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Global high-throughput genotyping of organellar genomes
reveals insights into the origin and spread of invasive starry
stonewort (Nitellopsis obtusa)
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Abstract Aquatic invasive species are damaging to

native ecosystems. Preventing their spread and achiev-

ing comprehensive control measures requires an

understanding of the genetic structure of an invasive

population. Organellar genomes (plastid and mito-

chondrial) are useful for population level analyses of

invasive plant distributions. In this study we generate

complete organellar reference genomes using PacBio

sequencing, then use these reference sequences for

SNP calling of high-throughput, multiplexed, Illumina

based organellar sequencing of fresh and historical

samples from across the native and invasive range of

Nitellopsis obtusa (Desv. in Loisel.) J.Groves, an

invasive macroalgae. The data generated by the

analytical pipeline we develop indicate introduction

to North America from Western Europe. A single

nucleotide transversion in the plastid genome sepa-

rates a group of five samples from Michigan and

Wisconsin that either resulted from introductions of

two closely related genotypes or a mutation that has

arisen in the invasive range. This transversion will

serve as a useful tool to understand how Nitellopsis

obtusa moves across the landscape. The methods and

analyses described here are broadly applicable to

invasive and native plant and algae species, and allow

efficient genotyping of variable quality samples,

including 100-year-old herbarium specimens, to deter-

mine population structure and geographic

distributions.

Keywords Characeae � Invasive species �
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Introduction

Aquatic invasive species threaten the biodiversity,

functioning, and ecosystem services of freshwater

ecosystems across the world. It is estimated that

damage caused by aquatic invasive species exceeds

$100 million annually and they have contributed

directly to the decline of 42% of the threatened and

endangered species in the U.S.A. (Early et al. 2016;

Pimentel et al. 2005). Appropriate management and
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control of an invasive species requires an understand-

ing of the frequency of introduction, the size of the

introduced population, and the subsequent pattern of

spread (Cristescu 2015; Fitzpatrick et al. 2011). The

genetic structure of invasive populations has been

shown to have importance for the fitness and invasion

potential in the introduced range (Lavergne and

Molofsky 2007; Vandepitte et al. 2014). Novel

invasive genotypes have the potential to not only

increase the fitness of invasive species, but unique

genotypes may be more or less susceptible to control

treatments (Moody et al. 2008). Furthermore, a

beneficial mutation may rapidly spread in a population

because of its selective advantage in response to

treatment efforts; for example, the aquatic invasive

plant Hydrilla evolved herbicide resistance through

somatic mutations of the gene pds, which encodes the

enzyme phytoene desaturase, which the herbicide

fluridone was initially designed to inhibit (Michel

et al. 2004). Invasive species with low genetic

diversity can also be successful and become dominant

across large areas (e.g. Hagenblad et al. 2015; Hardion

et al. 2014). Thus, a clear understanding of the genetic

characteristics of damaging aquatic invasive species is

essential to their control and eradication.

The macroalga Nitellopsis obtusa (Desv. in Loisel.)

J.Groves (starry stonewort) has recently become an

invasive species of particular concern in North Amer-

ica. Nitellopsis obtusa is a species of green algae in the

macrophyte family Characeae. Nitellopsis obtusa is

native to Europe and Asia and is considered rare and

endangered in eastern Europe and Japan (Kato 2005;

Soulié-Märsche et al. 2002). It anchors itself in the

sediment, can grow more than two meters in height,

and has specialized star-shaped structures, termed

bulbils, that allow prolific vegetative reproduction

(Bharathan 1987; Wood and Imahori, 1965). In its

native range Nitellopsis obtusa occurs in both deep

and shallow lakes, rivers, and oxbows (reviewed in

Larkin et al. 2018). In both the native and invasive

range N. obtusa occurs in calcareous, neutral to

alkaline, mesotrophic to eutrophic waters, and has

been found to tolerate brackish environments in the

Baltic Sea (Larkin et al. 2018). The earliest collections

of N. obtusa in North America were in the Saint

Lawrence River in 1974 and 1978, where it was

hypothesized to be introduced by ballast water from

trans-oceanic shipping (Geis et al. 1981; Karol and

Sleith 2017). In 1983 it was recorded in the St. Clair-

Detroit River system in Michigan (Schloesser et al.

