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Abstract

Imperata cylindrica (Cogongrass, Speargrass) is a diploid C4 grass that is a noxious
weed in 73 countries and constitutes a significant threat to global biodiversity and sus-
tainable agriculture. We wused a cost-effective genotyping-by-sequencing (GBS)
approach to identify the reproductive system, genetic diversity and geographic origins
of invasions in the south-eastern United States. In this work, we demonstrated the
advantage of employing the closely related, fully sequenced crop species Sorghum
bicolor (L.) Moench as a proxy reference genome to identify a set of 2320 informative
single nucleotide and insertion—deletion polymorphisms. Genetic analyses identified
four clonal lineages of cogongrass and one clonal lineage of Imperata brasiliensis Trin.
in the United States. Each lineage was highly homogeneous, and we found no evi-
dence of hybridization among the different lineages, despite geographical overlap. We
found evidence that at least three of these lineages showed clonal reproduction prior
to introduction to the United States. These results indicate that cogongrass has limited
evolutionary potential to adapt to novel environments and further suggest that upon
arrival to its invaded range, this species did not require local adaptation through
hybridization/introgression or selection of favourable alleles from a broad genetic base.
Thus, cogongrass presents a clear case of broad invasive success, across a diversity of
environments, in a clonal organism with limited genetic diversity.
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Introduction

There are multiple genetic pathways to colonization suc-
cess. In one well-established paradigm, standing genetic
diversity, along with recombination, results in genotypes
that are favourable for survival in the introduced range.
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A notable example comes from stickleback colonization of
novel aquatic habitats (Hohenlohe et al. 2010; Jones et al.
2012). Another strategy involves hybridization of the
introduced organism with related species present in the
introduced range, resulting in genotypes favourable for
survival in the new environment among the hybrid off-
spring, as demonstrated in Helianthus spp. (Whitney et al.
2006; Kane & Rieseberg 2007). In contrast, some organ-
isms are believed to arrive in a new range as a ‘general
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purpose genotype’ (Baker 1965), pre-adapted to thrive,
and not requiring recombination or selection for establish-
ment and long-term persistence in novel environments.

Baker investigated the characteristics of the ‘ideal
weed’, largely based on his concept of the ‘general pur-
pose genotype’ (Baker 1965, 1974). A plant suitable for
Baker’s designation has characteristics that enable the
following: (i) rapid growth, (ii) abundant reproduction
of propagules, capable of rapid regeneration, (iii) ability
to colonize a wide diversity of environmental condi-
tions and (iv) distinctive traits contributing to its com-
petitive success in its colonized environment (Baker
1965). The mode of reproduction (sexual or asexual) is
inconsequential, providing that substantial numbers of
rapidly regenerating structures are produced and pos-
sess traits ensuring dispersal over both long and short
distances and successful colonization upon arrival.

For plants that do not require adaptation to the
invaded range, the lack of an evolutionary lag time neces-
sary for local adaptation facilitates rapid colonization,
build-up of propagules and subsequent range expansion
(Baker 1974; Barrett et al. 2008). In such plants, clonal
reproduction has several advantages over sexual repro-
duction. A lack of sexual recombination would fix mul-
tilocus genotypes (MLGs) that are broadly adapted for
survival in diverse environments (Barrett et al. 2008). For
plants that utilize vegetative reproduction, the costs of
sex are high in terms of allocation of photosynthate to
reproductive organs. Further, adaptation by sexual
recombination will require several reproductive cycles to
produce a genotype suited for survival in the invaded
range (Doncaster et al. 2000; Vallejo-Marin et al. 2010).
Many plants utilize rhizomes as a means of colonizing
new habitats, especially areas with heterogeneous soils
and high levels of abiotic stress (You et al. 2014). Invest-
ing photosynthate into rhizomatous growth allows for
both continued colonization as well as moisture and
nutrient foraging in poor soils (Keser et al. 2014). A num-
ber of plant species with clonal reproductive strategies,
and therefore limited genetic diversity, recombination
and evolutionary potential, have emerged as significant
biological invaders (Hollingsworth & Bailey 2000; Pap-
pert et al. 2000; Zhang et al. 2010). In order to establish,
displace and spread to novel habitats, it has been sug-
gested that invasive clonal plants have characteristics
approaching that of a ‘Darwinian demon’, a hypothetical
organism that can reproduce early, produce infinitely
many offspring and persist indefinitely (Law 1979; Rees
1993; Silvertown 2005).

The invasive Old World grass, Imperata cylindrica,
exhibits many of the hallmark phenotypic characteris-
tics of the ‘ideal weed” and ‘general purpose genotype’
described by Baker (1965, 1974). This species exhibits
both rapid vegetative growth and rapid production of

numerous vegetative propagules with attributes
enabling both short- and long-distance dispersal. Co-
gongrass also employs a number of classic competition
mechanisms including the production of allelopathic
compounds, dense ‘choking’ rhizomatous growth and
ecological alteration of invaded habitats (Rodriguez
et al. 2005; Daneshgar & Jose 2009; Xuan et al. 2009).
Reports of widespread invasiveness began to surface in
the early decades following its introduction to the Uni-
ted States (Wilcut et al. 1988; Lambert & Millar 1995;
Peterson et al. 2003; Roderick & Navajas 2003; Lavergne
& Molofsky 2007). The short time between the introduc-
tions (to Grand Bay, AL, McNeil, MS and Gainesville,
FL) and published accounts warning of its invasiveness
support the hypothesis that cogongrass was pre-
adapted to its introduced range at the time of introduc-
tion, thereby not requiring an adaptive lag time
necessary for effective colonization.

Other characteristics this species shares with Baker’s
‘ideal weed’ include its C4 metabolism that, under
some climatic conditions, broadens its ecological range
in various soil types, sunlight levels and moisture
regimes (Brown 1978; Patterson et al. 1980). Further, the
piercing rhizomes of cogongrass form a dense, almost
impenetrable underground matrix that typically com-
prises 80% of its total biomass (Aulakh ef al. 2014). This
species is not only tolerant of a wide range of soil com-
positions, but accumulates iron and shows no reduction
in biomass accumulation in the presence of levels of
heavy metals such as lead, which would be considered
toxic to the majority of plants (Baker 1965; Paz-Alberto
et al. 2007). The ability to remove iron from the soil,
thereby altering soil chemistry, has been shown to be
detrimental to native plant growth, which includes
iron-dependent endemics (Rodriguez et al. 2005).
Another competition mechanism is the ability of this
species to alter the fire ecology of its invaded range.
Low-temperature fires were once a natural component
of the pine savannah in its US invaded range. The
intense, high-temperature fires of cogongrass thatch
(>500 °C) are sufficient to kill adult pine trees as well as
destroy the viability of dormant seeds in the seed bank
(Grace et al. 2001; Jose et al. 2002; Falk et al. 2007; Yager
et al. 2010) (Fig. 1). Because this species has shown con-
sistent resistance to herbicides, the overarching goal for
this research is to develop effective host-specific biologi-
cal controls for affected areas in the United States.

