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ABSTRACT

The occurrence of polyploidy, having multiple complete genomes, is now recognized as a
major influence on the evolution, genetic composition, and diversification of many plant lineages.
Polyploidy is widely viewed as following two pathways. An autopolyploid is one that is the result
of genome doubling involving a single species. In contrast, an allopolyploid is a polyploid that is
the result of hybridization between two or more species. Allopolyploidy can involve multiple
independent hybridization events, which creates allopolyploid species that have several
independently constructed genomes. The aquatic fern Salvinia molesta D.S. Mitch. belongs to a
clade of closely related species known as the “Salvinia auriculata complex,” and is an
allopentaploid hybrid with unknown parentage. Salvinia molesta is an invasive that can have
devastating ecological effects on the freshwater ecosystems it colonizes. The lack of clarity
surrounding the genomic composition of S. molesta complicates current eradication methods, as it
is not clear how many genotypes are present and what these genotypes are. This research focuses
on identifying the maternal genome of S. molesta and determining if this species consists of a
single or multiple independently derived lineages. Whole chloroplast genome (plastome)
sequencing from field-collected and herbarium specimens was used to establish the genetic
diversity of S. molesta and the phylogenetic relationships among Salvinia species. The chloroplast
phylogeny revealed that S. molesta and S. herzogii share the same plastome, although S. herzogii
is unlikely to be S. molesta’s maternal parent due to its own status as a hybrid. Rather, we conclude
that S. molesta’s maternal progenitor is either an undescribed, extant species or perhaps an extinct
species. The observed plastome diversity within S. molesta indicates the presence of multiple

divergent genotypes which strongly suggest multiple origins of this hybrid.
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CHAPTERII

INTRODUCTION

Polyploidy, Hybridization and Multiple Origins

The occurrence of polyploidy, having multiple complete genomes, significantly influences
the genetic composition, diversification, and evolution of many plant lineages (Wood et al., 2009;
Madlung, 2013). Polyploidy is certainly common, as all angiosperm clades show traces of an
ancient whole-genome duplication event and 31% of fern speciation events are associated with
polyploidization (Wood et al. 2009; Jiao et al., 2011; Wendel, 2015; Sigel 2016). The benefits of
polyploidy to plant genomes include increased allelic diversity, which may mask deleterious
mutations and provide duplicate genes with the potential to evolve novel functions (Comai, 2005;
Wendel, 2015). The increase in genome size also typically results in novel patterns of gene
expression for natural selection to act upon, which may increase fitness and speed the response to

natural selection (Weiss-Schneeweiss et al., 2013).

As noted above, 31% of fern speciation events are associated with polyploidization (Wood
et al. 2009; Mayrose et al., 2011). When considering polyploidy in extant fern species it has
become evident that much of the observed variation in polyploid morphology and ecological traits
can be associated with allopolyploidy (Sigel et. al 2014; Sigel, 2016). An allopolyploid is a
polyploid that is the result of interspecific hybridization between two or more distinct species,
whereas in an autopolyploid an individual inherits multiple sets of chromosomes from a single
parental species. The combined effects of genome doubling and hybridization in allopolyploid

species generate unique intermediate morphological and physiological characteristics that are



displayed in subsequent generations (Haufler et al. 1990; Adams & Wendel, 2005; Weiss-
Schneeweiss et al., 2013; Sigel, 2016). Fuente et al. (2020) focused on the morphological traits
and character expression of the rare allotetraploid fern Asplenium xaran-tohanum Alejandre &
M.J. Escal. Although there is extensive overlap in the range of the two autotetraploid parental
species, A. billotii F. Schultz and A. trichomanes subsp. quadrivalens D.E. Mey., the formation of
A. xaran-tohanum is not common due to the high degree of divergence between the parental
species resulting in reproductive isolation. The unique allopolyploid offspring was characterized
by both its frond, pinnae, and rhizome morphology as well as the lack of fertile spore formation.
An analysis of the plastome determined that the progenitor A. billotii was consistently the plastid
donor and that this allotetraploid offspring has multiple independent formations. Another
documented instance of allopolyploids with unique combinations of morphological traits comes
from Haufler et al. (1990). This study examined hybridization between the diploid progenitors
Cystopteris bulbifera (L.) Bernh. and Cystopteris protrusa (Weath.) Bladsell and the resulting
formation of the allotetraploid Cystopteris xtennesseensis Shaver. Polyploid C. xtennesseensis
offspring with varying morphologies can be observed where the parental species overlap across
their respective ranges. The authors suggest that the parental species, although highly divergent,
have a history of recurrent hybridization and allopolyploid initiation. Thus, the populations of the
allotetraploid species C. xtennesseensis have integrated a large fraction of the genetic variation
present in its progenitor species. The allotetraploid C. xtennesseensis also occasionally forms

sterile allotriploid hybrids with both parents through backcrossing.

As these studies illustrate, allopolyploidization often involves repeated hybridization
events between parental species (Adams & Wendel, 2005; Beck et al., 2012; Sigel et al. 2014;

Dillenberger, 2018). This was the focus of Beck et al. (2012), where plastid gene sequences and



multi-locus AFLP markers were used to estimate the number of independent origins of the
allopolyploid fern species Astrolepis integerrima (Hook.) D.M. Benham & Windham. The plastid
analysis was able to verify the previously hypothesized parental species and indicated that both
parents had served as maternal donors. The six plastid haplotypes identified a minimum of six
origins, and the AFLP analysis provided robust support for multiple independent origins of all but
one of these six groups. A total of 10 independent origins was therefore identified. Another
documented example of the recurrent formation of an allopolyploid is that of Polypodium
hesperium Maxon (Sigel et al., 2014; Sigel et al., 2019). This study combined the use of uni- and
biparentally inherited plastome and nuclear sequence data to identify independently formed
lineages. The formation of two genetically distinct origins was clearly supported by the presence
of alternative maternal plastid sequences in populations found north and south of 42° N latitude.
These samples also contained nuclear alleles from both parents. Polypodium hesperium therefore

has a minimum of two origins.

Polyploidy and Plant Invasion

The various genomic and phenotypic consequences of polyploidy may also affect plant
invasion biology. Many invasive plant species are polyploids (Stebbins, 1985; Roman & Darling,
2007; Weiss-Schneeweiss et al., 2013; Alix et al., 2017) and polyploidy is commonly considered
as a contributing factor in increasing species invasion success through pre-adaptation to novel
conditions or higher adaptive potential due to increased genetic diversity (Stebbins, 1985; Bailey
et al., 2007; Weiss-Schneeweiss et al., 2013). In a review of the connection between polyploidy
and hybrid vigor, Chen (2010) highlighted the fixed heterozygosity of allopolyploids and
subsequent changes in gene expression. Hybrid vigor (heterosis) refers to enhanced levels of

fitness or non-additive inheritance in hybrid offspring where a trait transgresses both parental



values of gene expression, which may manifest itself in many forms. This could include increased
reproductive rates, higher biomass, and improved growth rates when compared to parental species
(Comai, 2005; Chen, 2010; Madlung, 2013). Indeed, polyploid morphological features have been
observed to be larger than the progenitor species which could lead to increased competitive ability
(Bretagnolle et al., 1995; Schlaepfer et al., 2010; Weiss-Schneeweiss et al., 2013). A more basic
question that remains unanswered in many invasive polyploids is the genomic makeup of the
species itself- in many cases we simply do not know the progenitor species and thus, the genomic

constitution, of invasive polyploid species.