1986), and has since spread throughout Michigan’s

inland lakes, northern Indiana, western New York and

in isolated areas of Minnesota, Pennsylvania, Ver-

mont, and Wisconsin (Larkin et al. 2018). It is unclear

how N. obtusa is moved from lake to lake; both

humans and waterfowl have been implicated in its

spread (Sleith et al. 2015). In North America, only

male individuals have been observed, suggesting that

the invasive population is being spread clonally from

fragments on boats or trailers, however not all N.

obtusa specimens display reproductive structures, and

the conditions required for formation of female

reproductive structures may not be met in the invasive

range (Larkin et al. 2018).

The impacts of Nitellopsis obtusa on North Amer-

ican ecosystems have yet to be fully understood

(Larkin et al. 2018). Few studies have examined the

ecology of N. obtusa in North American ecosystems,

but in a small scale study Brainard and Schulz (2017)

found that native plant species richness and biomass

decreased with increasing N. obtusa abundance.

Escobar et al. (2016) examined the climactic niche

of N. obtusa and found that at a broad, continental

scale, large portions of North America may be

susceptible to invasion. Sleith et al. (2018) used water

chemistry variables to show that N. obtusa may have a

similar ecological niche to Chara contraria, a native

species that inhabits hard water sites across North

America. These findings indicate that much habitat

remains for N. obtusa to colonize and demonstrate the

need for a clear understanding of the spread vectors

and genetic structure of N. obtusa across the world.

In this study, organellar genome sequencing is used

to determine the genetic signature of invasive and

native populations of Nitellopsis obtusa. Organellar

genomes are typically compact and similar to bacterial

genomes, reflecting the endosymbiotic origin of

chloroplasts and mitochondria (Gray and Doolittle

1982; Sagan 1967). They have great value in evolu-

tionary, systematic, and population studies of photo-

synthetic organisms (Straub et al. 2012). Markers such

as rbcL (chloroplastic) and cox1 (mitochondrial) have

served as barcodes across photosynthetic organisms,

including Characeae (Hall et al. 2010). While these

protein coding markers can be useful for detecting

interspecific variation, they often lack the resolution to

discriminate intraspecific variation in green algae

(Hall et al. 2010). Advances in high-throughput
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sequencing and the high copy number of organellar

genomes have allowed cost-effective sequencing of

whole organellar genomes (McCormack et al. 2013).

These whole genome sequences enable analysis of

variable non-coding regions such as introns and

intergenic regions that are useful for detecting

intraspecific variation. Whole organellar genomes

have been used in population studies of model

organisms such as rice (Tong et al. 2016), as well as

non-model systems such as Theobroma and invasive

species such as Ageratina adenophora (Kane et al.

2012; Nie et al. 2012). Reference-based SNP calling

approaches use an identical or closely related refer-

ence genome to map re-sequencing reads and call

SNPs/indels between the reference and the reads.

These techniques have the advantage that variable

quality input data (such as[ 100-year-old herbarium

specimens) can be incorporated into analyses that

account for the high rates of missing data specific to

historical specimens (Staats et al. 2013).

In this study, reference organellar genomes were

generated and used together with Illumina based re-

sequencing of 60 samples from across the native

(including historical samples) and invasive range to

test the number of invasions of Nitellopsis obtusa to

North America, the origins of invasive populations,

and the pattern of spread across the landscape.

Specifically, the following hypotheses were

addressed: (1) North American N. obtusa populations

are European in origin (2) a single introduction has

occurred, and (3) subsequent spread has been clonal.

Finally, we ask whether information from organellar

genomes can track the spread of invasive individuals

from lake to lake in North America.