In this work, we used a population genomics
approach utilizing genotyping by sequencing (GBS) and
comparative genomics to address the following objec-
tives: (i) elucidation of the reproductive mode of this
organism, (ii) determination of genetic diversity within
and among US populations, (iii) determination of the
pattern of introductions to North America and, lastly,
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Fig. 1 Ecological features of Imperata cylindrica (Cogongrass) invasion. (A) Sharp, piercing rhizomatous growth, (B) monoculture of
cogongrass in bloom. Each inflorescence can produce ~3000 seeds, (C) high-temperature grassfire of cogongrass, (D) a once produc-
tive citrus orchard, presently a monoculture of I. cylindrica, (E) horticultural variety, I. cylindrica ‘rubra’ (Japanese blood grass). At the
edges of the clump, green rhizomatous growth is beginning to spread away from parent plant, (F) regrowth of cogongrass following
herbicide application. In the maintained right-of-way, rhizomatous growth is emerging. Photograph credits: Mike Murphrey, Texas
A&M Forest Service; Charles Cook, Florida Department of Environmental Protection.

(iv) identification of potential international sites of ori-
gin (that would provide a framework in the search for
possible biological control agents).

We provide compelling evidence that cogongrass has
a highly clonal reproductive strategy and very limited
genetic diversity within its invaded ranges. The lack of
correlation between genetic distance and geographical
distance of the accessions sampled highlights the
continuing anthropogenic dispersal of this species.
International sampling identified genotypes belonging
to three of the five clonal lineages of Imperata spp.
extant in the United States.

Materials and methods

Study system

As a member of the Poaceae family, Imperata spp. reside
in the well-studied subtribe, Saccharinae (Clifton-Brown
et al. 2008; Murray et al. 2008; Waclawovsky et al. 2010;
Wang et al. 2013) that includes several species that are
agronomic crops for food and fibre as well as bioenergy
production such as sorghum, sugarcane and switch-
grass. High economic value has driven the production
of significant genomic resources for these taxa (Paterson
et al. 2009; Sharma et al. 2012; de Setta et al. 2014). This
subtribe also includes weedy and invasive pests (in par-
ticular, Saccharum spontaneum and Sorghum halapense)
(Joo Kim et al. 2008; Craven ef al. 2009; Rout et al. 2013).
Several members of this group, including some consid-
ered invasive, possess the abilities to produce apomictic
(asexual) seed as well as colonize through asexual rhi-
zomatous growth (Duara & Stebbins 1952; Panje 1970;
Warwick & Black 1983; Chapman 1992; Richard 1998).

© 2015 John Wiley & Sons Ltd

Similar to many of its Poaceae relatives, I. cylindrica has
been classified as an obligate outcrossing species (Doz-
ier et al. 1998; Stone 2002).

Cogongrass occurs on every continent except Antarc-
tica, and its geographical centre of origin and 'native
range’ are unknown. With regard to the introduction of
accessions to the United States, anecdotal records sug-
gest that one introduction may have occurred in a ship-
ment of satsuma orange bud-wood (Citrus wunshiu
(Swingle) Marcow.) from Japan to Mobile, Alabama
circa 1911-1912 (MacDonald 2004; Capo-chichi et al.
2008; Barry 2009). The current areas of infestation in the
United States are primarily in rural regions of the
south-eastern states—a region with a long history of
dependence on agriculture and timber production as a
principal source of revenue (Willard et al. 1990; Yager
et al. 2010; Larson ef al. 2011) (Fig. 2). Due to its ability
to produce significant biomass without irrigation and
inputs of fertilizer, propagules of cogongrass (purport-
edly from The Philippine Islands) were later intention-
ally planted as a forage grass and soil stabilizer in
McNeill, Mississippi and Gainesville, Florida (Hubbard
et al. 1944; Dickens & Buchanan 1971; Dickens 1974;
Dozier et al. 1998). To date, cogongrass is reported to
occur in eight states as a noxious weed. Its range pres-
ently extends from North Carolina west to Texas (Mac-
Donald 2004; Burrell, data collection).

The work described here utilizes a genomewide poly-
morphic molecular marker system based on next-gener-
ation DNA sequence data. Previous population-genetic
studies have been undertaken to assess the population
structure and diversity of cogongrass in the United
States (Capo-chichi ef al. 2008; Vergara et al. 2008; Lu-
cardi et al. 2013, 2014). However, small sample sizes,
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Fig. 2 Distribution of Imperata spp. in the United States. Teal
circles: Clonal Lineage 1. Orange triangles: Clonal Lineage 2.
Purple hexagons: Clonal Lineage 3. Black squares: Clonal Line-
age 4 (Imperata cylindrica ‘rubra’, also in Oregon). Green
squares: Clonal Lineage 5 (Imperata brasiliensis). Scale bar
shown is 500 km.

small numbers of markers and/or geographically lim-
ited sampling have reduced the informative value of
these efforts. In addition, the preceding studies have
employed dominant, non-sequence-based molecular
markers such as intersimple sequence repeats (ISSRs)
and amplified fragment length polymorphisms (AFLPs),
which provide insufficient information on hybridiza-
tion, heterozygosity and other population-genetic
parameters (Mueller & Wolfenbarger 1999; Balloux et al.
2003). Some of these studies have concluded that signif-
icant genetic diversity is present in cogongrass and that
it may hybridize with congener Imperata brasiliensis Trin.
in the United States (Hall 1998; Bryson et al. 2010;
Lucardi et al. 2013). There are two studies employing
the use of sequence-based microsatellite markers (SSRs)
on Japanese accessions (Maeda et al. 2009; Chiang et al.
2012). However, none of these sequence-based markers
have been employed on US accessions of cogongrass.

Sampling of US and international accessions

A total of 449 Imperata spp. samples (including GPS
coordinates for each sample) were collected from 94
populations in cooperation with a network of academic
collaborators, state foresters and federal land managers.
Imperata spp. sampled included accessions from the fol-
lowing US states: Alabama (AL), Florida (FL), Georgia
(GA), Louisiana (LA), Maryland (MD), Mississippi

(MS), Missouri (MO), North Carolina (NC), Oregon
(OR), South Carolina (SC) and Texas (TX) (Fig. 2).
Collection locations were sites that had been reported
to be infested with cogongrass and are regularly herbi-
cide-treated by land managers, who collected samples
prior to scheduled herbicide application, as well as sites
in natural areas and unreported populations that were
not managed with herbicide application. At the request
of private landowners, we agreed to publish collection
location only at the county level. To explore potential
geographical origins for introduced genotypes, as well
as genetic similarities to US accessions, international
samples were collected from locations historically con-
sidered to be potential sources of introduction of US
populations of cogongrass, including Brazil, Japan and
the Philippine Islands. We also included accessions of
the cogongrass horticultural variety ‘rubra’ (Japanese
blood grass) in our study. Although not considered a
noxious weed in most US states, this strain has been
observed to shift to an aggressive invasive phenotype
(material provided by Dr. Leland Cseke) (Bryson & Car-
ter 1993; Cseke & Talley 2012). The species, I. brasilien-
sis, collected in both Dade County, FL, and multiple
sites in Brazil was included in this study to determine
whether hybridization between I. brasiliensis and cogon-
grass has occurred in the United States following intro-
duction and potentially contributed to novel invasive
genotypes (Ellstrand & Schierenbeck 2000). Collector
data are hosted in the Dryad Digital Depository in data
package doi:10.5061/dryad.k2d05.