Whether diploid or polyploid, the fate of a potential plant invasion is certainly affected by
1) the genetic diversity of a species in the native range, 2) the location, number, and frequency of
introductions and 3) the origin and number of founding individuals per introduction (Roman &
Darling, 2007; Dlugosch & Parker, 2008; Colautti & Lau, 2015; Rai, 2015; Chapman et al., 2016).
It has been recognized that genetic diversity has an influence on invasion success, yet numerous
studies show that this relationship is complex (Baker, 1965; Facon et al., 2006; Lavergne and
Molofsky, 2007; Roman & Darling, 2007; Banerjee et al., 2019). An introduced species with a
relatively small founding population is expected to have only a fraction of the genetic variation
present in the source population (Lambrinos, 2004; Suarez & Tsutsui, 2008; Dlugosch & Parker,
2008). However, multiple introduction events derived from genetically diverse source populations
could result in invasive populations with greater genetic diversity than those in the native range
(Roman & Darling, 2007; Dlugosch and Parker 2008). Although less likely, it is possible that a
single introduction contains a large fraction of the genetic variation within source populations,
especially if the native range has low genetic divergence. In this instance a single introduction

event could lead to the successful invasion of a nonnative species (Zhang et al., 2010; Simon et



al., 2011). Therefore, the individuals comprising these founding populations will determine the
extent of the genetic bottleneck (a substantial loss of allelic diversity due to low effective
population size) (Roman & Darling, 2007). While genetic bottlenecking can have significant
effects, it may only be a temporary constraint on invasion. It is common for invasive species,
especially in human-mediated introductions, to experience long distance dispersal and repeated
introductions (Roman & Darling, 2007; Mesa & Dlugosch, 2020). It has also been shown that
multiple introductions could result in admixture of previously allopatric source populations,
leading to novel gene combinations within the introduced range (Facon et al., 2006; Dlugosch and
Parker, 2008; Gaudeul et al., 2011; Chapman et al., 2016). This could lead to the formation of
harmful invaders with high adaptive potential (Lavergne & Molofsky, 2007). With regards to
potential polypoid invaders, understanding the possibility of multiple origins of the polyploid in
the native range and/or admixture between these lineages in the native or introduced range is
critical. A prime example of an invasive polyploid species where these questions remain
unanswered is giant Salvinia, Salvinia molesta D.S. Mitch. In this study we aim to identify both

its maternal progenitor and the number of allopolyploidization events involved.

Salvinia, Asexuality and Genotypic Diversity

The genus Salvinia Guett. comprises approximately 12 species of floating aquatic ferns
worldwide, many of which are native to or occur in Brazil (Galam et al. 2015; Miranda &
Schwartsburd, 2019). There are multiple instances of polyploidy within this genus, most notably
in a group of closely related species referred to as the Salvinia auriculata Aubl. species complex.
There are four to six species in this complex, including S. molesta. Giant salvinia is native to
southeastern Brazil and is an allopentaploid of unknown origin. Besides chromosome pairing

indicative of allopolyploidization (Kuriachan, 1979), S. molesta has many traits consistent with a



hybrid origin- such as high growth rates and non-viable spore production (Mitchell & Tur 1975;
Nagalingum et al., 2008; Galam et al., 2015;). Although S. molesta was initially described from
Zimbabwe (Mitchell, 1972), this population is now thought to represent a relatively recent
invasion. Morphologically, S. molesta fits within the S. auriculata species complex (Mitchell &
Thomas, 1972; Jacono et al., 2001; Miranda & Schwartsburd, 2019), and its parental species are
therefore thought to be in this group. Specifically, it has been proposed that the likely progenitor
species are S.biloba Raddi and S. auriculata or S. biloba and S. herzogii de la Sota (Mitchell, 1973;
Nagalingum et al., 2008). A taxonomic analysis of Salvinia species occurring in Brazil shows that
these proposed parental species have overlapping distributions within their native ranges (Miranda

& Schwartsburd, 2019).

Giant salvinia is an invasive species, having escaped its native range and acting as an
aggressive invader in Southern Africa, Australia, and throughout the southeastern United States.
This species was first introduced to the United States in 1995, although this initial introduced
population was eradicated. The current invasion is thought to originate from populations first
recorded from Louisiana and Texas in 1998 (Mcfarland et al., 2004). Since this time, Salvinia
molesta has been recorded in as many as twelve states (Coatzee & Hill, 2020). It is listed as a
noxious weed in Louisiana, Texas, Florida, and Hawaii, having already received this designation
at the federal level. (Chapman et al., 2017). Previous studies have shown that S. molesta biomass
has a doubling time of five days and that during colonization of a new habitat its growth rate can
be exponential (Mithcell & Tur, 1975; Rani & Bhambie, 1983). The control of this species has
been the subject of considerable research (Mitchell & Tur, 1975; Room, 1983; Jacono et al., 2001;
Lal, 2016; Coetzee & Hill, 2020) yet the lack of clarity surrounding the origin of S. molesta may

complicate current eradication methods. Specifically, it is unclear how many genotypes are present



and what these genotypes are. An effective method for identifying parental constitution in
allopolyploid fern species has been the combined sequencing and phylogenetic analysis of
conserved nuclear genes and whole plastomes (Ravi et al., 2007; Nagalingium et. al., 2008; Sigel
et al., 2014; Mckain et al., 2018). Uniparental inheritance of the plastome is common in ferns, and
previous studies support plastomes being maternally inherited (Wolf, 2010; Sigel, 2016). The
phylogenetic placement of an allopolyploid plastome not only identifies the maternal progenitor
species, but the presence of multiple plastomes among multiple individuals indicates multiple
historical origins (Beck et al., 2012). The concurrent use of biparentally inherited nuclear genes is
required to identify both parental genomes present in allopolyploids (Vogel et al., 1998; Sigel et

al., 2014; Sigel et al., 2019; Rothfels, 2021).

Salvinia molesta does not produce viable spores, suggesting it likely reproduces
exclusively through vegetative reproduction (Mitchell, 1972; Miranda & Schwartsburd, 2016;
Miranda & Schwartsburd, 2019). The link between polyploidy and asexual reproduction is strong.
The transition to asexual reproduction in polyploids is viewed as a solution to genomic complexity,
as asexuality often involves either a modified meiosis that eliminates pairing of homeologous
chromosomes or eliminates meiosis altogether. Asexual reproduction can come in the form of
either apomixis or vegetative reproduction (Comai, 2005). In either case this “clonal reproduction”
has been known to have a significant effect on a species’ genetic variation (Roman & Darling,
2007; Husband et al., 2013; Sigel, 2016; Herben et al., 2017). Since documenting the number of
genotypes to be found in the S. molesta invasion may be critical to controlling this species, the

effect of asexual reproduction on this genetic diversity is also of interest.

