dlugosch et al. 2015). Through common garden experiments it has been
shown that plants from the invaded range are much larger, develops faster and have a greater
number of flowering heads (Eriksen et al. 2012; Dlugosch et al. 2015). Faster growth rates as
well as less time required to reproduction have classically been described as traits of the “ideal
weed” (Baker, 1965). However, the genetic basis of these differences between native and
invasive genotypes remains unclear. Genomic analysis and comparison between native and
invasive range populations may help explain the differences in phenotype as well as
invasiveness.

Study System

YST is a species of angiosperm that has been introduced to the Americas from a
population that likely originated in Western Europe (Barker et al. 2017). Genomic analysis
supports the likelihood of YST originating near Turkey, somewhere in the eastern
Mediterranean (Barker et al. 2017). According to this analysis the European native population
has proliferated and spread from their original Turkey region (Barker et al. 2017). It is
understood that this proliferation swept all the way throughout Western Europe as well as



parts of Eurasia (Barker et al. 2017). In its native range YST is observed to grow at low density,
at around a density of 5 plants/m? (Andonian et al. 2011). It is likely that alfalfa seed
contamination is what brought YST to the Americas in 1848 (Gerlach, 1997). YST has since
developed ranges throughout various parts of Western North America and South America. It
continues to expand its ranges and is estimated to range across 14 million acres in California
alone (Pitcairn et al. 2006). The invasions in California and Argentina are incredibly invasive with
large and very dense patches often above densities of 200 plants/m? (Hierro et al.

2006). However, not all YST invasions are the same. The invasion in Chile, for instance, is slow
spreading, grows in smaller patches, and does not grow as densely as the invasion in California
(Andonian et al. 2011). In Chile the density of patches grow around 20 plants/m”2 (Andonian et
al. 2011). As evident by its densities and spread through the Americas, YST’s invasiveness varies
quite substantially and its invasions in North and parts of South America are quite different.

Transposable Elements

When looking at species invasion mechanisms there are noteworthy genetic factors to
consider. Adaptation to new environments requires genetic variation on which natural selection
can act. Studies show that successful species invasions generally consist of minimal reduction in
genetic diversity, suggesting multiple introductions and large founding populations are
important in establishing in new invasions (Zayed, 2007). Introduced populations may undergo
genetic bottlenecks, as new populations can be founded by very few individuals (Zayed, 2007).
However, there is currently no evidence of the YST invasions in America being subject to
reduced genetic diversity. YST was likely introduced in large numbers, due to its historically
frequent contamination of alfalfa seed shipments (Pitcairn, 2006) and is an obligate outcrosser
(Maddox et al., 1996), which allowed it to maintain high variation across its populations.
Furthermore, invasive species often have a remarkable ability to adapt to novel environments,
regardless of small introduction sizes (Frankham, 2004). Genetic variation is important when
considering ability to response to environmental pressures (Stapley et al. 2015). Ultimately
mutation is the source for all genetic variation and includes mechanisms with adaptive
potential, such as whole genome duplications or point mutations (Casacuberta, 2013). Another
potential source of new variation, in introduced populations, is transposable element (TE)
activity (Schrader, 2014; Stapley et al. 2015).

Transposable elements are short repeating sequences of DNA that have the ability to
copy or cut and reinsert themselves into the genome (Wicker et al. 2007). They represent a
diverse group of genetic elements that can be classified into two broad classes of TEs (Wicker et
al. 2007). Class | is composed of retrotransposons or TEs that have the ability to copy and paste
themselves throughout the genome via an RNA intermediate (Wicker et al. 2007). It is due to
this capacity that genomic size differences are generally attributed to class | TE proliferation
(Wicker et al. 2007). Class Il TEs, on the other hand, are composed of DNA transposons that use
a cut and paste method to move via a DNA intermediate (Wicker et al. 2007). Each class of TE
can further be classified by order and family, which are defined by overall organization, specific
insertion mechanism and enzymology (Wicker et al. 2007).

