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Abstract

New and comprehensive collections of the perennial rhizomatous reed canary grass (Phalaris arundinacea) were
made in NW Europe along north-to-south and east-to-west clines from Denmark, Germany, Ireland, Poland,
Sweden and the United Kingdom. Rhizome, seed and leaf samples were taken for analysis and genetic resource
conservation. A subsample covering the geographical range was characterized using plastid genome sequencing
and SNP discovery generated using a long-read PCR and MiSeq sequencing approach. Samples were also sub-
ject to flow cytometry and all found to be tetraploid. New sequences were assembled against a Lolium perenne
(perennial ryegrass) reference genome, and an average of approximately 60% of each genome was aligned
(81 064 bp). Genetic variation was high among the 48 sequenced genotypes with a total of 1793 SNPs, equating
to 23 SNPs per kbp. SNPs were subject to principal coordinate and Structure analyses to detect population
genetic groupings and to examine phylogeographical pattern. Results indicate substantial genetic variation
and population genetic structuring of this allogamous species at a broad geographical scale in NW Europe with

plastid genetic diversity organized more across an east-to-west than a north-to-south cline.
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Introduction

Phalaris arundinacea, or reed canary grass, is a C3 photo-
synthetic perennial patch-forming species with circum-
polar boreotemperate distribution (Anderson, 1961;
Casler et al., 2009a). It is important for grazing but has
also come under scrutiny as a biomass and bioenergy
crop (Gyulai et al., 2003; Lewandowski et al., 2003; San-
derson & Adler, 2008; Wrobel ef al., 2009; Kukk et al.,
2011). It is native to Asia, Europe and North America
and is believed to have been cultivated in Europe since
the mid-18th century, starting in Scandinavia (Alway,
1931; Sahramaa, 2004). It is also widely naturalized out-
side its native range (Jakubowski et al., 2013; Voshell &
Hilu, 2014) and populations from Europe were intro-
duced to North America after European colonization
and have mixed with native populations (Casler ef al.,
2009a; Waggy, 2010). In fact, agricultural expansion
combined with hybridization of multiply introduced
Eurasian genotypes has increased genetic variability of
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the species in North America (Lavergne & Molofsky,
2007; Lavergne et al., 2010).

Reed canary grass is an outbreeding species with
good dispersal ability (Nelson et al., 2013; Voshell &
Hilu, 2014). In addition to seed dispersal, it can also
spread via extensive rhizome systems and can dominate
large areas with a dense broad-leaved canopy. It is also
very deep rooted, a trait that allows it to occupy appar-
ently dry areas in open ground. It tolerates flooding and
can grow in shallow water due to increased aerenchyma
in its roots (Cope & Gray, 2009; Jorgensen et al., 2012).
Its closest relatives are P. caesia, P. rotgesii and P. lindigii
(which are sometimes considered conspecific), but it is
also closely allied with P. aquatica, P. minor, P. maderen-
sis, P. coerulescens, P. appendiculata and P. paradoxa in a
lineage with x =7 as its basic chromosome number
compared with some other Phalaris that have x = 6 (Fer-
reira et al., 2002; Quintanar et al., 2007; Voshell et al.,
2011; Voshell & Hilu, 2014).

Phalaris arundinacea has traditionally been used for
grazing, hay production and soil conservation and has a
popular ornamental variegated variety (var. picta). It has
attracted attention as a bioenergy feedstock because of
its high biomass yields and broad adaptation to a wide
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range of habitats including wetlands, stream banks, pas-
tures, damp woodland, forest margins and disturbed
areas. It thrives in a range of soils but particularly in
clays and is rarely found in soils below a pH of 5 (Cope
& Gray, 2009). It is therefore a prime candidate species
for growth on marginal land that is unsuitable or unpro-
ductive for other agricultural uses. The challenge is to
develop new high yielding genotypes suitable for
growth in a range of habitats and on marginal land (Jing
et al., 2012; Nijsen et al., 2012; Hodkinson et al., 2015).