Methods

Population sampling

Fresh and preserved tissue from the invasive range

were collected following the methods outlined in

Sleith et al. (2015, 2018). Samples were returned to the

lab in field collected water and cleaned of epiphytes, a

fragment was frozen for DNA extraction, and the

remaining specimen was mounted on an herbarium

sheet, dried, and accessioned in The William and

Lynda Steere Herbarium (NY). Additional contempo-

rary samples from the invasive and native range were

sampled with the help of national and international

collaborators. To increase the study’s geographic and

temporal range, historical samples (collections begin-

ning in 1880) including the type specimen, were

sampled from The William and Lynda Steere Herbar-

ium (NY). In total these represent 35 samples from the

invasive North American range (4 herbarium speci-

mens—collected 2015–2016, and 31 fresh tissue

samples—collected 2011–2017), and 25 samples from

across the native range of Europe and Asia (18

herbarium specimens—representing collection years

1880–2017, and 7 fresh tissue samples—representing

collection years 1974–2016) (Fig. 1c). All sample

collection information is listed in Table S1.

DNA extraction

DNA isolation followed the methods previously

described by Pérez et al. (2014). Briefly, 0.1 g of

tissue was obtained from frozen and herbarium

specimens. Genomic DNA was extracted using the

Nucleon Phytopure DNA extraction kit (GE Health-

care Bio-Sciences, Pittsburgh, PA, USA), following

the manufacturers protocol for small samples.

Reference genomes

Reference genomes were generated from material

collected from Upper Little York Lake in Cortland

County, New York, U.S.A. and housed at The New

York Botanical Garden, deposited in the herbarium

under accession NY02666457. Four Pacific Bio-

sciences (PacBio) SMRT cells were run on a PacBio

Sequel sequencer to generate 6.6 Gb of sequences.

PacBio reads were trimmed and assembled using Canu

v. 2.1.1 with genomeSize = 200k, corOutCover-

age = 1,000,000, and readSamplingCover-

age = 1,000,000 (Koren et al. 2017). Canu contigs

were checked for accuracy by aligning Illumina reads

from the same sample (average insert size of 300 bp,

trimmed using Trimmomatic v. 0.36 with the follow-

ing settings: ILLUMINACLIP:TruSeq3-PE-

2.fa:2:30:10:1:TRUE SLIDINGWINDOW:4:15

MINLEN:36 [Bolger et al. 2014]), and assessing

discrepancies using POLCA v. 3.4.2 (Zimin and

Salzberg 2020). Chloroplast and mitochondrial con-

tigs were annotated using Geneious v9 (Kearse et al.

2012) with the Chara vulgaris chloroplast

(NC_008097.1) and mitochondrial (NC_005255.1)
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Fig. 1 a UPGMA tree of chloroplast genome SNPs, shows a

cluster of identical North American samples (blue background

segment), a cluster representing the Midwest transversion

(orange backgroundsegment), and relationships across the

native range. Text colors represent geographic areas, including

within North America (blue—Canada, Orange—Northeast

U.S.A., lighter orange Midwest U.S.A.). Tree built using only

samples with 10% or less missing data (strict). Bootstrap values

from 1000 pseudoreplicates (if greater than 70%) are indicated

by filled circles at nodes. NY barcode 02666457 is the reference

genome for the analysis. b Map of samples in North America.

Red dots indicate collections, black stars indicate samples with

single G-T transversion in chloroplast genome. c World map

with collections used for this study. Lines are drawn between

strict UPGMA tree from chloroplast data and specimen

locations. Note that not all samples are included in the strict

analysis. Lines connecting samples in North America are not

drawn due to nearly identical sequences
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genomes as a reference. Genome maps were created

using OrganellarGenomeDRAW (Lohse et al. 2013)

and circos (Krzywinski et al. 2009).

Re-sequencing genomes

Sequence libraries were generated using the Roche

KAPA HyperPlus kit, multiplexed at up to 40 samples

per lane and sequenced on an Illumina NextSeq500 in

PE101 and PE150 High Output mode at Cold Spring

Harbor Laboratory.