A minimum of five samples was obtained from each
location. Individual sampled plants were spaced at a
minimum of 5 m apart but on average 10 m. Four to
five leaves approximately 15 cm in length were col-
lected from individual plants and placed into WhirlPak
self-sealing plastic bags (part no. B01009WA; Nasco)
filled with 8%, indicating silica bead desiccant (t.h.e
Desiccant, part no. DX0014-1; EMD Millipore) and
labelled with geospatial coordinates. Leaf samples were
allowed to dry and were stored at room temperature in
a sealed box prior to DNA extraction. A ~1 cm x 6 cm
fragment of a single dried leaf was used for DNA
extraction from each accession.

DNA extraction

Total genomic DNA was isolated using MP Biomedicals
FastDNA Spin Kit in conjunction with the FastPrep
FP120 instrument (Bio 101, Savant). DNA samples were
purified in a 96-well format using the ZR-96 Genomic
DNA Clean and ConcentratortM-5 (Zymo Research) to
reduce contaminants that would potentially interfere
with restriction enzyme digestion. Due to a high con-
centration of silicates in the leaves of cogongrass, we
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made minor modifications to the standard FastDNA
Spin Kit protocol (Appendix S1, Supporting informa-
tion). The resulting RNase-treated DNAs were
quantified using a double-stranded DINA-specific fluores-
cent dye assay (AccuBlue Broad Range dsDNA Quantifi-
cation Kit; Biotium) in 96-well plate format. DNA purity
was assessed using the NanoDropl000 instrument
(Thermo Fisher Scientific). DNA samples from leaf tissue
were re-extracted unless the OD 260/280 ratio was >1.7
and the absorbance maximum at 260 nm.

Genome size estimation

Estimates of genome size and composition are critical
for the development of genotyping strategies based on
restriction endonucleases (Cariou et al. 2013). For exam-
ple, the amount of sequencing required to achieve a
desired depth of coverage per multiplexed sample is
dependent upon genome size and complexity. Imperata
spp- plants used for genome size estimation were
grown in a temperature- and humidity-controlled
growth chamber, approved by APHIS for quarantine to
prevent accidental release of propagules into the envi-
ronment. Healthy young leaves from each plant along
with an internal standard (Oryza sativa L. IR36 or Sor-
ghum bicolor Tx3361) were chopped with a razor blade
in ice-cold woody plant buffer (Loureiro et al. 2007).
The concentration of Triton X-100 in the buffer was
changed from a concentration of 1% (v/v) to 0.2%.
Chopped leaves were filtered through a 54-um nylon
mesh filter. To the filtered buffer, propidium iodide
was added to a final concentration of 50 ppm and
placed on ice. Mean fluorescence of 12 samples from
each Imperata spp. genotype was quantified using the
BD Accuritm C6 flow cytometer (BD Biosciences). The
samples were run in triplicate on each of four indepen-
dent runs. The 2C DNA content of each genotype was
determined by comparing the mean fluorescence of
each Imperata spp. sample to the internal standards.

Genotyping-by-sequencing methodology

DNA samples were genotyped using a restriction endo-
nuclease-assisted, reduced-representation marker sys-
tem called digital genotyping (DG) (Morishige et al.
2013). This method was developed specifically for use
in C4 grasses on the Illumina GAIIx short read sequenc-
ing platform (Illumina). The method incorporates the
use of the methylation-sensitive restriction enzyme Fsel
(GGCCGGICO) to achieve complexity reduction, enrich
for hypomethylated euchromatic genomic regions and
to limit genomic fragments from hypermethylated het-
erochromatic regions, such as repetitive DNA clustered
around centromeres, pseudogenes, transposons and ret-
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rotransposons (Davey et al. 2011). Particularly in grass
species, an abundance of methylation and repetitive
sequences have been observed, which present bioinfor-
matic analysis challenges (Larrinua & Belmar 2008).
This significant hurdle can be bypassed using a methyl-
ation-sensitive restriction enzyme such as Fsel for the
initial restriction enzyme digestion.

After restriction enzyme digestion, samples were
ligated to a set of Illumina-compatible adapters with
individual 4-bp in-line forward-read barcodes. Samples
were pooled and randomly sheared to a 250-300 bp
range using sonication (Covaris® S2) and size-selected
on a 2% agarose gel. Following overhang fill-in, blunt-
ing and 3’ adenylation, the pools underwent ligation
with an Illumina-specific adapter. Pools were PCR-
amplified for 10 cycles using Phusion® High-Fidelity
Polymerase. Single-strand products were obtained and
then PCR-amplified for 8 cycles with Phusion® High-
Fidelity Polymerase to incorporate the Illumina bridge
amplification sequence. Using this multiplex approach,
48 samples were pooled in one lane of the Illumina
GAIIx. Single-end sequencing was carried out for 78
cycles. Detailed information about modifications to this
protocol for use in Imperata spp. is contained in Appen-
dix S1 (Supporting information).

Bioinformatics data processing

FASTQ sequences were trimmed and sorted based on
individual 4-bp barcodes and the partial Fsel restriction
site. Only those sequences having 100% identity to the
barcode and partial restriction site were retained.
Although a reference sequence is not essential for GBS
applications (Willing et al. 2011; Narum et al. 2013), we
had established significant sequence similarity of I. cyl-
indrica to close relative S. bicolor through BLAST (Altschul
et al. 1990) comparisons with microsatellites (Burrell
2009). Additionally, phylogenetic evidence of this rela-
tionship was found in the existing literature (Al-Janabi
et al. 1994; Hodkinson et al. 2002; Roodt-Wilding &
Spies 2006; Bouchenak-Khelladi et al. 2008). Thus, the
fully sequenced and well-annotated S. bicolor genome
was employed as a proxy reference sequence to facili-
tate discovery of single nucleotide polymorphisms
(SNPs) in the Imperata spp. genomes. Filtered reads for
each individual accession were mapped to the S. bicolor
genome sequence (Sb1.4) (Paterson ef al. 2009) and anal-
ysed for SNPs and INDELs using the CLC Bio Genom-
ics Workbench software (versions 5.0.2 and 6.5.1; CLC
Bio). Read mapping parameters were set to insertion
and deletion cost = 3, mismatch cost = 2, 50% minimum
read length required to match the reference and a mini-
mum of 80% similarity between the read and the refer-
ence sequence. Reads that did not align to the S. bicolor
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genome and reads that aligned to more than one posi-
tion in the S. bicolor genome (e.g. repetitive elements)
were discarded.