Biomass yield and stress tolerance are key limiting
factors for the production of P. arundinacea as a bioen-
ergy feedstock (Casler et al., 2009b; Clifton-Brown et al.,
2011; Jones et al., 2015). It generally has better cold and
water-logging tolerance than some other potential
bioenergy crops such as Miscanthus and has been uti-
lized in Scandinavia for bioenergy and fodder (Heinsoo
et al., 2011). One limitation is that it is considered inva-
sive in some countries (Galatowitsch et al., 1999; Green
& Galatowitsch, 2001; Lavergne & Molofsky, 2004; Bar-
ney & DiTomaso, 2011; He et al., 2011). However, there
is huge potential to utilize natural genetic variation of
this phenotypically variable species in breeding pro-
grammes (Brodersen et al., 2008; Cogliatti et al., 2011;
Olmstead et al., 2013; Ramstein et al., 2015).

Genetic diversity of Phalaris has been studied using
several DNA marker systems including microsatellites
(Li et al., 2011; Barth et al., 2016) minisatellites (Gabor
et al., 2014), ISSRs (McRoberts et al., 2005), AFLP (Casler
et al., 2009a) and SNPs (Ramstein et al., 2015). Phalaris
has also been assessed for its biochemical and morpho-
logical variation (Knowles, 1987; Ostrem, 1987, 1988; Gif-
ford et al., 2002). Voshell & Hilu (2014) used plastid DNA
sequences in phylogenetic studies of Phalaris but few, if
any, have examined extensive plastid genome SNP data
for population and phylogeographic analyses until now.
Plastid genome SNPs are particularly informative for
phylogeographic studies because of their uniparental
inheritance and their ability to trace seed-mediated gene
flow (McGrath et al., 2007; Diekmann et al., 2012).

Several methods exist for plastid genome sequencing
(Diekmann et al., 2009; Stull et al., 2013). However, we
examined the utility of a long-read PCR and MiSeq
DNA sequencing approach developed by Uribe-Con-
vers et al. (2014) to sequence a large proportion of the
plastid genome in the sampled populations of Phalaris
included here as part of an EU funded GrassMargins
project (grassmargins.com) that aimed to develop new
bioenergy crops suitable for marginal lands. No refer-
ence plastid genome for Phalaris is available so we
aligned the data to the related grass Lolium perenne
(Diekmann et al., 2009). We conducted extensive sam-
pling of new germplasm across north-west Europe over
latitudinal and longitudinal distances of 3000 and

2500 km, respectively. Populations were sampled for ex
situ conservation from a broad range of habitats and
assessed for plastid genome variation, diversity,
phylogeographic pattern and gene pool structure.

Materials and methods

Sample collection and ploidy measurement

Samples of P.arundinacea were collected in Denmark, Ger-
many, Ireland, Poland, Sweden and the United Kingdom
(Table 1, Fig. 1) over a distance of 3000 km along a latitudinal
gradient (51°37'41.92"N to 65°59'58.04"N) and over a distance
of 2500 km along a longitudinal gradient (8°45'42.29"W to
23°11'13.20"E). Ten populations per country were collected,
each comprising 30 accessions. Seed from 30 plants, rhizome
from 15 plants and representative herbarium specimens were
taken at each site. Seed was stored in paper envelopes and rhi-
zomes kept fresh in approximately 50 mL of potting compost
in an aerated ziplock bag until they could be grown up from
rhizome. Plants were screened by flow cytometry for ploidy
estimation compared to P. arundinacea genotypes with known
tetraploidy determined by standard Feulgen staining of mitotic
root tip meristems (following Hodkinson et al., 2002) and light
microscopy at x1000 magnification (Philpot, 2011). Fresh leaves
of 80 genotypes and four Phalaris standards were sent by cour-
ier to a commercial company, Plant Cytometry Services, the
Netherlands (www.plantcytometry.nl), for flow cytometry anal-
yses. DNA content of samples was compared to known inter-
nal controls (Vinca major) with DAPI fluorochrome staining
and the resulting ratios used to determine ploidy with refer-
ence to Phalaris standards with known ploidy. Because of time
and money constraints, not all samples were sequenced to
assess plastid DNA variation. Instead, a subset of 48 accessions
grown from rhizome were used for sequencing with approxi-
mately one to two plants per sampled population based on sur-
vival and health of the rhizome grown material while
maximizing population number (Table 1).