Many empirical studies support the notion that asexually reproducing invasive species

exhibit low genotypic diversity in their non-native range. In a study examining the genetic



variation of the world’s worst aquatic weed, Eichhornia crassipes Mart., Zheng et al. (2010) found
that 80% of introduced populations were composed of a single clone and that these populations
exhibited lower overall genetic diversity when compared to populations in the native range. In
fact, a single genotype accounted for almost 75% of invasive individuals. While these results
support the dominance of a single introduced genotype, the study also found evidence for genetic
diversity in some invasive populations. In a study examining the genetic variation of the invasive
plant Hieracium aurantiacum L., Loomis & Fishman (2009) found very low genetic variability
across the species’ invasive range in North America. This species has been shown to primarily
reproduce asexually through apomixis. The authors report a single AFLP genotype in 46 out of the
48 sampled populations. Although rare, the authors did observe alternative genotypes in certain
populations and suggested that these were the result of mutations occurring after the initial
introduction. Rowe et al. (2018) used RAD-seq to evaluate evidence of multiple introductions of
the invasive aquatic fern Salvinia minima Baker, a species capable of both asexual and sexual
reproduction. They found evidence for a single introduction in the southeastern United States with

subsequent recombinant genotypes forming through post-introduction sexual reproduction.

Taken together, previous research establishes several null hypotheses: (1) Salvinia
molesta’s progenitor species are likely members of the S. auriculata complex; (2) as an
allopolyploid species, S. molesta is likely to be the result of multiple origins; and (3) as an
asexually reproducing species S. molesta is likely to display highly reduced genetic diversity in its
invasive range. This research project aims to better understand giant Salvinia invasion genomics
by 1) identifying the maternal genome present within S. molesta, 2) determining if this species
represents a single or multiple independently derived lineages, and 3) evaluating the number of

genotypes in the invasive range in the United States. We aim to answer these questions by



sequencing plastomes from field and herbarium samples of S. molesta and several closely related

species.



CHAPTER II

RESEARCH DESIGN AND METHODS

Taxon Sampling

Samples were obtained from both herbarium specimens and freshly collected samples.
Herbarium specimens were sampled broadly across Salvinia with a focus on the S. auriculata
complex, especially to obtain a geographically and temporally diverse set of S. molesta individuals.
Herbarium specimens were obtained from eight herbaria (MO, BRIT, F, NY, US, VIC, FLAS,
ARIZ) through loans, in-person visits, and samples sent from collaborators (Fig. 1). Each
herbarium specimen was identified to species when possible, otherwise existing annotations were
used as a working hypothesis. A small amount of leaf tissue was removed from herbarium
specimens and an annotation label applied. Field collections focused on obtaining a broad
contemporary sample of S. molesta from the Gulf Coastal Plain (AR, TX, LA, MS, AL) (Fig. 2).
Potential sampling sites were identified using the iNaturalist platform (2020). Once a population
was located, material sufficient for a voucher specimen was taken and leaf tissue from 10-20
individuals (at least 10-15ft apart) was preserved in silica gel as part of a related project on genomic

diversity in S. molesta.
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Figure 2. Sampling a Salvinia population in the field. Standing
in shallow waters with a Salvinia mat covering the surface.
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DNA Extraction, PCR Amplification, Library Preparation, and Sequencing

DNA extractions were performed with a standard CTAB protocol modified for 96 well
plates (Beck et al. 2012), and a Qubit fluorometer (Life Technologies, Eugene, Oregon) was used
to establish DNA concentration for all extracts. Library preparations were performed using the
NEBNext Ultra Il DNA Library Prep Kit for Illumina with the NEBNext Multiplex Oligos for
[llumina (Dual Index Primers Set 1) (NEB, Ipswich, Massachusetts). Library preparation followed
the protocol outlined in Saeidi et al. (2018), with 200 ng of input DNA. Samples with low library
concentrations were re-amplified (Saeidi et al. 2018) with universal Illumina primers prior to the
hybridization reaction. Unenriched libraries were sequenced with 150 bp paired end chemistry on
an lllumina (Illumina, San Diego, California) NextSeq 550 at the University of Kansas Genome

Sequencing Core.

Sequence Alignment, Phylogenetic Analysis, and Genotype Assessment

Following de-multiplexing, adapters and low-quality sequence reads were removed with
Trimmomatic (Bolger et al. 2014) as implemented on the Kansas State University High
Performance Computing Cluster “Beocat”. Trimmed sequences were aligned to a published
Salvinia plastome (Li et al. 2018) using Geneious (Biomatters, Aukland, New Zealand). Consensus
sequences were extracted from each assembly with at least 30,000 reads using a consensus

threshold of 60%. Sites with coverage of less than ten were considered ambiguous.

After MAFFT (Katoh et al. 2002) alignment in Geneious, a maximum likelihood
phylogeny was constructed using RAXML (Stamatakis 2014) with the GTRCAT model of
sequence evolution and 1000 maximume-likelihood bootstrap (MLBS) replicates on Beocat. The

tree was rooted with an Azolla filiculoides Lam. plastome (GenBank accession # MF177094.1).
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The number and phylogenetic position of S. molesta plastomes was then used to identify the
haplotype of the putative maternal progenitor species of S. molesta. A network approach was used
to identify potential multiple origins of S. molesta and to estimate the minimum number of invasive
S. molesta genotypes in the United States. Following alignment, all nucleotide positions exhibiting
ambiguities, gaps, and identical bases were masked. A Templeton, Crandell and Sing or TCS
(Clement et al. 2002) network was produced from the resulting masked alignment in PopArt

(Population Analysis with Reticulate Trees) (Leigh and Bryant 2015).

13



CHAPTER 11

RESULTS

Genetic Dataset and Whole Plastome Sequencing

A total of 737 individuals comprising 126 herbarium specimens and 611 field collected
samples were obtained. This sampling represents specimens from 11 states (LA, FL, GA, AL, AR,
NO, HA, NC, AZ, TX, CA), 23 countries (USA, Mexico, Nicaragua, Costa Rica, Panama,
Dominican Republic, Brazil, Bolivia, Guyana, Paraguay, Columbia, Ecuador, French Guiana,
Kenya, Botswana, Zimbabwe, Benin, Madagascar, Poland, Hungary, Romania, Italy, Russia), and
five continents. This sampling includes material from the native range and all parts of the invasive
range except for Australia and Eastern Asia. The 126 herbarium specimens were collected between
1915-2020. We performed a total of 702 DNA extractions including 126 herbarium specimens and
576 field samples. Qubit DNA concentrations for herbarium specimens ranged from 0.0-115 ng/ul
with a mean value of 28.7 ng/ul. There was a significant relationship between the age of the
herbarium specimen and its DNA concentration, with older specimens yielding higher

concentrations (P = 0.021, Fig. 3).
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Figure 3. Concentration of DNAs extracted from herbarium specimens plotted against specimen
age. (P =0.021)

A total of 94 Illumina libraries were constructed from 79 herbarium and 15 field-collected
extractions. Herbarium specimens used for lllumina libraries were collected between 1956-2020.
The 79 herbarium samples had library DNA concentrations ranging from 0.00-33.9 ng/ul (mean
11.78634 ng/ul). There was a significant relationship between DNA library concentration and the
age of the herbarium specimen, with older specimens providing less concentrated libraries (P =

