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Premise of research. Plants remain underrepresented among species with sequenced mitochondrial genomes
(mitogenomes) because of the difficulty in assembly with short-read technology. Invasive species lag behind crops
and other economically important species in this respect, resulting in a lack of tools for management and land con-
servation efforts.

Methodology. The mitogenome of Microstegium vimineum, one of the most damaging invasive plant species
in North America, was sequenced and analyzed using long-read data, providing a resource for biologists and
managers. We conducted analyses of genome content, phylogenomic analyses among grasses and relatives based
onmitochondrial coding regions, and an analysis of mitochondrial single-nucleotide polymorphism in this invasive
grass species.

Pivotal results. The assembly is 478,010 bp in length and characterized by two large inverted repeats and a large
direct repeat. However, the genome could not be circularized, arguing against a “master circle” structure. Long-
read assemblies with data subsets revealed several alternative genomic conformations, predominantly associated
with large repeats. Plastid-like sequences comprise 2.4% of the genome, with further evidence of class I and
class II transposable element-like sequences. Phylogenetic analysis placed M. vimineum with other Microstegium
species, excluding Leptathera (Microstegium) nudum, but with weak support. Analysis of polymorphic sites across
112 accessions of M. vimineum from the native and invasive ranges revealed a complex invasion history.

Conclusions. We present an in-depth analysis of mitogenome structure, content, phylogenetic relationships,
and range-wide genomic variation inM. vimineum’s invasive US range. The mitogenome ofM. vimineum is typical
of other andropogonoid grasses, yet mitochondrial sequence variation across the invasive and native ranges is ex-
tensive. Our findings suggest multiple introductions to the US over the last century, with subsequent spread, second-
ary contact, long-distance dispersal, and possible postinvasion selection on awn phenotypes. Efforts to produce ge-
nomic resources for invasive species, including sequencedmitochondrial genomes, will continue to provide tools for
their effective management and to help predict and prevent future invasions.
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Introduction

Invasive species cause damage to natural, agricultural, and
urban ecosystems, amounting to billions of dollars in economic
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and environmental loss (Pimentel et al. 2005; Simberloff et al.
2013). Such problems have been exacerbated by climate change
and greater interconnectedness across the globe (Finch et al.
2021). Genomic resources provide practitioners and researchers
with a baseline of powerful tools in medicine, agriculture, and
virtually all areas of the life sciences, yet such tools are generally
lacking for invasive species compared to those in crop and ani-
mal systems (Matheson andMcGaughran 2022). However, the
widespread availability and increasing affordability of genome
sequencing technologies and bioinformatic platforms are chang-
ing the landscape of invasion biology (North et al. 2021). For
example, such advances in genomics are allowingmore nuanced
reconstructions of invasion history (van Boheemen et al. 2017;
Sutherland et al. 2021; Bieker et al. 2022), linking of genotypic
and phenotypic variation (Turner et al. 2021; Revolinski et al.
2023), epigenetics (Banerjee et al. 2019; Mounger et al. 2021),
and forecasting of potential future invasions (Hudson et al. 2021).
Generally speaking, plant mitochondrial genomes (mitoge-

nomes) have experienced less attention than plastid or nuclear
genomes (Mower et al. 2012). This is largely because of their ex-
tensive variability in structural dynamics and repetitive DNA
content, making them difficult targets for complete genomic se-
quencing (Palmer and Herbon 1988; Alverson et al. 2010). This
is in contrast to animal mitogenomes, which evolve rapidly in
terms of substitution rates but are more structurally conserved.
In combination with their smaller size (10–20 kb in animals vs.
100 kb to 110 Mb in plants; Gualberto et al. 2014), animal
mitogenome sequencing is more straightforward than in plants,
making animal mitogenomes significantly better represented
across the Tree of Life. Improvements in long-read sequencing
technology, however, have allowed the assembly of complete
or nearly complete mitogenomes and have renewed interest in
plant mitochondrial genomics (Kovar et al. 2018; Jackman et al.
2020). Analyses of plant mitogenomes have revealed an array
of structures, including circular genomes, substoichiometric cir-
cular structures, linear structures, multichromosomal structures,
andbranched structures (Bendich1993; Sloan2013;Wuet al. 2015,
2022).
Plant mitogenomes typically contain 50–60 genes, including

those encoding protein products (coding DNA sequences [CDS]),
transfer RNAs (tRNAs), and ribosomal RNAs (rRNAs; Gual-
berto et al. 2014). They are also known to contain plastid-like
regions, likely as remnants of both ancient and recent intergeno-
mic transfers and gene conversion events; such regions repre-
sent up to 10.3% of the mitogenome in the date palm Phoenix
dactylifera L. (Fang et al. 2012). Additionally, plant mitoge-
nomes have been demonstrated to house foreign DNA, possibly
remnants of ancient ormore recent close biotic interactions (e.g.,
Rice et al. 2013; Sanchez-Puerta et al. 2017; Sinn and Barrett
2020; Lin et al. 2022).
Grass mitogenomes have received more attention than those

in most other plant families, with 67 complete genomes in Na-
tional Center for Biotechnology Information (NCBI) GenBank,
though more than half of these comprise multiple accessions of
a few crop species (e.g., Hordeum vulgare L., Oryza sativa L.,
Triticum aestivum L., Zea mays L.). However, grass species
are also overrepresented among invasive plant species overall
compared to most other flowering plant families (Daehler 1998;
Kerns et al. 2020), allowing for meaningful comparisons among
invasive and noninvasive species within this ecologically and
economically important family. Only a handful of mitogenomes
have been sequenced for invasive plants (e.g., Silene vulgaris
(Moench) Garcke (Caryophyllaceae)), and most are grasses (e.g.,
Chrysopogon zizianoides (L.) Roberty, Coix lacryma-jobi L.,
Eleusine indica (L.) Gaertn., and Lolium perenne L. (Poaceae)).
Thus, studies of mitochondrial genome dynamics in invasive
plants are in their infancy, as are potential applications in their
effective control. For example, a simulation study by Hodgins
et al. (2009) explored the possibility of incorporating cytoplas-
mic (mitochondrial) male sterility alleles in the control of inva-
sive plants by limiting pollen production. To date, empirical data
and sequenced reference mitogenomes are too few to test the
effectiveness of such approaches more broadly in invasive plant
species, nearly all of which can be categorized as nonmodel
species.

Microstegium vimineum (Trin.) A. Camus (Poaceae: Panicoi-
deae: Andropogoneae; stiltgrass) is an aggressive, established in-
vader of eastern North American forest ecosystems (e.g., Hueb-
ner 2010a; Johnson et al. 2015; Soreng et al. 2022). Likely
introduced as packing material for porcelain in the early 1900s
(Fairbrothers and Gray 1972), this polyploid species (2np20)
has spread to 30 US states and is expanding into Canada, the
northeastern US, and the upper Midwest (Mortensen et al. 2009;
Huebner 2010a, 2010b; Rauschert et al. 2010; Barrett et al.
2022). Further, it is hypothesized that M. vimineum was intro-
duced multiple times in the US, first in the southeastern US,
and later in the Northeast, with subsequent spread and second-
ary contact, providing an apt case study in the genomic dynamics
of the invasionprocess (Novy et al. 2013; Barrett et al. 2022). Re-
cently published plastid and nuclear genomes are now available
for this species (respectively, Welker et al. 2020; Ramachandran
et al. 2021), but a complete mitogenome is lacking. Therefore,
the objective of this study is to assemble a reference mitogenome
forM. vimineum, with the goal of aiding studies of invasion his-
tory, evolution, ecology, and management. We explore genome
structure and content, phylogenetic relationships of Microste-
gium Lindb., and patterns of mitogenomic variation across the
native and invasive ranges with respect to invasion history in
M. vimineum.