One potential pitfall of using marker systems, such as
GBS and RAD-seq (without a reference genome), AFLPs
and RAPDs, to characterize samples collected from nat-
ural habitats was the risk of sample contamination from
a variety of organisms, ranging from microbial epi-
phytes, endophytes and pathogens, to residues from
invertebrates and vertebrates residing in the ecosystem.
By employing the S. bicolor genome as a proxy reference
genome, we could ensure that any contaminating
sequences were excluded from the data set at this junc-
ture of analysis.

For SNP detection in the CLC Bio Genomics Work-
bench, the parameters included: a neighbourhood
radius of 5, a maximum gap and mismatch count of 3,
a minimum quality of the SNP base of 20, a minimum
average quality of the nucleotides surrounding the SNP
of 15 and a minimum read coverage for a SNP of 10.
This stringent minimum coverage for each SNP was
applied as a means of differentiating a sequencing error
from a legitimate SNP. To estimate error in sequencing
and SNP calling, a single DNA was genotyped in tripli-
cate on separate lanes on the Illumina GAIIXx.

The data were exported from the CLC Genomics
Workbench in the form of SAM files, and comma-sepa-
rated value formatted tables containing SNPs and
INDELs for each sample. These files were reformatted
for downstream analysis using a series of custom perl
and python scripts. The scripts and descriptions of their
function can be found at the Dryad Digital Depository,
doi:10.5061/dryad.k2d05. The final output file combined
the data for all Imperata spp. samples and contained
SNP/INDEL identity anchored to a specific location in
the S. bicolor genome, as well as the number of reads
for each variant in a .csv format that can be reformatted
for any downstream data analysis software. At no point
in any of the sequence analyses were data imputed.

Data analysis

Sequence data from 449 samples were included in the
final data set for analysis to limit oversampling bias
from heavily sampled populations (1 > 50). Due to the
rhizomatous growth habit and ability to regenerate
from as small as a 2-mm? rhizome fragment, we were
cognizant that clonal reproduction might play a signifi-
cant role in the population-genetic structure of this spe-
cies. Thus, the first step in the analysis was to obtain
estimates of fit to Hardy-Weinberg equilibrium (HWE)
(Table 1). If populations showed significant deviation
from HWE, then widely utilized ancestry-inference
model software programs such as STRUCTURE and ADMIx-

TURE would not be appropriate for the analysis of
clonal data. These programs assume HWE for
functionality (Pritchard et al. 2000; Alexander et al. 2009;
J. K. Pritchard, personal communication, 2013). Because
alleles are not independently assorting through random
mating in clonal populations, the assumption of HWE
is violated (Kamvar ef al. 2014). In addition, loci will
show linkage disequilibrium in clonal populations (de-
Meeus & Balloux 2004).

The software package, GENODIVE, which is broadly
applicable to both diploid and polyploid species as well
as clonal and sexual species (Meirmans & Van Tiender-
en 2004), was used for calculating genetic distance
among samples, population-genetic statistics, principal
coordinates analysis (PCoA), estimates of genetic dis-
tance vs. geographic distance correlation and measures
of potential clonality. To assign individuals to clonal
lineages, we employed a method that uses a frequency
distribution of pairwise distances among individuals to
empirically delineate a distance threshold for member-
ship in the same clonal lineage (Rogstad ef al. 2002;
Douhovnikoff & Dodd 2003; Meirmans & Van Tiender-
en 2004; Arnaud-Haond ef al. 2007a; Tarin et al. 2013).
Because SNP data were employed, an infinite allele
mutation model was used (Meirmans & Van Tienderen
2004). In all analyses, A, C, G, T and INDEL alleles
were weighted equally. Missing data were ignored.
Geographic mapping by genotype was visualized using
ARC-GIS software (ESRI 2011).

To estimate the error rate due to sequencing and vari-
ant calling at all 2320 loci used in the SNP data set, one
DNA sample from a single plant (Marion, OR) was
sequenced in triplicate in separate lanes on the Illumina
GAIlIx instrument.

Results

Genome size of Imperata spp.

The genome sizes for the Imperata spp. accessions analysed
(Table 2) were similar to each other (range 640-667 Mbp)
with the exception of I. cylindrica ‘rubra’ (Japanese blood
grass), which had a larger genome (745 Mbp). Thus, the
genomes of Imperata spp. were smaller than but similar to
that of S. bicolor (818 Mbp) (Johnston et al. 1999; Price et al.
2005). From this data, we concluded that the digital
genotyping and multiplexed sample pooling strategies
developed for S. bicolor were appropriate for use in this
project.

SNP/INDEL marker characterization

Utilization of comparative genomics enabled us to iden-
tify reads with high sequence similarity to S. bicolor,

© 2015 John Wiley & Sons Ltd
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Table 1 Population-genetic parameters of representative cogongrass infestations

Population Clonal lineage  Sample size  Mean alleles/locus  Effective alleles/locus ~ Hp Hg Gis

Aiken SC CL3 9 1.201 1.128 0.123  0.070 —0.748
Harrison MS CL1 39 1.305 1.135 0.112  0.078 —0.445
Pearl River MS CL1 26 1.250 1.134 0.109 0.077 —0.425
Washington, FL CL2 10 1.280 1.149 0.113  0.089 —-0.274
George, MS CL1 25 1.229 1.138 0.111 0.079 —0.404
Jackson, MS CL1 23 1.308 1.144 0.119  0.083 —0.432
Decatur, GA CL1 7 1.268 1.149 0.115  0.091 —0.258
Early, GA CL1 7 1.208 1.137 0.113 0.080 —0.413
Mobile, AL CL1 25 1.282 1.139 0.114  0.080 —0.423
Oktibbeha, MS CL1 7 1.191 1.135 0.121 0.076 —0.586
Dade, FL (I. brasiliensis) CL5 8 1.140 1.089 0.079 0.050 —0.586
St. Lucie, FL CL2 9 1.180 1.120 0.106  0.068 —0.559
Charlotte, FL. CL2 7 1.190 1.122 0.109 0.072 —-0.527
Kuroshio, Japan CL4 7 1.184 1.137 0.134  0.073 —0.826
Kochi, Japan CL1 7 1.247 1.150 0.127  0.089 —0.424
Laguna, Phil. n/a 14 1.310 1.147 0.133 0.084 —0.582
Sape, Brazil (I. brasiliensis) ~ CL5 7 1.190 1.101 0.091 0.061 —0.496

Hp, observed heterozygosity; Hs, expected heterozygosity; Gis, inbreeding coefficient (1 — Ho/Hg).