0.005, Fig. 4). A subset of 85 libraries were chosen for sequencing, comprising 76 herbarium
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specimens and 9 field-collected samples. This subset of samples was chosen based on taxonomy,
DNA library concentration, and geographic location to maximize Salvinia species sampled and
include a diverse representation of samples throughout the native and invasive range of S. molesta.
The 76 herbarium specimens chosen for sequencing yielded between 259,732 — 56,834,492
sequence reads each (mean 15,862,965 + 8,155,554). There is no relationship between the number
of raw reads and the age of the herbarium specimen (P = 0.085, Fig. 5). Sequencing coverage
ranged from 0.463 — 643.7, (mean 106.3 + 113.6). There was no clear relationship between the
average nucleotide coverage and the age of the herbarium specimen (P = 0.089, Fig. 6). For each
specimen between 574 — 1,271,576 reads mapped to the reference Salvinia plastome (mean
149,397 + 180,986). There was no significant relationship between the number of reads mapped
to the reference plastome and the age of the specimen (P = 0.394, Fig. 7). Overall, 0.944% of total

reads per herbarium sample mapped to the reference (0.003% — 4.58%, + 0.0091%).
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Figure 4. Concentration of Illumina libraries built from herbarium specimens plotted against
specimen age. (P = 0.005)
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Plastid Phylogeny and Genotype Analysis

The maximum likelihood (ML) plastome phylogeny is shown in (Fig. 8) and was created
using 59 herbarium specimens, 8 field samples and two sequences accessed through GenBank
(accession #MF177094.1, #MF177095.1). Two main clades are apparent, one comprising all
eastern-hemisphere samples (MLBS = 45%) and the other forming a strongly supported western-
hemisphere clade (100%). Two main clades are apparent within the western-nemisphere clade, one
mainly comprising S. minima (100%), and the other comprising samples of the S. auriculata
complex (100%). There are two clades evident within the S. auriculata complex clade, one
comprising samples of S. biloba, S. auriculata, S. radula Baker, and four samples which may be
previously undescribed species (100%). The second clade comprises all S. molesta and two S.
herzogii samples (100%). There is no obvious phylogenetic structure within the large S. molesta/s.
herzogii clade. In this phylogeny, S. oblongifolia Mart. is the only described western hemisphere

Salvinia species not included.

The plastome TCS network of S. molesta/S. herzogii samples (Fig. 9), was created from 31
plastome sequences. In this network there are three somewhat subjectively delimited groups that
are apparent. The first, separated by 13 substitutions from the rest of the network, includes all
Brazilian samples (both S. molesta and S. herzogii), which putatively represent or are closely allied
with one or more native S. molesta genotypes. The second comprises invasive samples only,
including a common sequence (13 samples from Mexico, TX, LA, CA, GA, and NC) and 9
additional sequences from the U.S., French Guiana, and Madagascar invasions. The third group is
separated by 10 substitutions from the rest of the network, comprised of a single sequence from

the U.S. (AR) and two samples from Africa.
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Figure 8. Maximum likelihood phylogeny resulting from the analysis of 10,404,235 bp of
plastome data from 69 samples. Branches with 100% bootstrap support are indicated with
thick lines.

22



IL110R_S_molesta_Zimbabwe._

Kariba_Lake_Authorities_s.n. ILI31R_S_molesta,
USA_Arkansas,
Peck 09-0923

Miller_18-Mar_1999

ILT11R_S_molesta_Botswana_
Gibbs_Russell_1341

IL135R_S_molesta_USA_Georgia

IL149R_S_molesta_USA_Hawail
Imada_2001-35

¥

na zd

o £y

6‘.3'\1‘: EE
ék\o‘ & “ig
e g£58
St 352

» =9

IL1S7R_S_molesta_Brazil_Schwartsburd_4768

IL155R_S_herzogii_Brazil_Schwartsburd_4763

ILIS6R_S_molesta_Brazil_Schwartsburd_3266

IL169R_S_molesta_

Brazil_Gonzatti_1156
IL165R_S_herzogii_Brazil
_Schwirkowski_245

IL170R_S_molesta_Brazil
Schwartsburd_47060

Figure 9. Haplotype network of 31 S. molesta/S. herzogii plastomes. Labeled circles
indicate observed haplotypes, with circle size scaled to haplotype frequency. Tick marks
indicate nucleotide substitutions.
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CHAPTER IV

DISCUSSION

Herbarium Specimens and Sequencing Success

The molecular and sequence analysis indicate that DNA extraction concentration and DNA
library preparation were significantly affected by the age of the herbarium specimen. The number
of reads, average coverage, and number of reads mapped to the plastome however, were not
significantly correlated to the age of the herbarium specimen. There are many conditions to
consider when using herbarium samples for sequencing (specimen age, storage condition,
collection method, etc.) that may affect success. While these factors at times have significant
interactions with different aspects of sequencing results, previous studies have shown this does not
prevent successful sequencing using DNA from herbarium specimens (Erkens et al., 2008; Staats
et al., 2011; Zeng et al., 2018; Kates et al., 2021). Our study also demonstrates that herbarium
specimens may be used successfully for whole chloroplast genome sequencing. We were able to
obtain useable chloroplasts genome sequence from 59 of 76 herbarium specimens chosen for

sequencing.

Species Relationships in Salvinia and Unknown Parentage

The use of uniparentally inherited plastome sequence data allowed us insight into species
relationships within the heterosporous fern genus Salvinia and the origin of the invasive
allopentaploid hybrid S. molesta. The two primary clades in the ML plastome phylogeny
representing eastern and western hemisphere species are consistent with previous findings
(Nagalingum et al., 2008), and establishes a major historical biogeographical split within the
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genus. It also excludes the possibility of an eastern-hemisphere origin of S. molesta, an intriguing
hypothesis given giant Salvinia’s initial discovery in Zimbabwe. There is also the formation of a
clade including only species which have previously been recognized as belonging to the S.
auriculata species complex (Nagalingum et al., 2008; Miranda & Schwartsburd, 2019). The
species in this complex are thought to be closely related and as mentioned previously, this clade is
morphologically distinguished from other Salvinia species by the presence of apically joined hairs
on the abaxial leaf surface. The plastome sequence data generally confirm previous hypotheses
about species relationships based on morphology. Interestingly, four specimens (IL114R, IL115R,
IL116R, IL145R) which do not readily fit the morphological description of a recognized species
in this genus form a clade (100%). It is the opinion of our collaborator that these specimens may
represent previously undescribed species (Schwartsburd, pers. comm.) and further work is needed

to clarify their status and biogeography.

In the initial description, Mitchell (1972) suggests that S. biloba and S. auriculata or S.
herzogii are the likely progenitors of S. molesta based on collection localities and morphological
characteristics of extant populations. In a taxonomic treatment of Salvinia species occurring in
Brazil, Miranda & Schwartsburd (2019) also suggest S. biloba and S. herzogii as potential parents.
Salvinia auriculata and S. biloba can be excluded as maternal parents given their strongly
supported placements outside the S. molesta clade. However, the plastome phylogeny places both
S. herzogii samples in this S. molesta clade. Although this suggests S. herzogii could be the
maternal progenitor, prior studies cast doubt on this scenario. While it has been observed that S.
herzogii does have regular spore formation which would allow for sexual reproduction (Miranda

& Schwartsburd, 2019), a cytological study (Schneller 1980) reports that S. herzogii is itself a
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polyploid (heptaploid), and experiences irregular uni-, and multivalent chromosome pairing

indicative of a hybrid origin.