Material and Methods

Organellar Genome Sequencing and Assembly

Leaf material was sampled from a growth chamber–grown
accession (seed from Potomac Ranger District, Monongahela
National Forest, West Virginia), flash-frozen in liquid nitrogen,
and stored at 2807C. DNAs/RNAs were extracted, and PacBio
(DNA) and Illumina (DNA and RNA) sequencing were con-
ducted as described in Ramachandran et al. (2021). The soft-
ware seqtk version 1.0-r31 (https://github.com/lh3/seqtk) was
used to randomly subsample PacBio reads (400,000 reads).Mega-
BLAST from the NCBI BLAST1 suite (Camacho et al. 2009)
was conducted with the subsampled read pools against the mi-
tochondrial genome of Sorghum bicolor (L.) Moench (NCBI
GenBank no. NC_008360) in Geneious version 10.0.9 (http://
www.geneious.com/), specifying an e-value of 1e25, keeping
reads 120 kb in length, and binning them into “hits” and “no
hits.” The resulting positive BLAST hits for each set were then
assembled with CANU version 2.2 under default parameters

https://github.com/lh3/seqtk
http://www.geneious.com/
http://www.geneious.com/
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(Koren et al. 2017). The resulting graphs fromCANU (.gfa files)
were inspected in BANDAGE version 0.9.0 (Wick et al. 2015) to
visualize contiguity and coverage of the assemblies. Resulting scaf-
folds were further assembled into a single scaffold in Geneious
using the native overlap-layout-consensus “de novo assembly”
option. Mitochondrial and plastid contigs were identified using
the live annotation feature in Geneious, with the annotations
from S. bicolor (mitochondrial) and an accession ofMicrostegium
vimineum (plastome; accession TK124, GenBank no.MT610045)
at a 70% threshold, respectively. Circlator was used to attempt
to circularize the scaffold (Hunt et al. 2015).

Mitochondrial and plastid contigs were extracted separately
as FASTA files. FLYE was then used to correct the mitochon-
drial and plastid scaffolds with 10 polishing iterations using the
PacBio data (Kolmogorov et al. 2019). The assembly was fur-
ther polished with Illumina data using PILON (Walker et al.
2014). Illumina data (8,605,412 read pairs from accession
WV-PRD-2-4, the same collection used for PacBio sequencing)
were trimmed with BBDUK version 38.51 (https://sourceforge
.net/projects/bbmap) to remove Illumina adapters, low-quality
bases (minimum quality p 6), and low-complexity regions
(minimum entropy p 0.5, maximum GC content p 0.9). Il-
lumina readswere thenmapped to the organellar assemblieswith
NGM (Sedlazeck et al. 2013) to output a .sam alignment file. The
.sam file was then sorted and indexed with SAMTOOLS ver-
sion 1.7 (Li et al. 2009). The PacBio assemblies and sorted .bam
file were then used for error correction/polishing with PILON.

The resulting polished FASTA file was imported into Gene-
ious and annotated using the live annotation feature, at a 75%
similarity threshold, using the mitochondrial annotations from
Coix lacryma-jobi var. ma yuen (Rom. Caill.) Stapf ex Hook. f.
(GenBank accession no. MT471100), S. bicolor (NC_008360),
Oryza sativa (ON854123), Zea mays (CM025451), and Sac-
charumofficinarumL. (MG969496), alongwith the plastid anno-
tation fromM. vimineum (MT610045). Annotations were then
checked visually to confirm proper start/stop codons and to in-
vestigate the presence of premature stop codons, suggesting
misannotations. The annotation was exported from Geneious
as a GenBank Flat File and converted to a feature table with
GB2Sequin (Lehwark and Greiner 2019) via the ChloroBox
portal (https://chlorobox.mpimp-golm.mpg.de). The resulting
feature table was downloaded and manually edited to ensure
the correct orientation of exons in genes containing them. The
annotation (feature table 1 FASTA file) was then submitted to
GenBank though the BankIt web portal (https://www.ncbi.nlm
.nih.gov/WebSub).

Analyses of Repetitive DNA, Plastid-Like DNA,
RNA Editing, and Structural Variation

Geneious was used to identify large, identical repeats11000 bp,
using the native Repeat Finder plug-in (https://www.geneious
.com/plugins/repeat-finder/) and the self-dotplot function, with
a window size of 500 bp and tile size of 100 kb. REPuter (Kurtz
et al. 2001; via https://bibiserv.cebitec.uni-bielefeld.de/reputer/)
was further used to detect repetitive regions 18 bp in length in
forward, reverse, reverse-complement, and palindromic config-
urations (edit andHamming distancesp 0). Plastid-like regions
were identified by annotating the mitogenome with all plastid
genes from M. vimineum (GenBank accession no. MT610045)
in Geneious at a 60% similarity threshold, in order to detect de-
graded or pseudogenized plastid-like sequences. Further, to iden-
tify plastid-like regions not corresponding to annotated genes,
Illumina reads from accession WV-PRD-2-4 (MT610045) were
mapped to the reference mitogenome to identify putative plastid-
like regions with higher than expected coverage depth. These
regions were annotated in Geneious as having 13# standard
deviations in coverage depth relative to the rest of the genome.
RNAseq reads from the same collection, made from young,

developing leaf tissue (NCBI Sequence Read Archive accession
no. SRX12501806), were mapped to the reference genome using
the Geneious read mapper for RNAseq data, and single-
nucleotide polymorphisms (SNPs) were called to identify puta-
tive RNA editing sites for all CDS (e.g., C to U). Minimum
required coverage depth for a SNP was 10#, further requiring
a minimum variant frequency of 0.9, such that only variants
that differed among the RNAseq and DNAseq data were iden-
tified (i.e., the polished reference). Relative expression levels
(transcripts per million [TPM]) were calculated in two ways.
First, all RNAseq reads were mapped to the plastome to filter
plastid reads in Geneious, then the remaining reads were
mapped to the mitochondrial annotation to quantify expres-
sion levels of all mitochondrial CDS. The plastid-like region
annotations were overlaid on the mitochondrial genomes,
and plastid-filtered reads were mapped to assess whether plastid-
like regions of the mitogenome displayed evidence of expres-
sion. All results were plotted in R with the packages dplyr
version 1.0.10 (Wickham et al. 2023), ggplot2 version 3.3.6
(Wickham 2016), and ggpubr version 0.4.0 (Kassambara
2020). To investigate variation in mitogenome structure, eight
random subsets of 200,000 PacBio reads were sampled with
Seqtk and BLASTed against the Sorghum mitogenome (as
above). BLAST hits were assembled with FLYE, and the lon-
gest mitochondrial contigs were mapped to the reference ge-
nome model with the LASTZ version 1.04.22 (Harris 2007)
plug-in for Geneious.