SNP calling and statistical analyses

Intra-individual chloroplast and mitochondrial poly-

morphisms have been detected in whole genome

sequencing generated from short reads (100–150 bp)

(Hazkani-Covo et al. 2010; Scarcelli et al. 2016;

Sardina 2017). Scarcelli et al. (2016) determined that

genome transfers, from the chloroplast to the mito-

chondrial or nuclear genome (known as nuclear plastid

DNA), are likely responsible for observed intra-

individual polymorphisms from whole genome

sequencing. The bioinformatic recommendations of

Scarcelli et al. (2016) were followed to exclude intra-

individual polymorphisms from the SNP calling

pipeline (Figure S8). Evidence of intra-individual

polymorphism was assessed by assembling Canu

corrected and trimmed PacBio reads to final reference

genomes using BLASR v1.0 (Chaisson and Tesler

2012). These longer reads allow for clearer elucidation

of genome transfers and variation (Scarcelli et al.

2016). As an additional test, DNA was extracted and

Illumina sequenced from the male reproductive struc-

ture (antheridium), which should have a higher

proportion of nuclear DNA to organellar DNA

(Maszewski and Kołodziejczyk 1991).

Reads from each sample were aligned to reference

genomes using BWA MEM v0.7.12 with -M and -B 4

options (Li and Durbin 2009). Reads with [ 10%

clipping by BWA were removed from alignments

using samjdk v. af51aa30d. SAMTOOLS v1.5 with

option -B was used to create an mpileup file (Li et al.

2009). Single Nucleotide Polymorphisms (SNPs) and

Insertion-Deletions (indels) were called using VarS-

can v2.4.3 with –min-var-freq and –min-freq-for-hom

set to 0.9 (Koboldt et al. 2012). The resulting Variant

Call Format file (vcf) was filtered using VCFtools

v0.1.13 (Danecek et al. 2011) to exclude genotypes

called below 50% across all individuals, sites with

coverage less than 3, sites with a minor allele count

less than 2, and ribosomal regions due to conservation

of these regions across the tree of life. To assess the

influence of missing data two sets of analyses were

run: ‘‘liberal’’ where individuals with more than 75%

missing data were excluded from downstream analy-

ses, and ‘‘strict’’ where individuals with more than

10% missing data were excluded from downstream

analyses.

Genetic distance trees (UPGMA) with bootstrap

support values for 1000 pseudoreplicates were gener-

ated using the aboot function of the poppr package in R

(Kamvar et al. 2014, 2015). Discriminant Analysis of

Principal Components (DAPC) was performed using

the dapc function of the R package adegenet (Jombart

2008). DAPC is a model free approach that involves a

principal component analysis (PCA) followed by a

discriminate analysis (DA) to maximize discrimina-

tion between groups. DAPC was performed on a prioi,

geography-based, population assignments to test if the

dataset matched these population assignments. The

number of retained principal components was deter-

mined using the cross-validation approach xvalDapc

(Jombart et al. 2010).

Primer design

As we detected a substitution in the rps16-odpB region

differentiating samples in the invasive range, we

designed primers targeting 944 bases surrounding the

T to G base substitution (specifically a pyrimidine to

purine transversion). Primers were designed using

NCBI Primer-BLAST (Ye et al. 2012). We tested the

primers on four samples from the area of Michigan

known to have both genotypes, using a gradient of

annealing temperatures from 55 to 68 �C; following

the PCR conditions described by Pérez et al. (2014).

PCR products were visualized with gel electrophoresis

and two bands from each sample were sent for Sanger

sequencing at Macrogen USA.

Results

Here we present the first sequenced organellar

genomes of the genus Nitellopsis. The Canu assembly

of PacBio reads from a North American sample

resulted in one contig that contained the complete
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chloroplast genome, and one contig that contained the

complete mitochondrial genome. The chloroplast

genome (191,757 bp, GenBank Accession:

MW556320) was a quadripartite molecule consisting

of a large single copy region (LSC 146,109 bp) a small

single copy region (SSC 24,456 bp) and two inverted

repeats (IR 10,596 bp each) (Figure S1). The mito-

chondrial genome was 60,237 bp (GenBank Acces-

sion: MW556321 Figure S3). Compared to the

previously published Chara vulgaris genomes (Tur-

mel 2003, 2006) both genomes had identical gene

content in the same order (Table S2 and S3).