Across the flowering plants, TEs have been particularly influential in determining
genome size. Flowering plant genome sizes (the total nuclear DNA content of a cell) vary across
three orders of magnitude, even though the number of genes is relatively conserved, and much



of this is known to be mediated by variation in TE content (Tenaillon et al. 2010). Species with
small genome sizes, such as the model organism Arabidopsis thaliana, have relatively low TE
content, while larger genomes found in maize and barley have upwards of 80% of their
genomes comprised of TEs (Tenaillon et al. 2010). Furthermore, different families of TEs
contribute differently to genome size expansions (Hawkins, 2006). There are many different
types of TEs, but one important order is known as long terminal repeats (LTRs). This particular
class is a retrotransposon, or class I, TE (Hawkins, 2006). This means it is capable of making
copies of itself and inserting them throughout the genome. Additionally LTRs are among the
longest types of TEs, which means they likely contribute to the majority of genome size
variation (Hawkins, 2006). For example, examinations of the maize genome have found 33-62%
of the genome was composed of LTR sequences (SanMigueal, 1998) with a 22% difference in
genome size between individuals, the majority of which was due to variation in LTR copy
number (Vielle-Calzada et al. 2009). In this way, TE activity may have indirect ecological
consequences, as differences in genome size affect traits related to growth and
reproduction. Specifically, larger genome sizes may incur higher replicative costs and require
larger cell sizes, with concomitant effects of increasing time for reproduction, growth rates,
(Francis, 2008) as well as increased time required to diversify (Knight, 2005). In fact, genome
contraction, or reduction in genome size, has the ability to facilitate rapid evolutionary changes
in invasive plants that may be significant in phenotypic evolution (Lavergne, 2010).

Specific TE activity may have the potential to alter plant phenotypes (Wei & Cao,
2016). Within a genome, TEs are generally thought to have deleterious effects, in part, due to
their ability to insert themselves into genes vital for organismal function (Keightley & Eyre,
1999). Similarly, certain retroviruses are observed to have similar ability to disrupt genes (Boeke
& Stoye, 1997). Not surprisingly class Il TEs, otherwise known as retrotransposons, likely share a
common evolutionary origin with retroviruses (Boeke & Stoye, 1997). As such, host species
have evolved mechanisms to regulate and mitigate TE proliferation (Wei & Cao, 2016). Host
defense mechanisms, also known as immune mechanisms, against TEs are not well understood,
but are believed to include DNA removal through unequal-intra-strand homologous
recombination (Tenaillon et al. 2010) as well as epigenetic silencing (Cui & Cao, 2014; Lisch,
2009; Tenaillon et al. 2010). Although these mechanisms can suppress TE activity they are
sensitive towards environmental and genomic stressors (Stapley et al. 2015). Host stressors
may affect TEs in such a way that these genomic areas are less regulated and therefore more
able to proliferate (Negi, 2016). Stressors include factors like low genetic diversity (Stapley et al.
2015), hybridization (Ellstrans & Schierenbeck 2000; O’Neill et al. 1998;), inbreeding (Vergeer et
al. 2012), novel pathogens (Grandbastien, 2005; Wessler, 1996), and abiotic stress such as
temperature changes (Gonzalez, 2010; Vieira et al. 1998). Up until recently it was assumed TE
proliferation was simply a drawback of overwhelming stress. However, recent data suggests
there may be an adaptive advantage for regulating TE activity under certain amounts of stress
(Stapley et al. 2015). TE activity, like other mutational processes, has the potential to create
novel genetic variation, facilitating adaptation (Stapley et al. 2015). This capacity for adaptation
is particularly important when looking at novel species introductions and could potentially
provide a mechanism to explain the invasive species genetic paradox.

YST is known for its invasive ability, but the mechanism of its invasiveness is still unclear.
An important finding is that intraspecific size variation has been found in YST (Miskella, 2014).



The YST genome sizes were found to range between 1.50-1.76 pg with o = 0.07 (Miskella, 2014).
This is significant, because differences in genome size, within a ploidy level, are often attributed
to differential TE activity (Stapley et al. 2015). Therefore, the size variation found in the YST
genome point toward the potential for a differential TE activity mechanism. TE activity may also
explain the invasiveness of the species invasion throughout the Americas. Genomic analysis of
the invaded range and native range populations TE content should shed light on this particular
mechanism as an explanation for YST invasiveness in the Americas.

In this study seeds were collected from 19 different populations, including 4 invaded
and 15 native locations, and individuals from each population were grown in a common garden
greenhouse. Common garden measurements of significant traits included growth rate, dry
biomass, flower number, and first days to flower. Estimates of individuals’ genome size were
made using flow cytometry. Additionally two draft genomes were analyzed, via a bioinformatics

program, to determine estimates of the number and average length of LTR sequences found in
each.

Figure 1. Native range of YST shown in yellow and invaded ranges shown in red. Figure by KM
Dlugosch, after Gerlach, 1997.