Identification of Transposable Elements and
Foreign-Acquired Sequence

RepeatMasker version 4.1.1 (Smit et al. 2013) was used to
discover and identify transposable elements (TEs) in the
mitogenome assembly, using the RepBase-20181026 database
of Viridiplantae (Bao et al. 2015) and a custom set of 1279 M.
vimineum consensus repeat sequences (Ramachandran et al.
2021). Additional repeat identification tools were used to
screen for the presence of partial or truncated TE sequences
in the mitogenome. HelitronScanner (Xiong et al. 2014) was
used to identify helitrons using 50 and 30 terminal motifs. Min-
iature inverted-repeat transposable elements (MITEs) were de-
tected using the program MiteFinderII (Hu et al. 2018) under
default settings.
Kraken 2 (ver. 2.1.2;Wood et al. 2019) was used to screen for

the presence of interspecific genomic transfers, excluding those
from the plastome. The mitogenome assembly, with repeats
masked and plastid sequences removed, was decomposed into
100-bp segments using the reformat.sh script of the BBMAP suite
(https://sourceforge.net/projects/bbmap/). The resulting 4292
sequences were classified via screening against precompiled
Kraken 2 databases (available via https://benlangmead.github.io

https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
https://chlorobox.mpimp-golm.mpg.de
https://www.ncbi.nlm.nih.gov/WebSub
https://www.ncbi.nlm.nih.gov/WebSub
https://www.geneious.com/plugins/repeat-finder/
https://www.geneious.com/plugins/repeat-finder/
https://bibiserv.cebitec.uni-bielefeld.de/reputer/
http://reformat.sh
https://sourceforge.net/projects/bbmap/
https://benlangmead.github.io/aws-indexes/k2
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/aws-indexes/k2): (1) the PlusPFP database, which contained the
complete genomes of plants, bacteria, archaea, viruses, fungi, hu-
man, andUniVec vectors accessioned inNCBI’s RefSeq database
and (2) the Eukaryotic Pathogen, Vector and Host Informatics
Resource Database (Amos et al. 2022), which contained se-
quences from 389 species. The NCBI taxonomy was used for
the annotation of classified sequences. The default values for k-
mer length (35) and minimizer value (31) were used.

Phylogenomic Analyses Using Mitochondrial CDS

Mitochondrial genomes andmitochondrial proteinCDSwere
downloaded from NCBI GenBank, using the search terms
“Poales,” “mitochondrion,” and “complete.’’ Cocos nucifera
L. (NC_031696) and Phoenix dactylifera (NC_016740) were
chosen as outgroups, as both are members of the palm family
(Arecales) and the commelinid clade, to which Poales also
belongs. Sequence annotations were extracted from Geneious
and aligned with the codon-aware aligner MACSE version 2
(Ranwez et al. 2018). Alignments were then concatenated in
Geneious, and sites with 110% missing data were excluded
(table S1). The final alignment was analyzed with maximum
likelihood under the general heterogeneous evolution on a
single topology (GHOST) heterotachy model (Crotty et al.
2020) in IQTree2 (Minh et al. 2020), which allows mixed
substitution rates and branch lengths. This model is especially
appropriate for lineages such as Poales, which have been shown
in previous studies to exhibit heterotachy in phylogenomic esti-
mates based on organellar DNA (e.g., Givnish et al. 2010;
Barrett et al. 2016). This model approach avoids the need to
partition the data by gene and codon and can accommodate
changes in substitution rates across branches and time.
IQTree2 was run under the GHOST model with 1000 ultrafast
bootstrap pseudoreplicates (Hoang et al. 2018). The resulting
tree file was visualized in FigTree version 1.4.4 (http://tree.bio
.ed.ac.uk/) and editedwith Adobe Illustrator version 26.5 (Adobe
2019).

Assessment of Relationships among Mitochondrial
Haplotypes of M. vimineum

To characterize haploid SNPs in themitogenome, we sampled
112 accessions from both the invasive (n p 74) and native
ranges (Asia, np 38), plus six accessions from different species
of Microstegium as outgroups. Samples were field collected ei-
ther in 2019–2020 (n p 66) or from herbarium specimens
(np 46) dating back to 1934 and as recent as 2010 (appendix).
Total genomic DNAs were extracted via the CTAB method
(Doyle and Doyle 1987) and quantified via Qubit Broad Range
DNA assay (Thermo Fisher Scientific, Waltham, MA). DNAs
were further visualized on a 1% agarose gel to assess degrada-
tion and diluted to 20 ng/mL with nanopure water. Illumina se-
quencing libraries were preparedwith the SparQDNAFrag and
LibraryKit at 2/5 volume (Quantabio, Beverly,MA),which uses
a fragmentase to shear genomic DNA, followed by end repair
and adapter ligation. The shearing step for herbarium-derived
DNAs was reduced to 1 min from 14 min, as these all showed
some level of fragmentation prior to library preparation. Librar-
ies were then amplified with primers matching the adapter se-
quences, adding dual-indexed barcodes (12 polymerase chain
reaction [PCR] cycles). Final, barcoded library concentrations
were determined via Qubit High Sensitivity DNA assay and
pooled at equimolar ratios. Library pools were sequenced on
two runs of 2 # 100 bp Illumina Nextseq2000 (ver. 3 chemis-
try) at the Marshall University Genomics core with samples
from other studies, producing a total of ≈1 billion read pairs
per run.

Reads were processed using a dedicated SNP calling pipeline
(https://github.com/btsinn/ISSRseq; with scripts available at
https://zenodo.org/record/5719146#.Y-EvfnbMKHs; Sinn et al.
2022). Briefly, reads were trimmed and filtered with BBDUK
(http://sourceforge.net/projects/bbmap), withminimum read qual-
ity p PHRED 20, entropy and low-complexity filters set to re-
move reads with !0.1% or 10.9% GC content, k-mer length
set to 18, and the “mink” flag set to 8. The reference genome
was indexed and reads were mapped with BBMAP (https://
sourceforge.net/projects/bbmap/). Here, plastid-like regions and
one copy of each large repeat were removed from the reference
genome to minimize drastic differences in coverage depth and
plastid SNPs being misinterpreted as mitochondrial SNPs. The
resulting .bam files were sorted and PCR duplicates were re-
moved with PICARD (ver. 2.22.8; Broad Institute). SNPs were
called with Genome Analysis Toolkit (GATK) HaplotypeCaller
(Poplin et al. 2017) following GATK best practices (Van der
Auwera et al. 2013; Van der Auwera andO’Connor 2020), here
with ploidy p 1, resulting in .vcf files for all raw and GATK-
filtered variants. The filtered .vcf was then converted to .nexus
formatwith vcf2phylip (Ortiz 2019), keepingonly sites represented
in at least 12 accessions (fig. S2). Phylogenetic analysis was
conducted as above, with the exception that the GHOST
heterotachy model was not used (as variation below the species
level should not be expected to show strong patterns of het-
erotachy). Instead, the best-fit model was selected from the entire
dataset using ModelFinder (Kalyaanamoorthy et al. 2017) un-
der the Bayesian information criterion (BIC).

The annotated mitogenome sequence for M. vimineum
was deposited in NCBI GenBank under accession number
OQ360108. Raw read data used to build the genome (PacBio,
RNAseq), for phylogenomics, and for SNP analysis (DNAseq)
were deposited in the NCBI Sequence Read Archive under
BioProject PRJNA769079. Supplementary files are available at
https://doi.org/10.5281/zenodo.7618370.