Illumina sequencing of multiplexed individuals

resulted in a variable number of reads per sample,

ranging from 3.8 million to 39 million paired reads

(Table S1). The number of total reads generated for a

sample did not correlate strongly with number of reads

mapping to the chloroplast or mitochondria

(Table S1). Read numbers mapping to chloroplast

vs. mitochondrial genomes were correlated

(y = 0.22x ? 20,615 R2 0.64). The year in which a

specimen was collected was roughly correlated to the

number of reads mapping to the organellar genomes,

with older specimens having fewer reads, and a lower

proportion of organellar reads to total reads

(Table S1). For recently collected samples (e.g. 2017

herbarium samples collected in Germany) the number

of organellar reads was not correlated with whether a

sample was collected from fresh or dried material.

Using the chloroplast genome as a reference, VarScan

called 515 SNPs/indels; after filtering, 230 SNPs/

indels remained across all individuals from the native

and invasive range (Figure S2). Fifteen samples with

greater than 10% missing data were removed before

conducting the ‘‘strict’’ analysis: 9 herbarium samples

(representing collection years 1880–2000) and 6 fresh

samples (representing collection years 2003–2017)

(Table S1). One sample had greater than 75% missing

data and was removed before conducting the ‘‘liberal’’

analysis (an herbarium sample collected in 1937).

The mitochondrial genome showed strong evidence

of intra-individual polymorphism. When PacBio reads

were aligned to the reference genome, regions of

polymorphism could be detected when visually

inspecting the alignment. Many polymorphisms were

found in the yejV gene region, and this region was

investigated further. The PacBio reads that aligned to

the mitochondria ranged in size from 10 to 33 kb,

however, the polymorphic sites were only present in

reads with alignment lengths of 3 kb or less, evidence

that this gene may have been transferred from the

mitochondrial to nuclear genome. Additionally, high

levels of intra-individual polymorphism were detected

when aligning Illumina reads from the male repro-

ductive structure (a sample with higher nuclear to

mitochondrial DNA ratio) to the mitochondrial

genome.

Using the mitochondrial genome as a reference

VarScan called 153 SNPs/indels; after filtering 45

SNPs/indels remained. Five samples with greater than

10% missing data were removed before conducting

the ‘‘strict’’ analysis. No samples had greater than 75%

missing data and so the ‘‘liberal’’ analysis included all

samples.

The UPGMA tree of chloroplast data recovered

distinct groups that corresponded to broad geographic

areas (Fig. 1 A [‘‘strict’’]; Figure S4 [‘‘liberal’’])

Samples from the native range of Europe and Asia

generally clustered by region but with some variability

(e.g. two samples from Japan are more closely

clustered with European samples compared to other

samples from Asia). North American samples were

most closely clustered to samples from France. North

American samples showed near-identical similarity,

with five samples from Michigan and Wisconsin

separated from all other samples (including other

samples collected in MI and WI) by a single T to G

transversion in the intergenic region between rps16

and odpB (Fig. 1b).

DAPC of chloroplast data recovered similar pat-

terns as the UPGMA tree. All North American

samples clustered tightly together, with samples from

Germany and France clustering most closely to North

American samples (Fig. 2 [‘‘strict’’]; Figure S5 [‘‘lib-

eral’’]). Samples from Asia and Sweden were consis-

tently farthest away from North American samples,

indicating that these populations were more dissimilar.