Methods

Common Garden

Common garden data were collected and analyzed to compare phenotypic changes
between populations from different ranges. The common garden included 19 different
populations of YST from across both native and invaded ranges (Table 1). The native range is
represented by four western European populations that are confirmed to be part of the source
invasion in North and South America. The invaded ranges include fourteen populations from
California including coastal, central valley and the leading edge regions. The coastal regions
represent the first site of invasion, the central valley regions have the most severe YST invasion,
and the leading edge regions are where the populations are spreading to new areas.
Additionally data were collected for an invading population from Argentina, which represents a
replicate invasion from Western Europe. Measurements were collected from 4-34 individuals
from each population amounting to a total of n=457 individuals. There were n=424 invaded
range individuals and n=33 native range individuals.

Common garden data were collected for each of these individuals by growing them from
seeds that were collected from each of their regions mentioned above. The seeds were
collected and brought over by others. The seeds were grown in the same greenhouse and
therefore were exposed to similar environmental conditions. They were grown in uniform soil,
water, and light conditions and maintained into senescence. Individuals from all regions were
organized in blocks throughout the greenhouse to remove effects of differences within the
greenhouse. They were planted in December 2016 and harvester by September and October of
2017. The data collected included flowering time, flowering number, and aboveground
biomass. Linear mixed effect models were used to test for significant correlations between
genome size and these variables, with fixed effects of range (invaded or native), genome size
and population and random effects of block. All statistical analyses were conducted in R v3.3.1
(R core team, 2016), using the R software packages ImerTest (Kuznetsova et al. 2017) to run
linear mixed effects models and Ismeans (Lenth 2017).

Table 1. Individuals grown in the common garden based on the populations, regions and ranges
from which seeds were collected.

Range | Region Population | Individual Count
Invaded | Coast Diablo 30
Gilroy 30
Napa 29
Marin 28
Central Valley | Red Bluff | 30




Clovis 24

Triangle 17
Sierras Sanflat 34
Arnold 33
Belden 30
Vet 30

Placerville | 29

Quincy 28

Lyons 22

Argentina Argentina | 30

Native | Europe Salamanca | 19
Canales 5
Cuenca 5
Granada 4

Genome size estimation

Genomic size data were obtained to quantify variation in genomic content in relation to
phenotypic variances. Genome size data were collected and estimated by flow cytometry using
a FACSCanto Il instrument (BD Biosciences, San Jose, CA, USA) equipped with a blue (488-nm),
air-cooled, 20-mW solid state laser and a red (633-nm) 17-mW helium neon laser for UV
excitation. Flow cytometry is a separation technique that uses fluorescent tags for comparison
markers (Galbraith, 1983). Propidium iodide was the fluorescent stain used for genomic
comparison. Radish was used as the internal standard, since radish genomes are already well
characterized (Mitsui, 2015). Genome size estimates were obtained for n=391 individuals.
Additionally an Otto buffer was used for better characterization of genomic results.



Quantifying LTR Content

Analysis of TE content was obtained from two YST individuals that did not come from
the common garden. One individual came from the invaded range in California (Triangle; Table
1) and the other individual from a native range population in Turkey (TK23). A draft genome
was obtained for both individuals (KM Dlugosch, unpublished data). These draft genomes were
subsequently analyzed for TE content via the bioinformatics program ‘LTR_finder’ (Xu & Wang,
2007). LTR_finder is a program that finds de novo LTR sequences. LTRs are among the longest
types of TEs and likely contribute the most to size variation within a ploidy level (Hawkins,
2006) The program finds candidate LTR sequences through its ability to detect certain LTR
regions, target site repeat (TSR) regions, primer binding site (PBS) regions, polypurine tract
(PPT) regions as well as specific protein domains. An initial candidate is found by identifying
5’LTR and 3’LTR regions, which should be somewhat homologous in LTRs (Xu & Wang, 2007).
These two regions of the retrotransposon should be identical when the element first inserts
itself into a host genome and will subsequently begin to evolve (Xu & Wang, 2007). The 5’ end
of the 5’LTR will typically have a region called the ‘TG..CG box’, while the 3’ end of the 3'LTR
region will often have a ‘CA’ (Xu & Wang, 2007). Once a candidate is found the program will
subsequently analyze for PBS, PPT as well as RT. PBS is a region found close to the 3’ end of the
5’LTR (Xu & Wang, 2007). This region is important as it binds tRNA and initiates the process of
reverse transcription, which is vital for its copy and paste mechanism (Xu & Wang, 2007). Two
different tRNA databases were used to identify PBS regions. These databases were from
Arabidopsis thaliana and Triticum sp. plants (Chan & Lowe, 2008). PPT is another such region
important for reverse transcription (Xu & Wang, 2007). Additionally the program scans to see if
specific protein domains are found within the LTR boundaries. The protein domains that the
program looks for are meant to code for enzymes important in reverse transcription and
insertion of the transposon back into the host genome (Xu & Wang, 2007). The program will
subsequently provide a confidence level depending on how many of these sequences it’s able
to identify in the LTR candidate (Xu & Wang, 2007).