Results

Organellar Genome Sequencing and Assembly

The final, polished assembly was 478,010 bp in length
(fig. 1A), with overall GC content at 43.7% (41.3% for protein-
coding sequences, 53.0% for rRNAgenes, and 51.1% for tRNA
genes). The initial assembly resulted in six contigs, three ofwhich
comprised the plastid genome (large and small single-copy re-
gions, inverted repeat [IR]) and three of which comprised the
mitogenome. The latter were assembled into a single contig
based on overlapping ends with the Geneious “de novo” assem-
bler. Despite attempts to circularize the genomewithCirclator, a
single “master circle”model could not be constructed. The final
genome assembly contained two large inverted repeats and a sin-
gle, large direct repeat (DR): IR1 (28,247 bp), IR2 (2380 bp),
and DR1 (6462 bp), respectively. Potential secondary structures

https://benlangmead.github.io/aws-indexes/k2
http://tree.bio.ed.ac.uk/
http://tree.bio.ed.ac.uk/
https://github.com/btsinn/ISSRseq
https://zenodo.org/record/5719146#.Y-EvfnbMKHs
http://sourceforge.net/projects/bbmap
https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
https://doi.org/10.5281/zenodo.7618370
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of the genomemodel are depicted in figure 1B, 1C. One possible
secondary structure (fig. 1B) consists of large and small single-
copy regions (which contain copies of IR2 and DR1) and a large
IR(1). Another possible structure, considering both large IR se-
quences, consists of three single-copy regions, separated by the
two IRs (fig. 1C). Mean coverage depths of the three regions from
figure 1B are: 31# (PacBio) and 42# (Illumina) for IR1 and 23#
(PacBio) and 21# (Illumina) for the both single-copy regions.
Analyses of Repetitive DNA, Structural Variation,
Plastid-Like DNA, RNA Editing, TEs,
and Foreign-Acquired Sequences

The genome assembly contains 32 CDS, three rRNA genes
(rrn), and 27 tRNA genes (trn). In addition to the large repeat
regions above, the mitogenome of Microstegium vimineum
contains numerous smaller repeats (!1000 bp). These include
DRs (880 bp, 262 bp, 164 bp, and 109 bp), IRs (165 bp, 109 bp),
and one repeat with three intervals of 154 bp (forward, for-
ward, reverse). The genome contains eight tandem repeat regions:
(AC)6, (AG)6, (AT)10, (CT)6, (ACTTT)5, and three regions of
(AT)7. Further, it contains 87 dispersed repeats !100 bp in length
in forward/forward orientation (mean lengthp36.3 bp) and 101
in forward/reverse orientation (mean length p 35.0 bp). Com-
parison of repeat content with relatives of M. vimineum within
tribe Andropogoneae reveal similar patterns (fig. 2A): large IRs
(15 kb) are present inM. vimineum (2),Chrysopogon zizanioides
(3), and Coix lacryma-jobi (4). The same is true for large DRs,
which are present in all species:Microstegium (1), Chrysopogon
(1),Coix (2), Saccharum (1), and Sorghum (2). LastZ alignments
revealed seven different structural conformations of theM. vimi-
neum mitogenome based on assemblies from eight random sub-
sets of 200,000 PacBio reads (fig. 2B). Nearly all of the apparent
breakpoints were associated with large DR or IR regions, while
one major breakpoint was associated with a small (109-bp) DR.
Plastid-like sequences comprise 2.4% of the genome. In total,

successfully transferred annotations of plastid genes to the mito-
genome comprised 43 annotations, 17 of which were CDS (fig. 3)
and the remainder ofwhichwere tRNA-like genes. Average percent
similarity for CDS was 78.53 (rangep 39.7) and for trn-like re-
gions was 76.01 (range p 39.2). The three largest annotated
plastid-like regions in the M. vimineum mitogenome correspond
to atpB, psaB, and rpoC1, with percent similarities to their plas-
tomic homologs of 75.3, 73.6, and 70.9, respectively (fig. 3). Sev-
eral plastid-like sequences are also found in the mitogenomes
of other members of tribe Andropogoneae and more broadly
among grasses, including atpB, atpE, ndhK, psaB, psbF, rpl14,
rpl2, rpl23, rpoC1, rps19, and rps2. All plastid-like mitochon-
drial regions inM. vimineum showed evidence of pseudogeniza-
tion relative to their plastid-encodedhomologs, includinghigh levels
of divergence, 50 or 30 truncation, internal stop codons, and frame-
shift insertions or deletions. The only region with an intact reading
frame corresponded to atpE, having three substitutional differences
relative to the plastid copy; two of these were adjacent and resulted
in replacements at codons 3 and4 (L→F andN→H, respectively).
Analyses of gene expression based on RNA-seq data from develop-

ing leaf tissue revealed that over half of all expressed mitochondrial
Fig. 1 A, Linear map of the Microstegium vimineum mitogenome assembly and annotation. Scale p 10 kb. B, Proposed mitogenome second-
ary structural model emphasizing a single large inverted repeat. C, Proposed model emphasizing two large inverted repeats. IR p inverted repeat;
DR p direct repeat; L p length of each region; N# p mean coverage depth of each region in B. Note that the genome in B and C is represented as
a looped or circular structure, but the genome could not be circularized with long-read data.
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Fig. 2 A, Repeat distribution in the mitogenomes of five species of grasses within the tribe Andropogoneae. Points represent repeats scaled by size
shapes represent the orientation of each repeat. B, Alternative conformations of the mitogenome based on LASTZ alignments of assemblies of eight
randomized subsets of PacBio reads, relative to the genome model in figure 1A. IRp inverted repeat; DRp direct repeat; red linesp forward orien-
tation; blue lines p reverse orientation.
Fig. 3 Plastid-like sequences in the mitogenomes of sequenced grass species.
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transcripts were ATP synthase (atp; TPM range p 33,500.5–
327,781.1; fig. 4A, 4B), followed by cytochrome c oxidase
(cox; TPM range p 30,052.4–67,602.3) and NADH dehydro-
genase (nad; TPM range p 5668.2–50,473.9; fig. 4A, 4B). Ex-
pressionwas also detected for plastid-like regions, predominantly
ndhK (TPMp654,340.2) and psaJ (142,073.1; fig. 4C). Together,
these two regions accounted for175%of all putatively expressed
plastid-like regions, despite the former having multiple internal
Fig. 4 A, Location and relative levels of expression (transcripts per million [TPM]) for mitochondrial coding DNA sequences (CDS) and
plastid-like sequences. B, Relative expression levels of mitochondrial CDS. C, Relative expression levels of plastid-like sequences. D, Numbers
of putative RNA editing sites for each mitochondrial CDS (C → U on forward strand or G → A on reverse strand). E, Predicted amino acid changes
at putative RNA editing sites per mitochondrial CDS.
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stop codons and the latter being truncated at the 30 end. There
was evidence of C → U RNA editing among mitochondrial
CDS as well, ranging from one site per gene to 18 sites per gene
(viz. ccmC; fig. 4D). The vast majority of RNA editing involved
replacement substitutions, with SER→ LEU being themost com-
mon type (fig. 4E).
Searches for TE-like sequences recovered 29 hits in

RepeatMasker, including sequences similar to class I retrotrans-
posons (np 14) and class II DNA transposons (np 10; fig. S1).
Class I retrotransposon-like sequences belonged to LTR/Copia
(n p 4; length range p 102–646 bp), LTR/Gypsy (n p 9;
44–1313 bp), and LINE/L1 (n p 1; 108 bp) superfamilies.
Among class II DNA transposon-like sequences, nine were sim-
ilar to DNA/PIF-Harbinger (47–6881 bp), two of which were
16 kb in length (fig. S1). Another class II–like sequence corre-
sponded to the DNA/CMC-EnSpm superfamily (139 bp). Five
TE-like hits were unclassified, ranging from 32 to 2437 bp in
length. Additional searches with HelitronScanner found three
hits for Helitron-like sequences, of 571, 14,875, and 5477 bp.
The first was identified in the spacer region between rps12 and
ccmB, the second between nad4 and nad1 intron 3, and the third
overlapping with cox1. MiteFinderII found three hits of MITE-
like sequences with lengths of 246, 400, and 285 bp. The first
was identified between trnS-GGA and rps7, the second between
trnP-TGG and nad5 (exon 5), and the third between ccmFC and
trnK-TTT (which is duplicated within the largest IR region).
Taken together, 9.05%of theM. vimineummitogenome is com-
posed of TE-like sequences.