The UPGMA tree of mitochondrial data also

showed broad geographic patterns, with North Amer-

ican samples clustered together, and samples from

Western Europe most closely clustered to the North

American samples (Fig. 3 [‘‘strict’’]; Figure S6 [‘‘lib-

eral’’]). The DAPC of mitochondrial data clustered all

North American samples together, with much vari-

ability detected in European clusters (Fig. 4 [‘‘strict’’];

Figure S7 [‘‘liberal’’]).

Primers were designed to amplify the region

containing the transversion that separates Midwest
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USA samples (Forward: 50-AATCACTTGAGCCG-

TATGAGTTG-30, Reverse: 50-AACCAAAT-

CAAATTGTAGAAATCGC-30). Primer efficacy

was assessed by gel electrophoresis and Sanger

sequencing. All samples amplified, with 62� C iden-

tified as the optimal annealing temperature. Only two

samples sequenced successfully: sample

NY02666588, from Joslin Lake, Washtenaw County,

Michigan was found to have the T to G transversion,

while sample NY02666590 from Silver Lake, Washt-

enaw County, Michigan did not.

Discussion

The UPGMA tree and DAPC analyses based on

chloroplast and mitochondrial genome data both

demonstrated that North American samples are more

closely clustered with European samples; a sample

from France appears to be most similar, but not

identical, to the North American genotype (Fig. 1C).

This indicates that the invasive population of Nitel-

lopsis obtusa in North America likely resulted from a

European introduction, perhaps through trans-oceanic

shipping as previously hypothesized (Geis et al. 1981).

Historical records of Nitellopsis obtusa in brackish

coastal environments of Europe indicate that condi-

tions existed for ballast water transportation to be

feasible (Larkin et al. 2018). Furthermore, the broad

Fig. 2 DAPC of chloroplast genome SNPs, using only samples

with 10% or less missing data (strict). Lines and inertia ellipses

connect samples from identical populations. All North Amer-

ican samples cluster closely (orange boxes for NorthEast

U.S.A., orange stars for MidWest U.S.A., and blue boxes for

Canada). The closest samples to North America are Kazakhstan

(red), France (dark green), and Germany (pink)
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range in latitude and longitude recorded for N. obtusa

in the native range indicates that the species has a

relatively broad ecological niche that could make it a

successful invader of North America (Escobar et al.

2016; Larkin et al. 2018). Our analysis indicates that

regions of France and Western Europe were consis-

tently most closely clustered with North American

samples, but further sampling in the native range is

needed to confirm which exact native population is

most closely related to the invasive population.

Within the invasive range of Canada, the Midwest,

and Northeast U.S.A neither the UPGMA tree or the

DAPC analyses differentiated samples, with the

exception of one substitution (the T to G transversion

separating five samples in Michigan and Wisconsin

from all other North American samples). The near

identical nature of both the chloroplast and mitochon-

drial genomes in the invasive range is strong evidence

for either: (1) the introduction of a single genotype that

has undergone a mutation in North America, or (2) the

introduction of two very closely related genotypes

(likely from the same general location, due to the

observed variability in the native range). The failure to

detect the transversion in the eastern invasive range

indicates that a second introduction either occurred

further west than the previous, or it exists in lower

frequency and has evaded detection thus far. Alterna-

tively, this mutation could have arisen in the Midwest

Fig. 3 UPGMA tree of mitochondrial genome SNPs, using only

samples with 10% or less missing data (strict), shows a cluster of

identical North American samples (blue segment). Text colors

represent geographic areas, including within North America

(blue—Canada, Orange—Northeast U.S.A., lighter orange

Midwest U.S.A.). Bootstrap values from 1000 pseudoreplicates

(if greater than 70) are indicated by filled circles at nodes. NY

barcode 02666457 is the reference genome for the analysis. NY

barcode 02023152 is the type specimen for Nitellopsis obtusa
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region after an initial introduction and spread of a

single population. Following the rise of the mutation

this genotype could then have undergone secondary

spread in the Michigan and Wisconsin region. Further

sampling is needed across this area to fully character-

ize this phenomenon (Fig. 1b). The use of the primers

presented here that target the transversion allow a low-

cost (Sanger sequencing) method to detect the geno-

type, enabling characterization of the distribution of

this population across Michigan, Wisconsin and the

eastern range. Indeed, two of the samples that were

used to validate the primers show that lakes 8 km apart

in Washtenaw County Michigan harbor different

genotypes ofN. obtusa as assessed by the transversion.