Long-read PCRs and next-generation sequencing

DNA was extracted from fresh or dried leaf tissue with a
DNeasy Plant Extraction kit (Qiagen, Valencia, CA, USA), and
quantity and quality of DNA of each sample was checked using
a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wil-
mington, DE, USA) and diluted to between 30 and 100 ng ,uL’l.
The primers and the long-read PCR protocol were as in Appen-
dix 1 of Uribe-Convers et al. (2014). All regions (named 1-16;
Fig. S1) described in the paper were tested and amplified on
four samples of P. arundinacea. After two rounds of optimiza-
tion (increasing/decreasing the number of cycles, the annealing
temperature and/or the time of the elongation step), it was
decided to leave out regions 2, 5, 11 and 14 because of inconsis-
tent amplification. The other regions were successfully ampli-
fied in the 48 samples with or without optimization (Table S1).
PCR products were checked on a 1% agarose gel and puri-
fied by precipitation in a 20% polyethylene glycol 8000 (PEG)/
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Table 1 List of Phalaris arundinacea samples collected and used in the study

Accession Sample

Country  number* sequenced Latitude Longitude Details of the site

Poland 1-30 54°40'48.51"N  17°41'11.40"E  East of Wicko, wet sandy meadow with sedges, large stand

Poland 31-60  36pl 54°45'16.95"N  17°33/49.44"E  Leba, waste sandy ground, near town centre

Poland 61-90 66pl 54°33'2.78"N  18°25'38.91"E  Rumia, Cisowa waste ground. Sandy moist soil

Poland 91-120 111pl 54°23'21.42"N  18°28/42.18"E Near Gdansk airport, waste sandy and gravelly soil, wet

Poland 121-150  132pl 53°41'58.62"N  20°5'18.30"E  Near Ostroda

Poland 151-180  164pl 53°50'2.83"N  21°3/30.36"E  Along road near Borki Wielkie. Between road and edge of
wheat fields

Poland 181-210  202pl 53°50'36.21"N  21°37'26.03"E  Near Mragowa, dry wasteland near old cereal mill, common

Poland 211-240  214pl 53°51'29.13"N  22°30'19.52"E  East of Elk, wet farmland

Poland 241-270  264pl 53°7'39.68"N  23°11'13.20"E  Bialystok park edge, along drainage channels. Wet with
willowherb

Poland 271-300  288pl 52°23'32.04"N 18°11'7.17"E  North of Konin, large stand, near water pipe. Wet dip in field
not used for agriculture

Germany 1-30 52°14/35.24"N  14°25'49.56"E  Mullrose, in clearing on open land near but not on canal in
town

Germany 31-60  44g 52°4/55.62"N 14°9'47.04"E  South of Trebatsch, ditch and field edge

Germany 61-90  84g 52°13'9.87"N  11°42'25.14"E  Flooded major river bank/plain near Hohenwarthe, wet edge —
large stands

Germany 91-120 98g 52°40'25.74"N 9°43'45.00"E  North east of Merkendorf, edge of forest, wetland

Germany 121-150  134g 52°58'30.54"N 9°50'46.62"E  Near Saltau, large stand on floodplain with sedges and along
stream edges

Germany 151-180 162g 53°25'51.60"N  9°46/39.78"E  Near Elsdorf

Germany 181-210  190g 54°2'42.55"N 9°5'13.34"E  Train crossing west of Windbergen, wet edge of agricultural
field

Germany 211-240 230g 54°8'35.12"N 8°50'20.58"E  North of Busum

Germany 241270  262g 54°32'44.89"N 9°9'31.39"E  North of Immenstedt, edge of agricultural fields (wheat)

Germany 271-300 54°53'19.21"N 8°56'16.51"E  Ellhoft, on border of Germany and Denmark, large stands

Denmark 1-30 55°21'21.06"N 8°40'2.52"E  South of Esbjerg, North of Ribe, near coast

Denmark 31-60 36dk 56°5'44.50"N 8°13'48.57"E  Ringkobing, edge of fjord, saline, with Phragmites

Denmark 61-90  80dk 56°12'13.48"N 8°9'39.07"E  West of Stadil, Brunbjerg, along edge of cycle way, in dip and
on bank near edge of fjord