Analysis of the mitogenome assembly with Kraken2 sup-
ports a genome that is free from foreign sequences and con-
tamination (fig. S2). Scanning of k-mers comprising 100-bp
segments of the mitogenome against those found in genomes
representing plants, bacteria, archaea, viruses, fungi, UniVec
contaminants, and the human genome resulted in classifica-
tion of 77.52% of k-mers, of which 77.45% were classified
as characteristic of k-mers optimized to the node representing
the hypothesized ancestor of Viridiplantae, 74.44% of Liliopsida,
and 72.3% of Poaceae. The remaining unclassified k-mers rep-
resent either our incomplete knowledge of mitogenomic diver-
sity or the presence of sequences unique to the mitogenome of
this species.

Phylogenomic Analyses Using Mitochondrial CDS

Analysis of 7019 aligned positions across 28 protein-coding
mitochondrial genes (total gaps/missing data contentp 7.2%, to-
tal parsimony-informative charactersp 1955) under the GHOST
heterotachymodel yielded a tree topology with generally high boot-
strap support (BS) values (lnL p 231,000.1643, BIC score p
65,013.6522, total branch/model free parameters p 137; fig. 5A).
.

Fig. 5 A, Maximum likelihood phylogenetic tree based on a 7019-bp alignment of mitochondrial coding DNA sequences (CDS) under the

GHOST heterotachy model. Numbers above branches indicate bootstrap support. Microstegium species are in blue text, with M. vimineum in red
B, Maximum likelihood phylogenetic tree among mitochondrial haplotypes of M. vimineum. Colors indicate regions from which samples were col-
lected: green p Japan; orange p China; purple p Taiwan; red p southeastern US; blue p northeastern US. A p the presence of awned florets (the
lack thereof indicates a lack of awned florets). The numbers on the right list the year each sample was collected; all samples collected prior to 2019
came from herbarium specimens. Three asterisks indicate herbarium specimens.
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Among the families of order Poales, mitochondrial data placed
Typhaceae as sister to Bromeliaceae 1 the remainder of the or-
der (BS p 99). In the latter clade, Xyridaceae were sister to a
clade composed of ((Mayacaceae, (Thurniaceae, (Cyperaceae,
Juncaceae))), (Joinvilleaceae, Poaceae)); all BS p 100 exclud-
ing the sister relationship of (Mayaca, Xyris; BS p 47) and
Mayacaceae as sister of (Thurniaceae, Cyperaceae, Juncaceae;
BS p 77). Within Poaceae, Puelia (Puelioideae) was supported
as sister to the remaining taxa (BSp 100), followed by represen-
tatives of tribes Bambusoideae (Bambusa, Ferrocalamus) and
Pooideae (e.g., Lolium, Triticum, Thinopyrum, Hordeum), but
with a lack of support for the latter subfamilies as sister to one an-
other (BSp 48). Following this, Oryzoideae (Oryza; BSp 100)
was placed as sister to Chloridoideae (Eleusine; BS p 100) and
Panicoideae (BS p 100). Within Panicoideae, Alloteropsis was
sister to a clade comprising members of the subtribe Andropogo-
neae (BSp 99). Within Andropogoneae, (Tripsacum, Zea) were
sister to a clade composed of Sorghum,Microstegium, Saccharum,
Chrysopogon, and Coix (BSp 100), with BSp 92 for the latter.
However, support was generally low within this clade. Lep-
tatherum (Microstegium) nudum (Trin.) C.H. Chen, Kuoh, Chang
Sen & Veldkamp was placed as sister to two accessions of Sor-
ghum, but with no support (BSp 52). Sister to this clade is a clade
of (Coix, Microstegium), but again, with no support (BS p 46).
Among the remaining accessions ofMicrostegium,M. faurei (Havata)
Honda was sister to the rest, but with no support (BS p 52),
while M. vimineum was placed as sister to M. japonicum (Miq.)
Koidz. and an unknown accession ofMicrostegium from Yunnan,
China (BS p 100); the latter specimen was 100% identical to
M. japonicum.

Assessment of Relationships among Mitochondrial
Haplotypes of M. vimineum

Analysis of genome skim datasets for 118 accessions from the
US (invasive) and Asia (native) yielded 3913 mitochondrial var-
iants. Phylogenetic analysis of the data in IQtree2 yielded a tree
with two principal clades corresponding to samples from the in-
vasive range (best-fit model p SYM 1 ASC 1 R5, lnL p
247,277.03, BIC score p 96,588.99, total branch/model free
parameters p 246; fig. 5B). These two clades were sister to a
clade of haplotypes from Japan (from Fukuoka, Shiga, and
Shizuoka), collectively sister to a single haplotype fromNantou,
Taiwan. The first clade containing accessions from the invasive
range was primarily composed of individuals from the south-
eastern US that lack awns (BSp 91). Interspersed among these
invasive-range accessions were several accessions from Japan.
Bootstrap values among individual haplotypes within this clade
were generally low. The second clade was composed primarily
of awned forms from the northeastern US, but this clade as a
whole received weak support (BS p 67). Invasive haplotypes
in this clade were interspersed among those from Japan and
Taiwan, with a single haplotype from China; likewise, support
values were generally low within this clade. There were
exceptions, however: four haplotypes from Tompkins County,
New York, grouped with the predominantly southern clade
(predominantly southern US awnless accessions), whereas six
haplotypes from eastern Tennessee, southern West Virginia,
southern Ohio, and southern Illinois grouped with the predom-
inantly northern clade.
Discussion

Organellar Genome Sequencing and Assembly

We sequenced and analyzed the 478,010-bp mitochondrial
genome of the invasive Microstegium vimineum, revealing a
genome typical of previously sequenced grasses. Grass mito-
genomes represented in NCBI GenBank range from 294 to
740 kb; thus, M. vimineum has a somewhat average genome
size with gene content typical of other grasses. Overall, gene
space occupies 13.2% of the genome, followed by TE-like se-
quence (9.05%) and plastid-like sequence (2.4%), leaving
75.3% as unknown.
Analyses of Repetitive DNA, Structural Variation, Plastid-Like
DNA, RNA Editing, TEs, and Foreign-Acquired Sequences