Table 2 Genomic DNA content of representative plants of
Imperata cylindrica and Imperata brasiliensis clonal lineages. Sor-
ghum bicolor genotype Tx3361 (2C content = 1.67 pg) and Oryza
sativa cultivar IR36 (2C content = 1.08 pg) were used as calibra-
tion standards

2C DNA content

Species pg SE Mbp/1C*  Origin

L cylindrica (CL1) 1.36 0.028 667
I cylindrica (CL2) 1.31 0.026 640
L cylindrica (CL4) 152 0.031 745
L. brasiliensis 1.36  0.03 664

Washington, FL
St. Lucie, FL
Nursery Stock, OR
Dade County, FL

*1 pg = 980 mega base pairs (Mbp) (Cavalier-Smith 1985).

which we could assume originated in the Imperata gen-
ome. This filter allowed us to eliminate any reads that
were of nonplant DNA origin from field-collected
samples. Our hypothesis that reads produced from
sequencing wild-collected leaf tissues might contain
non-Imperata reads was confirmed when individually
barcoded sequences that did not map to S. bicolor were
queried against the NCBI nonredundant nucleotide
database using BLasT (Altschul ef al. 1990). From one
sample alone, collected near the western shore of
Mobile Bay, AL, we observed an abundance of nonplant
alignments. These included some notable examples of
organisms one would expect in the coastal AL pine
savannah ecosystem: halophilic soil microbes, sapro-
phytic fungi, bacteria isolated from feral hog faeces, as
well as plant pathogens affecting rice, sugarcane, corn
and citrus (e-values < E x 1077) (data not shown).

© 2015 John Wiley & Sons Ltd

Approximately 30 Gbp of DNA sequence data was
produced in this study. The average number of filter-
passed reads containing both the partial restriction site
and multiplex identifier barcode was 603 081 reads per
sample. Filter-passed sequences from the Imperata data
set mapped to 25 685 unique loci in the S. bicolor gen-
ome and were polymorphic with respect to the S. bicolor
genome. A subset of 13 291 loci had 5% or less missing
data across the entire sample set. These loci were fur-
ther culled by removing all monomorphic Imperata loci,
leaving a set of 2320 loci that were polymorphic among
the Imperata accessions. These loci were distributed over
each of the ten S. bicolor chromosomes. In the final data
set, the average read depth per marker was 46.7 + 15.0.

Estimate of error rate

Pairwise comparisons of the three resulting data sets of
the sample sequenced in triplicate showed that among
the 6960 (2320 x 3) pairwise nucleotide comparisons,
there were 175 disagreements (data not shown). The
overwhelming majority of these (172) were loci that
were called as homozygous for a particular allele (e.g.
T/T) in a subset of replicates and as heterozygous for
that same allele (e.g. T/C) in the remaining replicate.
Likely causes for this type of error include: (i) a true
heterozygote is called as a homozygote due to inade-
quate sequencing depth, and (ii) substitution error dur-
ing PCR amplification of the GBS library resulting in a
true homozygote being called as a heterozygote. One
locus (chr4_5016663) was homozygous for an INDEL in
one sequencing replicate, but homozygous for a T in
the other two replicates. Another locus (chrl_57965250)
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was called as heterozygous (T/INDEL) in one replicate,
but heterozygous for another allele (A/INDEL) in the
other replicates. There were no homozygous to homo-
zygous nucleotide substitutions (e.g. C/C to T/T).
Across all loci, the overall technical error rate was
2.7 £ 0.7%. While exceedingly low, this technical error
rate was not zero, and thus, it made a positive contribu-
tion to the observed genetic diversity seen among all
samples in the study.

Population-genetic analyses

Across all 449 individuals and 2320 polymorphic loci in
the final data set, the mean number of alleles per locus
was 2.07 &+ 0.011, indicating that most loci had two
alleles, as is commonly the case for SNP and INDEL
loci (Table S1, Supporting information). In our initial
assessment of population-genetic parameters, we
assigned individuals to populations (demes) based on
the location of infestation. For these analyses, we used a
subset of 17 designated populations with sample sizes
of n>7 that included 13 US sites along with four
international sites (from potential source locations) for
comparison (Table 1).

All of the selected populations showed highly signifi-
cant deviations from HWE (P < 0.0001) as a result of
heterozygote excess (inbreeding coefficient, Gis, ranged
from —0.274 to —0.826). An excess of observed hetero-
zygotes (negative values for Fig and Gig) is predicted by
simulations of clonal populations (Balloux et al. 2003)
and is a common observation in natural populations
that exhibit some degree of clonal reproduction (Pap-
pert et al. 2000; Stoeckel et al. 2006; Prugnolle & De
Meetus 2008; Meloni et al. 2013; Hodoki et al. 2014),
including the clonal invasive plants Pueraria lobata (Ku-
dzu) (Pappert et al. 2000) and Arundo donax (Giant
Cane) (Tarin et al. 2013). For these reasons, we exam-
ined the subset of 17 designated populations using
measures of clonal diversity. All had a Nei's genetic
diversity (div) of 1.0, suggesting that a single clone was
present within each population (Nei 1987). As expected,
the genotypic evenness (eve) in all populations was 1.0,
and the Shannon’s Corrected Index (shc) was 0.0 (Chao
& Shen 2003). Although the sample sizes of some of the
populations were quite small, our data showed a clear
and consistent pattern indicative of a highly clonal
mode of reproduction (i.e. vegetative reproduction) in
both the US and international sites.

Assignment of individuals to clonal lineages

Given enough resolution, even purely clonally related
individuals (‘clone mates’) will display measurable lev-
els of genetic diversity as a result of technical sequenc-

ing errors, errors in the computational calling of alleles,
and somatic mutation (Rogstad et al. 2002; Douhovnik-
off & Dodd 2003; Meirmans & Van Tienderen 2004;
Arnaud-Haond et al. 2007a). For this reason, we favour
the use of the term ‘clonal lineages’ as has been sug-
gested previously (Anderson & Kohn 1995; Balloux
et al. 2003; Arnaud-Haond et al. 2007a,b) rather than
‘clones” or ‘MLGs’. Using the empirical method based
on assignment of a clonal threshold to a histogram of
pairwise genetic distances (Meirmans & Van Tienderen
2004), we found that all US samples fell into five clonal
lineages (designated CL1-CL5), while the Japanese sam-
ples fell into two clonal lineages (CL1 and CL4), both
present in the United States. Samples from the Philip-
pine Islands fell into multiple clonal lineages, none of
which were shared with US samples, and were there-
fore dropped from the frequency distribution of pair-
wise distances shown in Fig. 3.