The only described western hemisphere Salvinia species not included in this phylogeny is
S. oblongifolia Mart. Although this species also occurs in Brazil, it is currently not sympatric with
S. molesta and is considered a poor morphological match (Schwartsburd, pers. comm.). Rather it
is more likely that the S. molesta maternal progenitor is either an extant, undescribed species or
extinct. Furthermore, while ploidy and irregular meiosis rule out S. herzogii as a potential
progenitor, the phylogenetic placement of S. herzogii within the S. molesta clade indicates that
these two species share the same maternal progenitor. The phenomenon of a “missing” progenitor
of an allopolyploid is not without precedent (Windham & Yatskievych, 2005; Kim et al., 2008;
Beck et al., 2010). For example, in a phylogenetic study of Isoetes, Hoot et al. (2004) sequenced
the LFY nuclear region to identify species relationships and determine the origin of allopolyploid
hybrids. They reported that while the sequence data was variable enough to identify parentage for
some hybrid individuals, there were cases where neither parent could be identified from currently

known Isoetes species.

Conclusion

The broad geographic sampling of Salvinia molesta creates an opportunity to understand
genetic diversity within this species (Fig. 9). The grouping of six S. molesta/S. herzogii haplotypes,
all collected from Brazil, suggests that the maternal progenitor of S. herzogii was genetically
similar to extant Brazilian (presumably native) S. molesta. This makes biogeographical sense, as
S. herzogii is currently sympatric with giant Salvinia in southeastern Brazil. The remainder of the
network consists of two informal groups. The first comprises 10 haplotypes from the U.S. and a

single haplotype each from French Guiana and Madagascar. All of these are considered invasive.
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The third group consists of a single invasive haplotype from Arkansas and two invasive haplotypes

from Africa, including from the type locality at Lake Kariba, Zimbabwe.

Taken together, these relationships establish several things. Although there is a common
genotype found in 13 samples from the southern United States and Mexico, in total 13 unique
invasive giant Salvinia haplotypes are observed, separated by as many as 45 substitutions (IL112R
from French Guiana vs. IL110R from Zimbabwe). While S. molestas maternal progenitor remains
unknown this suggests both that (1) S. molesta arose many times, incorporating unique maternal
plastomes each time; and (2) that rather than comprising a single clonal genotype, many of these
independently derived lineages became part of a genetically diverse global invasion. This
observation of a diverse giant Salvinia invasion is consistent with a previous study using analysis
of gapCp gene sequence data and AFLP genotypes. Galam et al. (2015) observed significant
variation in the U.S. S. molesta invasion. More variation was observed within (>85%) rather than
between populations, and 180 unique gapCp haplotypes were observed in 240 total individuals
from six populations in Louisiana and Texas. This observation of a genetically diverse invasion
applies to both the African (three samples, three unique haplotypes, separated by as many as 39
substitutions) and U.S. (21 samples, nine unique haplotypes, separated by as many as 18
substitutions) invasions. An alternative explanation for this diversity is that this diverse array of
haplotypes arose via somatic mutation following a single origin of S. molesta. This seems unlikely
given the very recent origin of this taxon, being first observed at Lake Kariba in 1959 (Mitchell
1972) and not seen in the U.S. until 1998. Therefore, we propose that the observed genetic diversity
is the result of multiple independent origins that led to the formation of various independently
derived lineages (IDLs) of S. molesta and its repeated long-distance dispersal and introduction

throughout its invasive range.
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Moving forward, our analysis would benefit from including Salvinia species not in the
initial dataset, particularly S. oblongifolia, and increasing the sample size of underrepresented
species such as S. herzogii. This would allow us to provide more context on species relationships
within the genus while continuing to search for novel relationships and the unknown parent of S.
molesta. In addition, sequence data from bi-parentally inherited nuclear genes would allow for the
identification of both parents of S. molesta. The phylogenetic analysis of nuclear gene sequences
would also create another hypothesis of the species’ relationships within Salvinia that could be
contrasted with the current plastome phylogeny. The combination of nuclear and plastid gene
analysis has been shown to be a powerful tool for identifying parental species and resolving
phylogenetic relationships (Beck et al., 2012; Sigel et al., 2014). If populations of S. molesta were
sampled throughout both the native range and the worldwide invasion it may be possible to trace

the historic spread of this invasive and identify the origin of source populations.

The extensive genetic diversity present throughout the S. molesta invasion carries
implications for the management of this species. Previous studies have suggested that molecular
variation in S. molesta may be due to the accumulation of somatic mutations occurring as a result
of adaptive selective pressures experienced in novel environments (Galam et al., 2015). If this
process, rather than multiple origins as we propose, is a contributing factor to the genetic variation
we see in this clonally reproducing plant, then limiting its spread is critical to successful
management. Limiting the opportunity for giant Salvinia to spread to novel environments

decreases its opportunity to rapidly accumulate new mutations.

Numerous studies have explored the biotic and abiotic conditions in which S. molesta is
most successful to determine management strategies that can best mitigate its growth (Mitchell &

Tur, 1975; Room, 1983; Thomas & Room, 1984; Mcfarland et al., 2004; Lal, 2016; Coatzee &
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Hill, 2020). Current strategies include physical, chemical, and biological control used separately
or in combination depending on factors such as the growth stage of the invasion, community
composition, system nutrients, salinity, pH, and temperature. Importantly, while the optimal
strategy for successful management may be true for a single genotype, these parameters may

change for another. Therefore, location specific control strategies may be necessary.

This location specific control could be applied to the use of the weevil Cyrtobagous
salviniae Calder, a known giant Salvinia biological control agent. Specifically, the analysis of
genetic variation within the insect (C. salviniae) and the weed (S. molesta) could be used to
determine if there are any herbivore-host genotype interactions. Previous studies suggest that the
genetics of C. salviniae are complex. The search for a viable biological control agent was
underway before S. molesta was recognized as a distinct species. After the description of S. molesta
in 1972 and the identification of its native range in Brazil in 1979, scientists found the weevil
Cyrtobagous singularis Hustache feeding on S. molesta. This Brazilian C. singularis was released
onto S. molesta populations in Australia with great success, and it was subsequently released to 15
additional countries. It was later discovered that this successful biocontrol agent was a separate
species and was subsequently designated Cyrtobagous salviniae (Van Driesche, 2002). In one
instance, Madeira et al. (2006) noted that C. salviniae has long been established on S. minima in
Florida and has also been released into Texas and Louisiana as a biocontrol agent for both S.
minima and S. molesta. A sequence analysis of the 28S rRNA region indicated that populations of
this weevil in Florida are genetically distinct from Brazilian populations and that these may also
represent two separate and cryptic species (Goolsby et al., 2000). This had major implications as
the Brazilian weevil populations used for biocontrol of S. molesta in Australia were subsequently

chosen for biocontrol of this species in the United States. As a result, Madeira et al. (2006) sampled
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C. salviniae and C. singularis from the native and introduced range and performed sequence
analysis between these individuals to determine relatedness. They found that C. salviniae and the
closely related C. singularis are indeed two distinct species and that all C. salviniae specimens
were significantly more related to one another than they were to C. singularis. However, when
comparing between locations their analysis does suggest that there is enough genetic distance
between C. salviniae populations from Florida, Brazil, Argentina, and Paraguay that they may be
deemed as individual ecotypes, and host preferences may differ between these ecotypes. There is,
therefore, a clear need for studies that examine genetic variation in both C. salviniae and S.
molesta, to elucidate how genetic variation in both species interacts to effect biocontrol
(Gassmann, 1996). Overall, more research is necessary to move towards successful eradication of
S. molesta, in the meantime it is likely that this species will continue to spread, disrupt, and

significantly alter freshwater ecosystems throughout its invasive range.