As observed in othermitogenomes, both large (i.e.,11000 bp)
and small direct and indirect repeats are present inM. vimineum
(figs. 1, 2). Further, these repeats are associated with putative
isomeric variants, which argues against the existence of a master
circle (figs. 1, 2; Sloan 2013). In fact, the genome could not be
circularizedwith PacBio or Illumina reads, casting further doubt
on the existence of a single circular structure. Insertions of plastid-
like DNA regions, many of which are divergent from their
homologs in the plastid genome of M. vimineum, suggest that
many of these regions may be considered “ancient” transfers,
while some others either may have occurred more recently or
are the result of “copy correction” via gene conversion (fig. 3A;
Sloan andWu2014). The total extent of plastidDNA content de-
tected in the mitogenome species is not extreme (2.4% compared
to 110% in the palm Phoenix dactylifera; Fang et al. 2012) but is
similar to that in other grasses (e.g., Clifton et al. 2004). The ap-
parent expression of some of these regions presents a conundrum,
as our evidence suggests that these are nonfunctional, lacking in-
tact open reading frames.One possible explanationwould be that
these plastid-like regions lie within expressed cistrons and thus
are transcribedbut potentially spliced out or theirRNAsmodified
after transcription (Cardi et al. 2012). Previous research has
shown that most of the mitogenome can be transcribed, and that
extensive posttranscriptional modification produces the mature
transcripts (Holec et al. 2006; Ruwe et al. 2016). RNA editing
was also observed within CDS of M. vimineum, a common fea-
ture of both organellar genomes in plants; this process is likely es-
sential for proper gene expression and further may preserve the
integrity of secondary structure in organellar genomes (e.g., Maier
et al. 1996). It should be noted that only a single tissue type (young
developing leaf tissue) from a single individual was included here,
and thus the need remains for gene expression studies across tissue
types, developmental stages, and environmental conditions to ex-
plore the transcriptional landscape in this invasive species.
Integration of nuclear-derived TE-like sequences provides a

partial explanation for plant mitochondrial genome size expan-
sion (Marienfeld et al. 1999; Mower et al. 2012; Zhao et al.
2018). Previous research on Arabidopsis thaliana (L.) Heynh.,
Citrullus lanatus (Thunb.) Matsum. & Nakai, Cucurbita pepo
L., Ligustrum quihoui Carrière, and Elymus sibiricus L. has
reported that ≈1%–6% of their respective mitogenomes are
nuclear-derived TE-like sequences (Knoop et al. 1996; Alverson
et al. 2010; Yu et al. 2020; Xiong et al. 2022). Although
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9.05% of the mitogenome of M. vimineum is occupied by sim-
ilar TE-like sequences (fig. S1), the majority of these duplicated
sequences are fragmentary. These results indicate frequent and
independent DNA transfers from nuclear to mitochondrial ge-
nome and that the fragmented copies could have been generated
from former complete sequences that later became degraded, that
they originated from incomplete transposition events, or that they
were scrambled by intramolecular recombination—frequent in
plant mitogenomes (Knoop et al. 1996; Notsu et al. 2002). Re-
gardless, the landscape of TE-like sequences in plant mitogenomes
is not well explored.
An absence of sequence from distantly related plant lineages,

or other lineages in general, suggests that the mitogenome ofM.
vimineum is free of foreign sequence, that foreign sequence is too
recombined to identify, or that k-mers present are highly unique
and are not contained in the genomes included in our analyses
(fig. S2). We find the latter two explanations unlikely, given the
broad range of lineages represented in our Kraken2 databases. Ad-
ditionally, none of the k-mers from our assembly were classified
when searched against the Eukaryotic Pathogen, Vector and Host
Informatics ResourceDatabase. Taken together, these results char-
acterize amitogenomic assembly that is free of confounding artifac-
tual contamination resulting from interactions in the lab or during
necessary bioinformatic components of our work.

Phylogenomic Analyses Using Mitochondrial CDS

Microstegium species, including M. vimineum, are clearly
placed within the grass tribe Andropogoneae based on mito-
chondrial data (fig. 5A). Our analysis of mitochondrial coding
regions suggests a close relationship among most of the Micro-
stegium species sampled here, with the exclusion of Leptathera
nudum (formerly placed in Microstegium) and possibly M.
faurei; the latter was placed as sister of M. ciliatum (Trin.) A.
Camus, M. glaberrimum (Honda) Koidz, M. japonicum, and
M. vimineum, but with no support. This is in contrast to other
studies based on plastid DNA in which species ofMicrostegium
occupy different clades within the Andropogoneae, though the
level ofMicrostegium spp. sampling in those studies and the lack
of available mitogenomes across Andropogoneae in the current
study are insufficient for confident placement of the different
species. Lloyd Evans et al. (2019) placed M. vimineum with
moderate support as sister to Polytrias Hack. and two species
of SorghastrumNash, all of which are sister to a clade composed
of Miscanthus Andersson and Saccharum spp. based on five
low-copy nuclear genes. In that study,M. vimineum is estimated
to have diverged from a common ancestor with Polytrias and
Sorghastrum between 7 and 10.5 million years ago, but sam-
pling included onlyM. vimineum from the genusMicrostegium.
Data from complete plastid genomes placedM. vimineum as sis-
ter to two genera:Kerriochloa, with a single speciesKerriochloa
siamensisC. E. Hubb (Thailand, Vietnam), and Sehima Forssk.,
comprising five species fromAfrica, Asia, and Australia (Welker
et al. 2020). But again,M. vimineumwas the only representative
of Microstegium sampled.
Chen et al. (2009, 2012) conducted a phylogenetic analysis

and taxonomic treatment ofMicrostegium based on nuclear in-
ternal transcribed spacer sequencing andmorphology.Our find-
ings of L. nudum as sister of Sorghum, with other species of
Microstegium occupying a different clade (more closely allied
with Coix) are generally in agreement with these previous stud-
ies, but with some key differences. First, Chen et al. (2012) iden-
tify two clades, a nudum clade (japonicum, nudum, somae (Hayata)
Ohwi) and a vimineum clade (ciliatum, faurei, geniculatum, vimi-
neum). In our phylogenetic analysis, onlyL. nudum (formerly in-
cluded inMicrostegium) grouped outside the main clade ofMicro-
stegium, but support overall for the latter is weak (fig. 5A).
Further,M. vimineumwas strongly supported as sister toM. ja-
ponicum and an unknown species ofMicrostegium (BSp 100),
whereas the analysis of Chen et al. (2012) placed M. vimineum
as sister to M. ciliatum, but with low support (BS p 69). The
placement ofL. nudum, while not strongly supported, does lend
some credibility to the decision to recognize this species as a
member of a separate genus outside of Microstegium. Though
the taxon sampling of mitogenomes in the current study is not
comprehensive, it does represent the largest amount of data an-
alyzed to date on the taxonomic status of the genus.

Based on our analysis and previous studies, it is indeed possi-
ble thatMicrostegium is polyphyletic, perhaps reflecting a com-
plex, reticulate history of allopolyploidy that is broadly ob-
served among the Andropogoneae (e.g., Estep et al. 2014;
Hawkins et al. 2015; Arthan et al. 2017; Ramachandran et al.
2021). Microstegium vimineum is a known polyploid, with
2np20 chromosomes, twice that of the base number of
2np10 in Andropogoneae (Watson and Dallwitz 1992). Fur-
ther, analysis of the recently published chromosome-level nuclear
genome of M. vimineum revealed strong evidence of a paleo-
polyploidy event, with about one-third of all nuclear genes pres-
ent as duplicate copies (Ramachandran et al. 2021). Further,
comparative analysis of terminal repeats of TEs throughout the
nuclear genome, calibrated to a grass-specific TE divergence rate
(Ma andBennetzen 2004), revealed a burst of TE activity roughly
1–2million years ago, possibly coincidingwith genomic shock as-
sociated with a polyploidy event (Ramachandran et al. 2021).
This warrants further study with dense taxon sampling across
the tribe, including multiple species and accessions of Microste-
gium, and employing genome-wide plastid, mitochondrial, and
nuclearmarkers to test hypotheses of allopolyploid originswithin
the currently circumscribed Microstegium and other genera.