Our distribution of pairwise distances was tri-modal.
The leftmost peak was assumed to be distances between
members of the same clonal lineage (the result of a
composite of technical error and somatic mutation).
Examples of accession comparisons in this peak include
CL1 by CL1 and CL2 by CL2. The mean frequency of
polymorphism among individuals in the leftmost peak
was approximately ~8.7%, suggesting that the observed
divergence due to somatic mutation was on the order
of ~6% (when ~2.7% sequencing error was taken into
consideration). The threshold for clonal assignment was
set at a genetic distance of 341 (corresponding to a
mean polymorphism rate of ~15%). Based on this
assessment, the most geographically widespread clonal
lineage in the United States (designated CL1) was dis-
tributed across the Gulf Coast states and the south-east-
ern United States from TX to NC. CL1 also included
individuals sampled from the Japanese islands of Hon-
shu, Kyushu and Shikoku (distribution in Japan not
shown). A second clonal lineage (CL2) was found pri-
marily in peninsular FL, but also sporadically in north-
ern FL and neighbouring regions of GA and AL as well
as in TX. The geographical distribution of CL2 over-
lapped with that of CL1 in eight of the populations
sampled. A third apparent clonal lineage, CL3, was lim-
ited to a single infestation near the city of Aiken, SC.
The fourth clonal lineage (CL4) included individuals
that had been morphologically categorized by our col-
lectors as invasive and noninvasive forms of Japanese
blood grass from the island of Shikoku, Japan, and from
a number of widespread locations across the United
States. The fifth clonal lineage (CL5) corresponded to
those individuals that had been taxonomically
described as I. brasiliensis, obtained from both the pre-
sumed native range (Brazil) and the southern tip of the
FL Peninsula.

© 2015 John Wiley & Sons Ltd
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Fig. 3 Frequency distribution of pairwise genetic distances between Imperata samples. Genetic distances were calculated as described
by Meirmans & Van Tienderen (2004), using an infinite allele model. This operation calculates the number of mutational steps to con-
vert the genotype of one individual to the genotype of another individual. Histogram includes all study samples except those from
the Philippine Islands. Orange arrows show the observed genetic distances between replicate sequencing trials from the same DNA
sample (same individual, same tissue). Dashed line indicates threshold distance (D = 341) used for assignment of individuals to clo-
nal lineages. The leftmost peak represents distances between members of the same clonal lineage (the result of a composite of techni-
cal error and somatic mutation). The mean frequency of polymorphism among individuals in the leftmost peak was approximately
~8.7%. The middle and rightmost peaks from the frequency distribution were distances between individuals of different clonal lin-
eages. The middle peak represents comparisons between members of clonal lineages that were reasonably closely related. The right-
most peak represents members of clonal lineages that are highly dissimilar.

The middle and rightmost peaks from the frequency
distribution (Fig. 3) were distances between individuals
of different clonal lineages. The middle peak in Fig. 3 rep-
resents comparisons between members of clonal lineages
that were reasonably closely related in the PCoA (Fig. 4).
Examples included comparisons between CL1 and CL2 as
well as comparisons between members of CL3 and CL4.
The rightmost peak in Fig. 3 was populated by pairwise
distances between highly dissimilar clones in the PCoA,
such as CL2 and CL5 (I. brasiliensis), as well as CL1 and
CL4 (Japanese blood grass), illustrated in Fig. 4.

Principal coordinates analysis

To further clarify the taxonomic relationships of Impera-
ta accessions and to quantify the genetic differentiation
among them, we performed a PCoA in GeENoDIVE, which
neither imputes missing data nor sorts accessions into
like groups based on missing data—as is often problem-
atic with other PCoA estimation algorithms (Peakall &
Smouse 2006). The first two coordinates explained 44%
of the variance (Fig. 4). Our PCoA results consistently
mirrored the clonal assignment data. Accessions from
the Philippines were included in this analysis and are
similar to but clearly distinct from CL2. The PCoA
implies some degree of similarity in the Aiken, SC pop-
ulation (CL3) to the horticultural variety, Japanese
blood grass (CL4). However, these were clearly two dis-
tinct clonal lineages.

© 2015 John Wiley & Sons Ltd

Sites with mixed infestation

To investigate potential hybridization between clonal
lineages, we examined 42 samples from eight sites
within the geographic overlap of the distributions of
CL1 and CL2 (Fig. 2) that had mixed infestations. These
sites from northern FL, southern GA, south-eastern AL
and Tyler County, TX, were examined using pairwise
genetic divergence between individuals and PCoA.
Pairwise genetic divergences between individuals and
PCoA are shown in Figs S1 and S2 (Supporting infor-
mation). In these analyses, we found no positive evi-
dence for interclonal hybrids. Similarly, near the town
of Kuroshio, Kochi Prefecture, Japan, infestations of
CL1 and CL4 were located in close proximity, but no
samples of hybrid origin or ancestry were observed.

Geographic pattern of genetic diversity within clonal
lineages

To test the relationship between genetic distance and
geographical distance, we employed Spearman’s non-
parametric regression (Conover & Iman 1981) and Man-
tel test (Smouse et al. 1986) as implemented in GENODIVE
(Meirmans & Van Tienderen 2004). We obtained the fol-
lowing values for CL1: Mantel r = 0.019 (P = 0.297) and
Spearman r = 0.026 (P = 0.223). For CL2, we obtained
the following values: Mantel » = —0.034 (P = 0.332) and
Spearman r = 0.037 (P = 0.280).
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Fig. 4 Principal components analysis of 449 Imperata samples utilized in this study. Principal components 1 and 2 explain 44% of the
observed variation. Axis 1 explains 22.52% of the observed variation. Axis 2 explains 18.77% of the observed variation. Teal samples
were assigned to the Clonal Lineage 1, collected in AL, FL, GA, MS, NC, SC and Japan. Orange samples were assigned to the Clonal
Lineage 2, collected in AL, FL, GA, SC and TX. Tan samples were assigned to accessions collected throughout the Philippine Islands.
Purple samples were assigned to Clonal Lineage 3, collected in SC. Black samples were assigned to the Clonal Lineage 4, collected in
MD, MO, OR, SC and Japan. Green samples were assigned to the Imperata brasiliensis Clonal Lineage 5, collected in FL and Brazil.

Within both clonal lineages (CL1 and CL2), we
observed clusters of samples with highly similar
MLGs, presumably the result of recent common ances-
try, that were widely and discontinuously dispersed
throughout their introduced ranges (Fig. 2). For exam-
ple, samples from a recent infestation in Stanly, NC
(reported May 2013), showed the highest genetic simi-
larity to a set of 11 samples from Harrison County on
the MS Gulf Coast (average genetic dis-
tance = 149.6 & 2.6) and the three samples from Wal-
ton, GA (average genetic distance = 154.4 £ 2.5). These
samples were spread across a south-west to north-east
linear transect of ~920 km. Similarly, a CL1 sample
collected in Tyler, TX, was most highly related to sam-
ples collected in Jackson County, MS (average genetic
distance = 148.8 £ 5.74), approximately 560 km to the
east.

Based on genetic distances, the CL2 component of
infestation in Tyler, TX, was nested within a spatially
noncontiguous sublineage of extremely closely related
genotypes distributed sporadically across regions in
northern FL, south-eastern AL and south-western GA.
Genetic distances within this cluster averaged
45.5 + 14.8, which is similar to the genetic distance
seen among sequencing replicates of the single Marion,
OR, sample (52.7 + 13.9). The signature of this sublin-
eage is prominent as the leftmost peak of Fig. S1 (Sup-
porting information). Again, these results are
consistent with a geographic dispersal pattern that is
highly sporadic in nature, rather than some sort of
‘front’, ‘stepping stone’ or ‘island model’ of dispersal
or gene flow.