30



REFERENCES

31



REFERENCES

Adams, K. L., & Wendel, J. F. (2005). Polyploidy and genome evolution in plants. Current
Opinion in Plant Biology, 8(2), 135-141.

Alix, K., Gérard, P. R., Schwarzacher, T., & Heslop-Harrison, J. S. (2017). Polyploidy and
interspecific hybridization: partners for adaptation, speciation and evolution in plants.
Annals of Botany, 120(2), 183-194. doi:10.1093/aob/mcx079

Bailey, J. P., Bimov4, K., & Mandéak, B. (2007). The potential role of polyploidy and
hybridisation in the further evolution of the highly invasive Fallopia taxa in Europe.
Ecological Research, 22(6), 920-928.

Baker, H. G. (1965). Characteristics and modes of origin of weeds. The genetics of colonizing
species., 147-168.

Balao, F., Herrera, J., & Talavera, S. (2011). Phenotypic consequences of polyploidy and
genome size at the microevolutionary scale: a multivariate morphological approach. New
Phytologist, 192(1), 256-265.

Banerjee, A. K., Guo, W., & Huang, Y. (2019). Genetic and epigenetic regulation of phenotypic
variation in invasive plants — linking research trends towards a unified framework.
NeoBiota, 49, 77-103. doi:10.3897/neobiota.49.33723

Beck, J. B., Alexander, P. J., Allphin, L., Al-Shehbaz, 1. A., Rushworth, C., Bailey, C. D., &
Windham, M. D. (2012). Does hybridization drive the transition to asexuality in diploid
Boechera? Evolution: International Journal of Organic Evolution, 66(4), 985-995.

Beck, J. B., Allison, J. R., Pryer, K. M., & Windham, M. D. (2012). Identifying multiple origins
of polyploid taxa: a multilocus study of the hybrid cloak fern (Astrolepis integerrima;
Pteridaceae). American Journal of Botany, 99(11), 1857-1865.

Beck, J. B., Windham, M. D., & Pryer, K. M. (2011). Do asexual polyploid lineages lead short
evolutionary lives? A case study from the fern genus Astrolepis. Evolution: International
Journal of Organic Evolution, 65(11), 3217-3229.

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics, 30(15), 2114-2120.

Bretagnolle, F., & Lumaret, R. (1995). Bilateral polyploidization in Dactylis glomerata L. subsp.

lusitanica: occurrence, morphological and genetic characteristics of first polyploids.
Euphytica, 84(3), 197-207.

32



Buggs, R. J. A., Wendel, J. F., Doyle, J. J., Soltis, D. E., Soltis, P. S., & Coate, J. E. (2014). The
legacy of diploid progenitors in allopolyploid gene expression patterns. Philosophical
Transactions of the Royal Society B: Biological Sciences, 369(1648), 20130354.
doi:doi:10.1098/rsth.2013.0354

Chen, Z. J. (2010). Molecular mechanisms of polyploidy and hybrid vigor. Trends in Plant
Science, 15(2), 57-71.

Chapman, D. S., Makra, L., Albertini, R., Bonini, M., Paldy, A., Rodinkova, V., . .. Bullock, J.
M. (2016). Modelling the introduction and spread of non-native species: International
trade and climate change drive ragweed invasion. Global Change Biology, 22(9), 3067-
3079.

Chapman, D., Coetzee, J., Hill, M., Hussner, A., Netherlands, M., Newman, J., . . . Tanner, R.
(2017). Salvinia molesta DS Mitch. EPPO Bulletin, 47(3), 531-536.

Clement, M., Snell, Q., Walker, P., Posada, D., & Crandall, K. (2002). TCS: Estimating Gene
Genealogies. Paper presented at the Parallel and Distributed Processing Symposium,
International.

Coetzee, J. A., & Hill, M. P. (2020). Salvinia molesta D. Mitch.(Salviniaceae): impact and
control. CAB Reviews, 15, 1-11.

Colautti, R. I., & Lau, J. A. (2015). Contemporary evolution during invasion: evidence for
differentiation, natural selection, and local adaptation. Mol Ecol, 24(9), 1999-2017.
d0i:10.1111/mec.13162

Comai, L. (2005). The advantages and disadvantages of being polyploid. Nat Rev Genet, 6(11),
836-846. d0i:10.1038/nrg1711

de la Fuente, P., y Galan, J. M. G., Molino, S., Sessa, E. B., & Quintanilla, L. G. (2020).
Character expression, reproductive barriers, and origin of the rare fern hybrid
Aspleniumx aran-tohanum (Aspleniaceae). Plant Systematics and Evolution, 306(2), 112.

Dillenberger, M. S., Wei, N., Tennessen, J. A., Ashman, T. L., & Liston, A. (2018). Plastid
genomes reveal recurrent formation of allopolyploid Fragaria. Am J Bot, 105(5), 862-
874. d0i:10.1002/ajb2.1085

Dlugosch, K. M., & Parker, 1. M. (2008). Founding events in species invasions: genetic
variation, adaptive evolution, and the role of multiple introductions. Molecular Ecology,
17(1), 431-449.

DS, L. (1966). Cytological study on sterility in Salvinia auriculata Aublet with a bearing on its
reproductive mechanism. Cytologia, 31(3), 330-338.

33



Erkens RHJ, Cross H, Maas JW, Hoenselaar K, Chatrou LW. 2008. Assessment of Age and
greenness of herbarium specimens as predictors for successful extraction and
amplification of DNA. Blumea. 53: 407-428.

Facon, B., Genton, B. J., Shykoff, J., Jarne, P., Estoup, A., & David, P. (2006). A general eco-
evolutionary framework for understanding bioinvasions. Trends in Ecology & Evolution,
21(3), 130-135.

Freeling, M., Woodhouse, M. R., Subramaniam, S., Turco, G., Lisch, D., & Schnable, J. C.
(2012). Fractionation mutagenesis and similar consequences of mechanisms removing
dispensable or less-expressed DNA in plants. Current Opinion in Plant Biology, 15(2),
131-139.

Gassmann, A. (1996). Classical biological control of weeds with insects: a case for emphasizing
agent demography. Paper presented at the Proceedings of the IX International
Symposium on Biological Control of Weeds.

Galam, D., Silva, J., Sanders, D., & Oard, J. H. (2015). Morphological and genetic survey of
Giant Salvinia populations in Louisiana and Texas. Aquatic Botany, 127, 20-25.
doi:10.1016/j.aquabot.2015.07.005

Gaudeul, M., Giraud, T., Kiss, L., & Shykoff, J. A. (2011). Nuclear and chloroplast
microsatellites show multiple introductions in the worldwide invasion history of common
ragweed, Ambrosia artemisiifolia. PLoS One, 6(3), e17658.