Results

A linear mixed effects model demonstrated geographic origin had a significant effect on
growth (p=0.044), where invasive genotypes exhibit faster early growth rate (least squares
means (LSM) = 13.56 +/- standard error 0.82) than native genotypes (7.775 +/-1.658 ) (Fig.
2). Similarly, invaders grew significantly larger over their lifetimes (invasive= 3344.77 +/-
115.27, native= 2471.74+/-252.08, p=0.003) (Fig. 3). Linear mixed effects models also
demonstrated a marginally significant effect of geographic origin on YST reproduction. Invasive
genotypes required fewer days to first flower (invasive = 193.30+/-3.92, native= 198.38+/-8.40,
p=0.065), resulting in greater number of flowering heads produced over their lifetime (invasive
= 8.023+/-0.447, native = 6.398+/-0.917, p=0.09) (Fig. 4).

Mean genome size for the native and invaded ranges were relatively similar (Table
2). Genome size does not have a significant relationship with growth rate, dry above ground
biomass or number of flowering heads. Genome size had no significant relationship with
growth rate (p=0.73). Genome size had no significant relationship with dry aboveground
biomass (p=0.51). Genome size had no significant relationship with flowering heads (p=0.53).



However, there is a weakly positive, but significant effect of genome size on the days to first
flower (p=0.04), in which individuals with larger genome sizes flower later (Figure 5).

Table 2. Means and standard deviations of genome sizes, days to flower, number of flowers and
dry biomass for invaded and native ranges.

Means and Standard Deviations

Range | Genome size (pg) | Days to flower Flower number | Dry biomass

Invaded | 1.722 +/-0.045 191.140 +/-30.049 | 7.899 +/-3.716 | 3322.8 +/-1003.2

Native |1.725+/-0.041 198.133 +/-25.454 | 7.125 +/-4.316 | 2502.8 +/-719.8

; Growth rate least squares means
1

10

Native Invaded

Figure 2. Least squares means (+/- standard error) of daily increase in a linear size index (In mm)
from a mixed effects model of growth rate differences between invaded and native ranges.
Invasive genotypes grew significantly faster (p=0.044).
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Figure 3. Least squares means (+/- standard error) from a mixed effects model of dry
aboveground biomass (mg) differences between invaded and native ranges. Invasive genotypes
grew significantly larger over their life time (p=0.003).
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Figure 4. Least squares means (+/- standard error) from a mixed effects model of flowering
number between invaded and native ranges. Invasive genotypes produced more flowering
heads over their lifetimes, with marginally significant difference between ranges (p=0.09).
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Figure 5. Residuals of linear mixed effects model of flowering time (days to first flower head)
against estimated genome sizes. Genome size has a weakly positive, but significant effect on
days to first flower (p=0.042).
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Figure 6. Overall 2C genome size variation of both invaded and native range YST genotypes in
picograms. Genome size estimates were obtained for n=391 individuals and vary between 1.47-
1.87 pg, demonstrating +/-23% variation around the mean.

Table 3. The number of LTRs found as well as average length for the invaded range and native
range using comparisons to the tRNA databases of Arabidopsis thaliana and Triticum sp.. This
data shows greater number and greater average length of LTRs for the invaded individual in
both database comparisons. N50 refers to the contig length found at 50% of the total assembly
lengths (Videvall, 2017).

LTR number Average length (bp) N50

Arabidopsis | Wheat | Arabidopsis | Wheat

Invaded | 3809 4279 | 7337.66 7315.62 | 34kb

Native | 599 699 4824.84 4853.35 | 7kb
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There is a substantial range of size variation found in the YST individuals (Figure 6). The
number of LTR sequences as well as their average length of sequence were different in the draft
assemblies from the native range and invaded range individuals (Table 3).

Discussion

Phenotypic data from the common garden replicate previously published results that
demonstrated increased growth and reproduction in the invaded range (Dlugosch et al.