Discussion

Clonal reproduction in Imperata cylindrica

One of our key findings using sequence-based markers
was an excess in observed heterozygosity (H,) over
Hardy-Weinberg expectations. One explanation for
excess H, is clonal reproduction. At the point of a shift
to asexual reproduction, any loci that are heterozygous
in the sexual ancestor will be fixed in its asexual prog-
eny. Further, any somatic mutations that occur during
clonal reproduction will affect only one allele at each
locus, leading to the gradual accumulation of heterozy-
gous loci. Such heterozygous loci will be fixed in a clo-
nal lineage, as heterozygosity cannot be eliminated
through sexual processes such as segregation (in theory,
such heterozygosity could be lost through mitotic
recombination and gene conversion) (Klekowski 1997;
Barrett et al. 2008). Indeed, Balloux ef al. (2003) sug-
gested that strict clonality in diploid populations can be
easily detected by heterozygote excess.

Other potential sources of excess H,, include heterozy-
gote advantage (overdominance), heterosis (which
could include broad, allele-independent genomewide
mechanisms) and disassortative mating (e.g. obligate
outcrossing). However, overdominance at one or a few
loci in a sexual population would not explain the
genomewide distribution of excess H, in our study.
Further, overdominance, heterosis and disassortative
mating in a sexual population will all result in more
balanced polymorphism and a higher effective number
of alleles than that observed here (Templeton 2006).

© 2015 John Wiley & Sons Ltd
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Excess in H,, can also occur as the result of a genetic
bottleneck such as an invasion (Cornuet & Luikart
1996). However, this phenomenon is transient, and
expected levels of heterozygosity are restored through
subsequent sexual reproduction. In this study, values
for Gig were similar in putative source locations in
Japan (—0.421, —0.826) and Brazil (—0.496) to what was
found after invasion of the United States (Table 1).
Thus, no signatures of presumed bottlenecks were
discernable as differences in H,,.

Technical errors in sequencing and genotype calling
could also lead to deviations from expected levels of
heterozygosity. In contrast, novel sequences arising
from PCR substitution error during the amplification
phase of GBS library preparation would lead to seem-
ingly novel alleles (and thus heterozygous genotype
calls). To avert this possibility, we only retained alleles
that were present in more than one DNA sample. Given
the low intrinsic error rate of Phusion® High-Fidelity
Polymerase (4.4 x 107 substitutions/base) and the lim-
ited rounds of PCR amplification during library prepa-
ration, a private allele shared by two (or more) samples
is far more likely to reflect actual identity-by-descent
than an artefact caused by parallel PCR errors
(~2 x 1072 per locus). Thus, by employing the conser-
vative measure of eliminating any alleles that were pri-
vate to a single sample, we greatly reduced potential
errors in overestimation of H, (and possibly even
induced errors leading to an underestimation in H,).

Based on these considerations, the excess in H, in all
demes supports a hypothesis in which reproduction in
cogongrass is highly asexual. Much of the observed
genetic diversity among individuals within a purported
clonal lineage may be due to the accumulation of
somatic mutations over many mitotic generations of
vegetative proliferation. We cannot make the conclusion
that cogongrass reproduction is entirely asexual, as this
study was limited to samples in the United States,
Japan, the Philippine Islands and Brazil. In a population
that is dominated by clonal reproduction, it is exceed-
ingly difficult to detect sexual reproduction among
members of the same clonal lineage (Halkett et al. 2005;
Jacquemyn et al. 2006). However, theoretical consider-
ations suggest that even a small amount of sexual
reproduction would greatly reduce heterozygote excess
observed (Balloux et al. 2003). In addition, we did not
observe any hybridization between clonal lineages,
which could be easily detected if present by PCoA
(Hardig et al. 2000; Paul et al. 2010; Haselhorst & Buer-
kle 2013; Pujolar et al. 2014).

Cogongrass has two potential mechanisms for coloni-
zation: inflorescences containing thousands of plumed
seeds and dense rhizomatous growth that is easily
detached from a source plant (Zhang et al. 2010). For
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example, the horticultural variety, Japanese blood grass,
which is facultatively invasive, is solely propagated via
rhizomes (Coile & Shilling 1993; Cseke & Talley 2012).
Over the years, seed viability of cogongrass has been
reported in a spectrum ranging from 95% to 0% (Bryson
& Carter 1993; King & Grace 2000; G. MacDonald, per-
sonal communication; Wilcut et al. 1988). A recent study
showed significant reduction in seed head production
and seed viability to be induced by repeated herbicide
treatment (Aulakh et al. 2014), which is widely prac-
ticed in the United States. In addition, it is possible that
the viable seeds that are produced arise asexually via
apomixis, which is a process observed in its Saccharinae
relatives. Additionally, cogongrass has been classified
as an obligate outcrossing species—a characteristic often
associated with clonality (Vallejo-Marin et al. 2010).
These results, when considered along with our genetic
data, strongly argue against sex as a primary mode of
reproduction in cogongrass in its invaded US range as
well as sampled international ranges.

Multiple clonal lineages of Imperata spp. in the United
States

Our data showed that multiple invasive clonal lineages
of cogongrass have been introduced into the United
States. As of now, these remain limited primarily to the
south-eastern region of the country, but show ecological
potential for range expansion as evidenced by popula-
tions in NC, MD, MO and OR.

CL1 accessions were widely distributed across the
invaded region ranging from NC as far west as TX,
making it by far the most predominant of the five clo-
nal lineages observed. When analysed with samples
from the Honshu, Kyushu and Shikoku islands of
Japan, both clonal assignment and PCoA indicate that
these samples and those from CL1 in the United States
share the same clonal lineage, supporting the anecdotal
suggestions of southern Japan as the proximal origin of
some introductions to the Gulf Coast states.

On the other hand, CL2, which is predominant in the
peninsular region of FL and has more sporadic distribu-
tion in other states, was hypothesized from historical
records to be an introduction from the Philippine
Islands. While our PCoA showed that genotypes of CL2
do share some genetic similarity with samples from the
Philippine Islands, the US and Filipino accessions are
not of the same clonal lineage. However, this does not
preclude that the proximal origin of CL2 is in the Phil-
ippine Islands at a site that has not yet been sampled.

US-collected accessions of CL4 share the same clonal
lineage as samples collected on the island of Shikoku in
Japan. Samples of members of CL1 and CL4 were
collected from nearby infestations in the Kochi prefec-
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ture of Shikoku Island, Japan. However, the PCoA data
indicate that Japanese blood grass (CL4) is not likely a
derivative of CL1. This finding is supported by major
differences in genome size between Japanese blood
grass and other cogongrass genotypes analysed
(Table 2). These data indicate that multiple clonal lin-
eages were likely introduced to Japan. This is supported
by the deviation from HWE in a Japanese study
employing 18 polymorphic microsatellites which
resolved five clonal populations of I. cylindrica (Chiang
et al. 2012). Like cogongrass, I. brasiliensis (CL5) appears
to exhibit highly clonal reproduction. Further, I. brasili-
ensis accessions collected in southern FL, the state of Ba-
hia in Brazil, and in the state of Espirito Santo (800 km
to the south) are all elements of the same clonal lineage.