Assessment of Relationships among Mitochondrial
Haplotypes of M. vimineum

Patterns of mitogenomic SNP variation within M. vimineum
reveal a complex invasion history (fig. 5B). The finding of a pre-
dominantly northern awned clade and a southern awnless clade
mirrors that based on nuclear SNP data (Barrett et al. 2022) and
plastid data (C. W. Corbett et al., unpublished data). Further,
there is evidence of multiple invasions and subsequent establish-
ments from the native range, with a likely initial successful awn-
less invasion in the southeastern US and at least one more suc-
cessful invasion in the northeastern US of the awned form,
likely in eastern Pennsylvania. Because this species was used as
packing for shipments from Asia, it is plausible for multiple
invasions to have occurred, perhaps bearing higher than expected
genetic diversity (i.e., contrasted with expectations of a severe ge-
netic bottleneck upon a single invasion) if seeds from multiple
plants continually became established (e.g., Sakai et al. 2001;Kolbe
et al. 2004; Frankham 2005; Dlugosch and Parker 2008; Suth-
erland et al. 2021). Further, there is evidence that each putative
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invasion and subsequent spread led to long-distance dispersalwith-
in the invasive range over the last century, with southernmitotypes
present as far north as central-westernNewYork State (i.e., Tomp-
kins County, New York) and northern mitotypes present as far
south as eastern Tennessee (fig. 5B). Indeed, samples collected in
2020 from the original site where stiltgrass was collected 101 years
before (Knox County, Tennessee) revealed a mix of northern and
southern mitotypes, suggesting that this species has been dispersed
extensively over the past few decades via anthropogenic activity.
This is significant, as such long-distance dispersalmay lead to rapid
admixture of previously separated genotypes from the native
range, allowing the genomic potential for rapid adaptation to local
conditions (Verhoeven et al. 2010; Rius and Darling 2014) and
thus presenting a mechanism for increased invasive potential over
time (Dlugosch and Parker 2008; Keller andTaylor 2010; Dlugosch
et al. 2015; Sutherland et al. 2021).

There is evidence thatM. vimineum has experienced rapid ad-
aptation after becoming established in the invasive range, in
terms of flowering phenology across a latitudinal gradient,
and growth/reproductive advantages of invasive populations
compared with those in the native range, in line with the evolu-
tion of increased competitive ability hypothesis (Flory et al.
2011; Novy et al. 2013; Huebner et al. 2022). Barrett et al.
(2022) suggested that this may further extend to selection in
the invasive range for different awn phenotypes. In the eastern
US, there is a strong latitudinal pattern of awnless forms in the
South, long-awned forms in the North, and intermediate- or
short-awned forms at midlatitudes. A similar but relatively weaker
patternwas observed in Asia, with both awned and awnless pheno-
types intermixed at low- and midlatitudes but a predominance of
awned forms at higher latitudes. Awns are hypothesized to aid in
microsite dispersal andburial viahygroscopicmovement, effectively
drilling the seed-containing floret into the seed bank (Cavanagh
et al. 2020). Awns are expected to play a role in seedling burial
and increased survival from frequent and intense soil freezing
events at higher latitudes. Our mitochondrial SNP analysis
(fig. 5B) and previous analysis of nuclear SNP variation (Barrett
et al. 2022) support a scenario consistent with intensified, post-
invasion selection for awn phenotypes in the eastern US, favor-
ing awnless forms at lower latitudes and awned forms at higher
latitudes. Habitat filtering may have also played a role (Weiher
and Keddy 1995) by selecting which phenotypes were successful
in their initial invasions, with a higher likelihood of successful
invasion hypothesized in the South by awnless forms and in the
North by awned forms. We are currently conducting burial, ger-
mination, and seed survival experiments to test hypotheses on se-
lection for awns and associated phenotypes in the invasive range.