Gastony, G. J., & Yatskievych, G. (1992). Maternal inheritance of the chloroplast and
mitochondrial genomes in cheilanthoid ferns. American Journal of Botany, 79(6), 716-
722.

Goolsby, J., Tipping, P., Center, T., & Driver, F. (2000). Evidence of a new Cyrtobagous species
(Coleoptera: Curculionidae) on Salvinia minima Baker in Florida. Southwestern
Entomologist, 25(4), 299-302.

Guillon, J.-M., & Raquin, C. (2000). Maternal inheritance of chloroplasts in the horsetail
Equisetum variegatum (Schleich.). Current Genetics, 37(1), 53-56.

Haufler, C. H., Windham, M. D., & Ranker, T. A. (1990). Biosystematic analysis of the
Cystopteris tennesseensis (Dryopteridaceae) complex. Annals of the Missouri Botanical
Garden, 314-329.

Herben, T., Suda, J., & Klimesova, J. (2017). Polyploid species rely on vegetative reproduction
more than diploids: a re-examination of the old hypothesis. Annals of Botany, 120(2),
341-349.

34



Hoot, S. B., Napier, N. S., & Taylor, W. C. (2004). Revealing unknown or extinct lineages
within Isoetes (Isoetaceae) using DNA sequencesfrom hybrids. American Journal of
Botany, 91(6), 899-904.

Husband, B. C., Ozimec, B., Martin, S. L., & Pollock, L. (2008). Mating consequences of
polyploid evolution in flowering plants: current trends and insights from synthetic
polyploids. International Journal of Plant Sciences, 169(1), 195-206.

Husband, B. C., Baldwin, S. J., & Suda, J. (2013). The Incidence of polyploidy in natural plant
populations: major patterns and evolutionary processes. Plant Genome Diversity Volume
2,2, 255.

Jacono, C. C., Davern, T. R., & Center, T. D. (2001). The adventive status of Salvinia minima
and S. molesta in the southern United States and the related distribution of the weevil
Cyrtobagous salviniae. Castanea, 214-226.

Jennifer, A. L., & Elizabeth, H. S. (2015). When two invasion hypotheses are better than one.
The New Phytologist, 205(3), 958-960. Retrieved from
https://www.jstor.org/stable/newphytologist.205.3.958

Kates HR, Doby JR, Siniscalchi CM, LaFrance R, Soltis DE, Soltis PS, Guralnick RP, Folk RA.
2021. The effects of herbarium specimen characteristics on short-read NGS sequencing
success in nearly 8000 specimens: Old, degraded samples have lower DNA vyields but
consistent sequencing success. Frontiers in Plant Science. 12.

Kim, S.-T ., S. E. Sultan, and M. J. Donoghue . 2008. Allopolyploid speciation in Persicaria
(Polygonaceae): insights from a low-copy nuclear region. Proceedings of the National
Academy of Sciences USA 105: 12370 — 12375.

Kuriachan, P. (1979). Interspecific origin of Salvinia molesta Mitchell--evidence from
karyotype. Indian Journal of Botany.

Lal, A. (2016). Salvinia molesta: an assessment of the effects and methods of eradication.

Lambrinos, J. G. (2004). How interactions between ecology and evolution influence
contemporary invasion dynamics. Ecology, 85(8), 2061-2070.

Lavergne, S., & Molofsky, J. (2007). Increased genetic variation and evolutionary potential drive
the success of an invasive grass. Proceedings of the National Academy of Sciences,
104(10), 3883-3888.

Li, F. W., Brouwer, P., Carretero-Paulet, L., Cheng, S., De Vries, J., Delaux, P. M., ... & Pryer,

K. M. (2018). Fern genomes elucidate land plant evolution and cyanobacterial symbioses.
Nature Plants, 4(7), 460-472.

35


https://www.jstor.org/stable/newphytologist.205.3.958

Loomis, E. S., & Fishman, L. (2009). A continent-wide clone: population genetic variation of the
invasive plant Hieracium aurantiacum (Orange Hawkweed; Asteraceae) in North
America. International Journal of Plant Sciences, 170(6), 759-765.

Madeira, P. T., Tipping, P. W., Gandolfo, D. E., Center, T. D., Van, T. K., & O’brien, C. W.
(2006). Molecular and morphological examination of Cyrtobagous sp. collected from
Argentina, Paraguay, Brazil, Australia, and Florida. BioControl, 51(5), 679.
d0i:10.1007/s10526-005-5271-1

Madlung, A. (2013). Polyploidy and its effect on evolutionary success: old questions revisited
with new tools. Heredity (Edinb), 110(2), 99-104. doi:10.1038/hdy.2012.79

Mayer, M. S., & Mesler, M. R. (1993). Morphometric evidence of hybrid swarms in mixed
populations of Polystichum munitum and P. imbricans (Dryopteridaceae). Systematic
Botany, 248-260.

Mayrose, ., Zhan, S. H., Rothfels, C. J., Magnuson-Ford, K., Barker, M. S., Rieseberg, L. H., &
Otto, S. P. (2011). Recently formed polyploid plants diversify at lower rates. Science,
333(6047), 1257-1257.

McKain, M. R., Johnson, M. G., Uribe-Convers, S., Eaton, D., & Yang, Y. (2018). Practical
considerations for plant phylogenomics. Applied Plant Science, 6(3), €1038.
doi:10.1002/aps3.1038

Meimberg, H., Rice, K. J., Milan, N. F., Njoku, C. C., & McKay, J. K. (2009). Multiple origins
promote the ecological amplitude of allopolyploid Aegilops (Poaceae). American Journal
of Botany, 96(7), 1262-1273. doi:10.3732/ajb.0800345

Mesa, J. M., & Dlugosch, K. M. (2020). The evolution of invasiveness: a mechanistic view of
trade-offs involving defenses. American Journal of Botany, 107(7), 953-956.
doi:10.1002/ajb2.1507

Miranda, C. V., & Schwartsburd, P. B. (2019). Salvinia (Salviniaceae) in southern and
southeastern Brazil—including new taxa, new distribution records, and new
morphological characters. Brazilian Journal of Botany, 42(1), 171-188.
d0i:10.1007/s40415-019-00522-5

Mitchell, D. (1972). The kariba weed: Salvinia molesta: British Pteridological Society.

Mitchell, D. S., & Tur, N. M. (1975). The rate of growth of Salvinia molesta (S. Auriculata
Auct.) in laboratory and natural conditions. Journal of Applied Ecology, 12(1), 213-225.
doi:10.2307/2401730

Nagalingum, N. S., Nowak, M. D., & Pryer, K. M. (2008). Assessing phylogenetic relationships

in extant heterosporous ferns (Salviniales), with a focus on Pilularia and Salvinia.
Botanical Journal of the Linnean Society, 157(4), 673-685

36



Otto, S. P., & Whitton, J. (2000). Polyploid incidence and evolution. Annual Review of Genetics,
34(1), 401-437.

Pryer, K. M., Schuettpelz, E., Wolf, P. G., Schneider, H., Smith, A. R., & Cranfill, R. (2004).
Phylogeny and evolution of ferns (monilophytes) with a focus on the early
leptosporangiate divergences. American Journal of Botany, 91(10), 1582-1598.

Rai, P. K. (2015). What makes the plant invasion possible? Paradigm of invasion mechanisms,
theories and attributes. Environmental Skeptics and Critics, 4(2), 36.