As we were able trace individual clonal lineages from
suspected sites of origin in Japan and Brazil to the
infested states in the United States, we concluded that
based on the lack of genetic diversity within the intro-
duced clonal lineages of North America and their inter-
national conspecifics, there is a great likelihood that the
reproductive strategy of introduced propagules was clo-
nal at the time of introduction and remained so upon
range expansion in the United States.

Ongoing introductions and dispersal

It is difficult to enumerate how many introductions of
cogongrass to the United States have occurred. New
populations are reported each year, as various outreach
programmes to make the public aware of this destruc-
tive species provide information on how to identify it,
along with easy reporting mechanisms.

Relative to most previous studies of clonal organisms
(e.g. using microsatellites), this work represents an
orders of magnitude increase in the number of markers
employed. As the number of markers and resolution
increase, the traditional concepts of clones and MLGs
lose their utility. For example, the number of MLGs and
apparent clonal diversity both increase with the number
of markers employed (Loxdale & Lushai 2003; Arnaud-
Haond et al. 2005, 2007a). With the use of more than
2000 polymorphic markers, we obtained genetic resolu-
tion of every sampled individual (although ~2.7% of
this variation was due to technical error). For this work,
we used the term ‘clonal lineage’ to describe a group of
highly related individuals, derived from a common
ancestor through largely asexual processes. At this level
of resolution, we were also able to discern possible sub-
lineages of extremely high similarity and likely very
recent common ancestry.

The values obtained by Mantel and Spearman analy-
sis suggest that in both clonal lineages CL1 and CL2,
genetic distances were not correlated with geographic

distances. This finding is consistent with historical evi-
dence of long-distance anthropogenic dispersal of asex-
ual propagules (Baker 1974; Richards et al. 2006). Using
our sequence-based data, we traced the dispersal of sev-
eral of these highly similar sublineages, detected in dis-
contiguous locations in Tyler County, TX (CL1, CL2)
and Stanly County, NC (CL1). Based on the genetic
similarity within these sublineages, we can presume
that they are of very recent origin and have undergone
rapid and extreme geographic dispersal. This pattern,
along with the lack of correlation between genetic and
geographic distances, is consistent with anthropogenic
rather than natural modes of dispersal such as seed dif-
fusion and underground growth of rhizomes (Lonsdale
1999). Large numbers of seeds and tough, sclerous rhi-
zomes of cogongrass are known to be dispersed by
mechanical equipment associated with activities such as
mowing and timber harvesting (Ervin & Holly 2011).
These propagules arrive in novel environments in
which they can take advantage of the lack of estab-
lished stands of cogongrass, typically the disturbed
areas Baker described as environments favourable for
weeds (Baker 1974; MacDonald 2004; Brewer 2008).

Due to limited genetic standing diversity within the
US clonal lineages, it is doubtful that Imperata spp. pos-
sess the evolutionary potential to adapt to a novel and
challenging environment. Because they appear to have
overcome a number of environmental obstacles that
would limit the growth of nonadapted plants (heavy
metals, nutrient stress, heat, drought, saline soils, patho-
gens and mechanical disruption), they represent a truly
‘general purpose [invasive] genotype’ (Baker 1965).

Implications for biocontrol and management

Cogongrass is a significant threat to natural ecosystems,
agriculture and silviculture throughout its introduced
ranges (McDonald 2002; MacDonald 2004; Evans et al.
2007; Daneshgar et al. 2008). The resilience of this spe-
cies in response to herbicides and other conventional
control methods has made it the target of a search for
biological controls. The best control agents are, by nat-
ure, highly host specific. Such agents (e.g. specialized
phytophagous insects) are not only species specific, but
are often ecotype and genotype specific. Thus, popula-
tion-scale genetic analyses of an invasive species are
necessary to determine its suitability as a candidate for
biological control, and to identify effective and host-spe-
cific biological control agents (Arriola & Ellstrand 1996;
Ellstrand & Schierenbeck 2000; Allendorf & Lundquist
2003). Experience has shown that the selection of highly
specific, yet highly effective biological control agents
requires careful matching of the agent to its target,
using geographical, ecological and genetic data (Goo-
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Isby et al. 2006; Friedman et al. 2008; Manrique et al.
2008; Tarin et al. 2013). The strong genetic evidence that
cogongrass is highly clonal and has limited genetic
diversity in its suspected ranges of origin makes it a
promising candidate for biological control, particularly
because it has limited evolutionary potential to develop
resistance to control agents (Burdon & Marshall 1981).
This work provides a foundation for genetically identi-
fying the ultimate geographic sources of invasive co-
gongrass to aid in the search for effective biological
control agents.

A case for comparative genomics for nonmodel
organisms

It is imperative to distinguish sequencing reads gener-
ated from the organism of interest from sequencing
reads obtained from potential contaminating organismal
DNA, which has potential to be a significant source of
error in the form of: (i) ‘novel’ polymorphisms as well
as apparent private alleles in isolated populations, (ii)
inflated estimates of genetic diversity and (iii) a source
of missing data (assuming samples from different geo-
graphical locations would be subject to exposure to dis-
similar organisms of endemic origin based on varying
habitat conditions). With the S. bicolor genome, we were
able to use comparative genomics to readily eliminate
spurious marker data points from nontarget organisms.
While a reference genome is not required for SNP dis-
covery of GBS data, mapping of sample reads to related
organisms is necessary in order to eliminate sources of
error and subsequent erroneous conclusions, as evi-
denced in the non-Imperata reads obtained in our mar-
ker system.

Cogongrass as a model for clonal weed genomics

As a diploid plant with a comparatively compact gen-
ome, cogongrass has attributes to become a useful
model organism for the study of clonal invasive plants
(Stewart et al. 2009). The significant molecular and
genomic resources of its well-studied relatives in the
Saccharinae, which share conservation of gene order in
both nuclear and organellar genomes (Moore et al. 1995;
Kim et al. 2005; Paterson et al. 2009; Ma et al. 2012), will
be of continued utility in the study of Imperata. Remark-
ably, the most invasive relatives of I. cylindrica are poly-
ploid (Sorghum halepense (L.) Pers. and Saccharum
spontanuem L.), with larger and more complex genomes,
which pose greater genomic challenges. The polyploidi-
zation of these two species could be potentially the
result of an adaptive evolutionary event to fix advanta-
geous heterosis through a shift to asexual rhizomatous
colonization (Ellstrand & Schierenbeck 2000; Grivet &
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Arruda 2002; Paterson 2008), whereas our data illustrate
such adaptive events are absent in United States acces-
sions of I. cylindrica. The study of the genetic architec-
ture underlying its extreme invasive success will be
valuable to understanding the functional characteristics
of a strong candidate for Baker’s ‘ideal weed’.
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