The organellar genomes of Nitellopsis obtusa

presented here add a new genus to three previously

published organellar genomes from Characeae: Chara

braunii, Chara vulgaris, and Nitella hyalina

(Nishiyama et al. 2018; Turmel 2003, 2006). These

genomes are conserved in size, gene content and order,

despite hundreds of millions of years of evolution

separating them. Historical samples as old as 1880

were successfully sequenced, though with proportions

of missing data increasing with age. Specimens from

herbaria allow increased temporal and spatial sam-

pling and represent a rich trove of information for

invasive species research (Vandepitte et al. 2014;

Zeng et al. 2018).

Though the SNP calling pipeline accounts for intra-

individual variation as described by Scarcelli et al.

(2016), we used long reads to assess intra-individual

variation in the reference genomes, particularly the

mitochondria which showed the most evidence of this

phenomenon. Intra-individual polymorphism in the

yejV region (a gene involved in cytochrome c biogen-

esis) may be the result of transfer from the

Fig. 4 DAPC of mitochondrial genome SNPs, using only samples with 10% or less missing data (strict). All North American samples

cluster close to each other (orange boxes for NorthEast U.S.A., orange stars for MidWest U.S.A., and blue boxes for Canada)
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mitochondrial to the nuclear genome, a phenomenon

reported in other Charophyte algae (Turmel et al.

2002). The observed polymorphisms likely arise from

alignment of short segments of genomic regions that

have been transferred from the mitochondrial genome.

Once transferred, these segments are released from

selective pressure and can accumulate mutations

(Leister 2005). In this study, the regions of yejV that

aligned were flanked by regions with no homology to

the mitochondrial or chloroplast genome, signifying

that these regions have likely been transferred to the

nuclear genome. This, combined with the increased

polymorphisms observed from the male reproductive

structure, indicates that intra-individual polymor-

phism likely arises from transfer of DNA from

organellar genomes to the nucleus. When reconstruct-

ing the evolutionary history of organellar genomes, it

is therefore important to carefully examine sites

showing evidence of intra-individual polymorphism.

Compared to other plant and algae species the

organellar genomes of Nitellopsis obtusa are remark-

ably conserved across the planet. This could be due to

its ability to readily self-propagate from fragments and

bulbils, but could also be due to high dispersal rates

from migratory waterfowl in the native range (Proctor

1962, 1968). The observed low diversity in the native

range and very low diversity in the invasive range may

indicate that N. obtusa has high phenotypic plasticity,

a phenomenon observed in other aquatic invasive

species (Riis et al. 2010), allowing two near-identical

genotypes to colonize a large portion of North

America. Low diversity populations or clones are

not uncommon among invasive species, a single clone

of the marine alga Caulerpa taxifola dominates large

areas of the Mediterranean (Wiedenmann et al. 2001).

Terrestrial examples include Arundo donax (Hardion

et al. 2014) and Phragmites (Saltonstall 2002), each

with invasive haplotypes that have become invasive

across large regions. The low diversity of N. obtusa in

the invasive range also has management implications:

invasive species that have low diversity or are clones

may be better candidates for treatments (biological or

chemical) that rely on genetic factors (Ward et al.

2008). Though N. obtusa may have strong phenotypic

plasticity, the low observed diversity in the invasive

range could impact how the species responds to

climate change in North America, as genetic diversity

and local adaptation are important determinants of

species responses to climate change (Savolainen et al.

2013). Finally, methods that survey many neutral loci

such as whole nuclear genome sequencing or restric-

tion site associated sequencing have more ability to

detect population structure among low diversity

samples compared to organellar genomes, and repre-

sent promising methods to determine if there is fine-

scale population structure of N. obtusa in North

America.
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