Rani, V. U., & Bhambie, S. (1983). A study on the growth of Salvinia molesta Mitchell in
relation to light and temperature. Aquatic Botany, 17(2), 119-124.
doi:https://doi.org/10.1016/0304-3770(83)90108-0

Ravi, V. Khurana, J. P., Tyagi, A. K., & Khurana, P. (2007). An update on chloroplast genomes.
Plant Systematics and Evolution, 271(1-2), 101-122. doi:10.1007/s00606-007-0608-0

Robertson, K., Goldberg, E. E., & Igi¢, B. (2011). Comparative evidence for the correlated
evolution of polyploidy and self-compatibility in Solanaceae. Evolution: International
Journal of Organic Evolution, 65(1), 139-155.

Roman, J., & Darling, J. A. (2007). Paradox lost: genetic diversity and the success of aquatic
invasions. Trends in Ecology & Evolution, 22(9), 454-464.

Room, P. M. (1983). "Falling Apart' as a Lifestyle: The rhizome architecture and population
growth of Salvinia molesta. Journal of Ecology, 71(2), 349-365. do0i:10.2307/2259719

Roose, M., & Gottlieb, L. (1980). Biochemical properties and level of expression of alcohol
dehydrogenases in the allotetraploid plant Tragopogon miscellus and its diploid
progenitors. Biochemical Genetics, 18(11-12), 1065-1085.

Rothfels, C. J. (2021). Polyploid phylogenetics. New Phytologist, 230(1), 66-72.
doi:10.1111/nph.17105

Rowe, C. A., Hauber, D. P., & Wolf, P. G. (2018). Genomic variation of introduced Salvinia
minima in southeastern United States. Aquatic Botany, 151, 38-42.
doi:10.1016/j.aquabot.2018.07.011

Saeidi, S., McKain, M. R., & Kellogg, E. A. (2018). Robust DNA isolation and high-throughput
sequencing library construction for herbarium specimens. Journal of Visualized
Experiments: JoVE, (133).

Suarez, A. V., & Tsutsui, N. D. (2008). The evolutionary consequences of biological invasions.
Molecular Ecology, 17(1), 351-360.

Schlaepfer, D. R., Edwards, P. J., & Billeter, R. (2010). Why only tetraploid Solidago gigantea
(Asteraceae) became invasive: a common garden comparison of ploidy levels. Oecologia,
163(3), 661-673.

37



Schneller, J. (1980). Cytotaxonomic investigations of Salvinia herzogii de la Sota. Aquatic
Botany, 9, 279-283.

Shaked, H., Kashkush, K., Ozkan, H., Feldman, M., & Levy, A. A. (2001). Sequence elimination
and cytosine methylation are rapid and reproducible responses of the genome to wide
hybridization and allopolyploidy in wheat. The Plant Cell, 13(8), 1749-1759.
doi:10.1105/tpc.010083

Sigel, E. M., Der, J. P., Windham, M. D., & Pryer, K. M. (2019). Expression Level Dominance
and Homeolog Expression Bias in Recurrent Origins of the Allopolyploid Fern
Polypodium hesperium. American Fern Journal, 109(3), 224-247.

Sigel, E. M. (2016). Genetic and genomic aspects of hybridization in ferns. Journal of
Systematics and Evolution, 54(6), 638-655. doi:10.1111/jse.12226

Sigel, E. M., Windham, M. D., & Pryer, K. M. (2014). Evidence for reciprocal origins in
Polypodium hesperium (Polypodiaceae): a fern model system for investigating how
multiple origins shape allopolyploid genomes. American Journal of Botany, 101(9),
1476-1485. doi:10.3732/ajb.1400190

Soltis, D. E., Visger, C. J., Marchant, D. B., & Soltis, P. S. (2016). Polyploidy: pitfalls and paths
to a paradigm. American Journal of Botany, 103(7), 1146-1166.

Soltis, D. E., Soltis, P. S, PIRES, J. C., Kovarik, A., Tate, J. A., & Mavrodiev, E. (2004). Recent
and recurrent polyploidy in Tragopogon (Asteraceae): cytogenetic, genomic and genetic
comparisons. Biological Journal of the Linnean Society, 82(4), 485-501.

Staats M, Cuenca A, Richardson JE, Ginkel RV van, Petersen G, Seberg O, Bakker FT. 2011.
DNA damage in plant herbarium tissue. PLoS ONE. 6(12).

Stebbins, G. L. (1985). Polyploidy, hybridization, and the invasion of new habitats. Annals of the
Missouri Botanical Garden, 72(4), 824-832. d0i:10.2307/2399224

Thomas, P., & Room, P. (1984). Towards biological control of Salvinia in Papua New Guinea.
Paper presented at the Proc VI Int Symp Biol Contr Weeds.

Van Driesche, R. (2002). Biological control of invasive plants in the eastern United States: US
Department of Agriculture, Forest Service, Forest Health Technology ....

Vogel, J. C., Russell, S., Rumsey, F., Barrett, J., & Gibby, M. (1998). Evidence for maternal
transmission of chloroplast DNA in the genus Asplenium (Aspleniaceae, Pteridophyta).
Botanica Acta, 111(3), 247-249.

Windham, M. D., & Yatskievych, G. (2005). A Novel Hybrid Polypodium (Polypodiaceae) from

Arizona. American Fern Journal, 95(2), 57-67, 11. Retrieved from
https://doi.org/10.1640/0002-8444(2005)095[0057:ANHPPF]2.0.CO;2

38



Weiss-Schneeweiss, H., Emadzade, K., Jang, T. S., & Schneeweiss, G. M. (2013). Evolutionary
consequences, constraints and potential of polyploidy in plants. Cytogenet Genome Res,
140(2-4), 137-150. doi:10.1159/000351727

Wendel, J. F. (2015). The wondrous cycles of polyploidy in plants. American Journal of Botany,
102(11), 1753-1756. doi:10.3732/ajh.1500320

Wolf, P. G., Roper, J. M., & Duffy, A. M. (2010). The evolution of chloroplast genome structure
in ferns. Genome, 53(9), 731-738. d0i:10.1139/G10-061

Wood, T. E., Takebayashi, N., Barker, M. S., Mayrose, I., Greenspoon, P. B., & Rieseberg, L. H.
(2009). The frequency of polyploid speciation in vascular plants. Proceedings of the
National Academy of Sciences, 106(33), 13875-13879. doi:10.1073/pnas.0811575106

Zeng, C. X., Hollingsworth, P. M., Yang, J., He, Z. S., Zhang, Z. R., Li, D. Z., & Yang, J. B.
(2018). Genome skimming herbarium specimens for DNA barcoding and phylogenomics.
Plant Methods, 14, 43. doi:10.1186/s13007-018-0300-0

Zhang, Y. Y., Zhang, D. Y., & Barrett, S. C. (2010). Genetic uniformity characterizes the
invasive spread of water hyacinth (Eichhornia crassipes), a clonal aquatic plant.
Molecular ecology, 19(9), 1774-1786.

Zhao, Q., Zou, J., Meng, J., Mei, S., & Wang, J. (2013). Tracing the transcriptomic changes in
synthetic trigenomic allohexaploids of Brassica using an RNA-Seq approach. PLoS One,
8(7), e68883.

39