Genome sequencing efforts in invasive plant species are in their
infancy but hold great potential for the identification, phylogenetic
placement, evolutionary ecology, and management of these spe-
cies. High-quality genome sequences and annotations provide much-
needed baseline data, enabling subsequent studies of invasion
routes, invasion history, and other diverse applications in inva-
sion biology. Here we have sequenced a reference mitogenome
forM.vimineum, one of themost invasive plants in easternNorth
America, to aid in such future studies. While characterizing ge-
nome structure and content, we also corroborated recent studies
on the complex invasion history and spatiotemporal patterns of
mitogenomic variation in the native and invasive ranges. Most
importantly, such genomic resources will aid in efforts to predict
ongoing patterns of spread within this species and responses to
climate change and possibly help predict future threats fromother
invasive species, allowing genomics-informed forecasting.
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Leptatherum nudum (Trin.) C.H. Chen, Kuoh, Chang Sen & Veldkamp, M-nudum-CHN-Hubei-1980-83-S44, n/a, Hubei,
China, 1980, CM, Bartholomew et al., s.n.;Microstegium vimineum (Trin.) A. Camus, CHN-Jiangxi-1983-12-S7, n/a, Jiangxi, China,
1983, CM, Yao, 8711; Microstegium vimineum (Trin.) A. Camus, 111-JPN-Fukuoka-KS630-S9, n/a, Fukuoka, Japan, 2019,
WVA, Suetsugu, 630; Microstegium vimineum (Trin.) A. Camus, 115-JPN-Fukuoka-KS636-S11, n/a, Fukuoka, Japan, 2019,
WVA, Suetsugu, 636; Microstegium vimineum (Trin.) A. Camus, 116-JPN-Fukuoka-KS637-S12, n/a, Fukuoka, Japan, 2019,
WVA, Suetsugu, 637; Microstegium vimineum (Trin.) A. Camus, 117-JPN-Fukuoka-KS638-S13, n/a, Fukuoka, Japan, 2019,
WVA, Suetsugu, 638; Microstegium vimineum (Trin.) A. Camus, 118-JPN-Fukuoka-KS639-S14, n/a, Fukuoka, Japan, 2019,
WVA, Suetsugu, 639; Microstegium vimineum (Trin.) A. Camus, JPN-Fukuoka-1-109-S58, n/a, Fukuoka, Japan, 2019, WVA,
Suetsugu, 633; Microstegium vimineum (Trin.) A. Camus, JPN-Fukuoka-KS627-30-S17, n/a, Fukuoka, Japan, 2019, WVA,
Suetsugu, 627; Microstegium vimineum (Trin.) A. Camus, JPN-Fukuoka-KS634-31-S18, n/a, Fukuoka, Japan, 2019, WVA,
Suetsugu, 634; Microstegium vimineum (Trin.) A. Camus, JPN-Fukuoka-KS635-32-S19, n/a, Fukuoka, Japan, 2019, WVA,
Suetsugu, 635; Microstegium vimineum (Trin.) A. Camus, JPN-Shizuoka-KS604-67-S28, n/a, Fukuoka, Japan, 2019, WVA,
Suetsugu, 604; Microstegium vimineum (Trin.) A. Camus, JPN-Hyogo-KS595-24-S11, n/a, Hyogo, Japan, 2019, WVA, Suetsugu,
595; Microstegium vimineum (Trin.) A. Camus, JPN-Hyogo-KS599-25-S12, n/a, Hyogo, Japan, 2019, WVA, Suetsugu, 599;
Microstegium vimineum (Trin.) A. Camus, JPN-Kagoshima-KS624-28-S15, n/a, Kagoshima, Japan, 2019, WVA, Suetsugu, 624;
Microstegium vimineum (Trin.) A. Camus, JPN-Kagoshima-KS626-29-S16, n/a, Kagoshima, Japan, 2019, WVA, Suetsugu, 626;
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PA-Berks-1957b-S41, Berks, Pennsylvania, USA, 1957, PH, Wilkens, 9182; Microstegium vimineum (Trin.) A. Camus, PA-
Berks-1959-S43, Berks, Pennsylvania, USA, 1959, PH, Berkheimer, 19765; Microstegium vimineum (Trin.) A. Camus, PA-Montgomery-
1959-S42, Montgomery, Pennsylvania, USA, 1959, PH, Wherry, sn; Microstegium vimineum (Trin.) A. Camus, PA-Fulton-
1995-79-S40, Fulton, Pennsylvania, USA, 1995, CM, Grund, 1392; Microstegium vimineum (Trin.) A. Camus, PA-ALLE-1-1-S7,
Allegheny, Pennsylvania, USA, 2020, WVA, Kuebbing, PA-ALLE-1-1; Microstegium vimineum (Trin.) A. Camus, PA-BUT-1-1-
S16, Butler, Pennsylvania, USA, 2020, WVA, Heberling, PA-BUT-1-1; Microstegium vimineum (Trin.) A. Camus, PA-MONT-1-
1-S3, Montgomery, Pennsylvania, USA, 2020, WVA, Moore, PA-MONT-1-1; Microstegium vimineum (Trin.) A. Camus, PR-
ElVerdeExSta-1966-52-S23, Rio Grande, Puerto Rico, USA, 1966, BRIT, Duncan, sn; Microstegium vimineum (Trin.) A. Camus,
TN-Anderson-1934-53-S24, Anderson, Tennessee, USA, 1934, TENN, Jennison, 4360; Microstegium vimineum (Trin.) A. Camus,
TN-Anderson-1934-S61, Anderson, Tennessee, USA, 1934, BRIT, Jennison, 3348; Microstegium vimineum (Trin.) A. Camus, TN-
Knox-1934-S65, Knox, Tennessee, USA, 1934, TENN, Miller, 3482; Microstegium vimineum (Trin.) A. Camus, TN-Knox-1936-
16-S9, Knox, Tennessee, USA, 1936, MO, Jennison, 260; Microstegium vimineum (Trin.) A. Camus, TN-Roane-1956-S66, Roane,
Tennessee, USA, 1956, TENN, Norris & DeSelm, 21779; Microstegium vimineum (Trin.) A. Camus, TN-Bount-1961-S62, Blount,
Tennessee, USA, 1961, TENN, Pringle, 29862; Microstegium vimineum (Trin.) A. Camus, TN-Knox-1970-S74, Knox, Tennessee,
USA, 1970, TENN, Somers & Bowers, 81; Microstegium vimineum (Trin.) A. Camus, TN-Roane-1974-80-S41, Roane, Tennessee,
USA, 1974, CM, Hedge, 50096; Microstegium vimineum (Trin.) A. Camus, TN-Carrol-2007-S71, Carrol, Tennessee, USA, 2007,
TENN, Crabtree & McCoy, sn; Microstegium vimineum (Trin.) A. Camus, TN-Cheatham-2010-S68, Cheatham, Tennessee, USA,
2010, TENN, Klagstad, 432; Microstegium vimineum (Trin.) A. Camus, TN-KNO-3C-2-1-S22, Knox, Tennessee, USA, 2020,
WVA, Barrett, TN-KNO-3C-2-1-S22; Microstegium vimineum (Trin.) A. Camus, TN-KNO-3C-2-6-B-S44, Knox, Tennessee,
USA, 2020, WVA, Barrett, TN-KNO-3C-2-6-B-S44; Microstegium vimineum (Trin.) A. Camus, TN-KNO-7I-2-1-B-S47, Knox,
Tennessee, USA, 2020, WVA, Barrett, TN-KNO-7I-2-1-B-S47; Microstegium vimineum (Trin.) A. Camus, TN-KNO-HP-1-1-A-
S24, Knox, Tennessee, USA, 2020, WVA, Barrett, TN-KNO-HP-1-1-A-S24; Microstegium vimineum (Trin.) A. Camus, TN-
KNO-HP-1-1-B-S45, Knox, Tennessee, USA, 2020, WVA, Barrett, TN-KNO-HP-1-1-B-S45; Microstegium vimineum (Trin.) A.
Camus, TN-KNO-HP-1-6-A-S25, Knox, Tennessee, USA, 2020, WVA, Barrett, TN-KNO-HP-1-6-A-S25; Microstegium vimineum
(Trin.) A. Camus, TN-KNO-HP-1-6-B-S46, Knox, Tennessee, USA, 2020, WVA, Barrett, TN-KNO-HP-1-6-B-S46; Microstegium
vimineum (Trin.) A. Camus, TN-LPG-1-1-S59, Greene, Tennessee, USA, 2020, WVA, Barrett, TN-LPG-1-1-S59; Microstegium
vimineum (Trin.) A. Camus, VA-Fairfax-1986-S80, Fairfax, Virginia, USA, 1986, TENN, Fosberg, 65307; Microstegium vimineum
(Trin.) A. Camus, 206-VA-Bath-1-4-S8, Bath, Virginia, USA, 2019, WVA, Barrett, VA-BATH-1-4; Microstegium vimineum (Trin.)
A. Camus, VA-SG-2-1-S49, Smyth, Virginia, USA, 2020, WVA, Barrett, VA-SMYTH-2-1; Microstegium vimineum (Trin.) A.
Camus, VA-SG-2-6-S50, Smyth, Virginia, USA, 2020, WVA, Barrett, VA-SMYTH-2-6; Microstegium vimineum (Trin.) A. Camus,
WV-Fayette-1977-105-S54, Fayette, West Virginia, USA, 1977, WVA, Grafton, sn; Microstegium vimineum (Trin.) A. Camus,
104-Cabell-Boone-WV-1987-S7, Cabell, West Virginia, USA, 1987, WVA, Cusick, 27164; Microstegium vimineum (Trin.) A.
Camus, WV-Fayette-1997-103-S53, Fayette, West Virginia, USA, 1997, WVA, Grafton, sn; Microstegium vimineum (Trin.) A.
Camus, WV-Calhoun-2000-96-S52, Calhoun, West Virginia, USA, 2000, WVA, Grafton, sn; Microstegium vimineum (Trin.) A.
Camus, 99-WV-Clay-2002-S6, Clay, West Virginia, USA, 2002, WVA, Grafton, sn; Microstegium vimineum (Trin.) A. Camus,
WV-Hardy-2003-107-S56, Hardy, West Virginia, USA, 2003, WVA, Grafton, sn; Microstegium vimineum (Trin.) A. Camus,
WV-Harrison-2007-106-S55, Harrison, West Virginia, USA, 2007, WVA, Grafton, sn; Microstegium vimineum (Trin.) A. Camus,
WV-Marion-2007-145-S74, Marion, West Virginia, USA, 2007, WVA, Grafton, sn; Microstegium vimineum (Trin.) A. Camus,
WV-SR-2-3-225-S85, Preston, West Virginia, USA, 2019, WVA, Huebner & Barrett, WV-SR-2-1; Microstegium vimineum (Trin.)
A. Camus, WI-LAC-2-1-S8, LaCrosse, Wisconsin, USA, 2020, WVA, Molano-Flores, WI-LAC-2-1; Microstegium vimineum (Trin.)
A. Camus, WI-LAC-2-2-S9, LaCrosse, Wisconsin, USA, 2020, WVA, Molano-Flores, WI-LAC-2-2.
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