2015). Growth in a common environment provides valuable information, since the
environment is being controlled. This means that differences in phenotype can be attributed to
genetic contribution and not environmental factors. Furthermore, the individuals were set up in
a block approach, which should resolve any differences in environmental conditions throughout
the greenhouse. Table 2 results show that genotypes from the invaded range grew larger,
produced more flowers and required fewer days to begin flowering than its native

counterpart. Similar work in other systems has also demonstrated shifts towards larger sizes in
the invaded range, as in a common garden study of invasive Mahonia aquifolium and M. repens
that grew longer stems, more leaves, and greater above ground biomass than genotypes from
their native ranges (Ross and Auge, 2008). These are all factors that could aid invasive success
in the invaded ranges. Of course, there are other hypotheses, regarding invasive species
success, that may play roles in the locations these plants are commonly found. These
hypotheses include enemy release (Keane and Crawley, 2002), as well as the evolution of
increased competitive ability that states enemy release is coupled with resource reallocation
between defense and growth mechanisms (Blossey and Notzold, 1995).

Of the measured traits, in this study, number of days to first flower had a significant
relationship with genome size. The relationship between these two factors shows that larger
genome size is positively correlated with longer minimum reproduction time. Similar results
were found in a study of pines, in which genome size was positively correlated with cell size,
seed size, and minimum generation time, and negatively correlated with growth rate (Grotkopp
et. al. 2004). This is consistent with the hypothesis that larger genome sizes experience higher
replicative costs and therefore longer overall cell cycles (Francis, 2008). Moreover, another
study found significant data that larger genome size, in maize, is negatively correlated with the
rate at which cells are produced (Bilinski et al. preprint). This means individuals with larger
maize genomes will produce new cells slower than those with smaller maize genomes. These
studies all provide supporting evidence that larger genome size correlates with longer
generation time.

The 2C genome size data (Figure 6) showed +/-23% variation around the mean.
Observing such genome size variation indicates a basis for analyzing factors that affect genome
size, such as class | TEs. The variation in Figure 6 was not significantly different between native
range and invaded range populations. An interesting area of further study would be to compare
the Chilean invasion and California invasion to address differences in the types of invasions
seen in the Americas. If substantial genomic differences are found between the two invasions
this may indicate particular factors playing a role in the extent of invasive ability in an invasion.

My survey of LTRs in available draft genomes provides preliminary evidence that the
invaded range individual may have a greater amount as well as longer average length of LTRs
than the native range individual. This was seen in both the Arabidopsis thaliana and Triticum sp.
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database comparisons. Of course, more accurate estimates could be made if the comparison
databases were more closely related to YST, such as by using a sunflower database.
Additionally, at this point, there are no size estimates for the genomes for the two draft
assemblies. This means that even if the LTR_finder program finds differences in LTR, we cannot
tell how they contribute to the overall genome size. Additionally, the N50 of the native range
individual was shorter than the invader. LTR_Finder discovers elements by identifying the 5’
and 3’ ends of individual LTRs within a given sequence, so it is highly influenced by the average
contig length. This could have caused the candidate identification of the LTR software to find
fewer pairs of LTRs in the TK23 assembly. Extensions of this work may include building
consensus sequences and annotating them to determine families from the LTRs identified by
LTR_Finder in each individual. These consensus sequences may be mapped onto the raw
sequence data and the contributions of individual LTR families to genome size could be
estimated from the proportion of sequence matches. This project does not address the effect
of an individual TE insertion; rather it considers the wholesale effect of overall TE content and
its contribution to genome size. However, insertion of an individual element may have
important phenotypic effects, depending on its site of insertion. Future work should consider
differences in other types of TEs, including class | TEs or other non-LTR retrotransposons.

Conclusions

The common garden experiment demonstrated that YST invaded range individuals grow
faster, produce more flowers, and become larger overall. These are all factors that could
increase the invasiveness of the invaded range. There was a significant relationship between
genome size and the days it took to first begin flowering. This relationship was weakly positive
and demonstrates that larger genome size is positively correlated with longer minimum
reproductive time. Additionally a considerable amount of genomic size variation was observed
in both the native and invaded ranges. Differences in genomic sizes may be attributed to
differences in the amounts of TE content. TE content was quantified in draft genomes from two
individuals; one from a native range, and one from an invaded range. Results showed
preliminary data indicating a greater number as well as longer average length of LTRs in the
invaded range individual. However, the quality of genome assemblies between the two
individuals differ greatly and therefore comparisons of TEs between invaded and native ranges
require further study. Further research may consider looking at other non-LTR transposons as
well as aim to identify families of TEs and their specific contribution to genome size in YST.
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