Denmark 91-120 56°11'53.38"N 8°13'44.93"E  East of Stadil, along edge of fjord, rocky and mixed grassland

Denmark 121-150  136dk 56°17'52.74"N 8°52'18.66"E  Near Hallundbaek, acidic wetland below heath, near willow
stand, floodplain, large stand

Denmark 151-180  158dk 56°31'48.27"N 9°19'6.02"E  Edge of Hjarbaek fjord, exposed but large stands. Saline

Denmark 181-210  186dk 56°26'55.95"N 9°36'44.33"E  South of Viborg and Foulum, large stands along floodplain.
Very wet and waterlogged.

Denmark 211240 222dk 56°2'42.06"N 9°40’'59.13"E  Near Old Rye, Mosso, good stand on small river, agricultural
land but along river and drainage channels

Denmark 241-270  270dk 55°51'15.77"N 12°33'8.31"E  Maglemose, large stands

Denmark 271-300 278dk 55°56'16.98"N  12°2835.70"E  West of Niverod, large stand

Sweden 130  10s 56°10'47.02"N 13°1'25.70"E  Tranarp, near bridge -river floodplain

Sweden 31-60  50s 56°46'57.22"N  13°53/55.22"E  North of Kanna, edge of river. Various small streams

Sweden 61-90 57°46'49.32"N  14°10'17.33"E  Jonkoping edge of water in town. Disturbed, growing well and
setting seed. Recently reclaimed land

Sweden 91-120  120s 58°52/20.04"N  14°53'56.79"E ~ South of Askersund.

Sweden 121-150 126s 59°14'33.04"N 15°0'34.71"E  Near Vintrosa/Orebro, wet river bank and floodplain

Sweden 151-180  160s 59°30'48.14"N  15°57'38.31"E  Near Koping, gravel and moist soil not waterlogged

Sweden 181-210  200s 63°45'3.39"N 20°12'5.63"E  Umea south. Near Lake and in clearing. Waste sandy ground
among pine forest

Sweden 211-240  220s 64°36'27.31"N 20°57'4.32"E  North of Hjoggbole, large stand on field

Sweden 241-270  244s 65°59'58.04"N  21°12/28.88"E  Nedre Svartla, on edge of field on waterlogged soil

(continued)
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Accession Sample

Country number*  sequenced Latitude Longitude Details of the site

Sweden 271-300  280s 64°44'52.77"N ~ 20°58'16.31"E  Skelleftea along river east of town, riverside among gravel and
boulders

Ireland P1-30 53°17'15.01"N  6°20'26.64"W  River Dodder, Tallaght, Dodder tributary, bank

Ireland P31-60 53°21'16.87"N 6°10'1.61"W  Bull Island, Dublin, saltmarsh, patchy

Ireland P61-90 901 51°39'36.51"N  8°45'42.29"W Inchy Bridge, Bandon, Co. Cork, Argideen River, banks, along
protrusions of land into river

Ireland P91-120 53°19'56.31"N 6°15'9.97"W  Grand Canal, Dublin, along banks of canal

Ireland P151-180 53°27'28.15"N  6°14'30.44"W  Ward River Valley, Fingal, along river valley, floodplain marsh

Ireland P181-210  190i 53°14'28.31"N  6°27'18.46"W  Brittas, Co. Wicklow, edge of pool - large stand

Ireland P211-240  240i 53°13/35.44"N 6°21'5.26"W  Rathgun Waterworks Reservoir, Co. Wicklow, edge of reservoir
and marsh

Ireland P241-270 264i 53°35'24.27"N 8°3'33.69"W  Loch Ree, Roscommon, lakeside

Ireland P271-300  290i 53°21'50.53"N  6°20'34.97"W  Phoenix Park, Dublin, pondside

United P1-30 8uk 51°37'41.92"N  4°55'37.00"W  Bosherston Lily Ponds, Pembroke, Lodge Park, Wales, lakeside

Kingdom

United P31-60 56uk 51°37'53.23"N 3°1'23.56"W Cwmbran, Wales, Monmouthshire and Brecon canal bank

Kingdom

United P61-90 90uk 51°41'50.05"N  2°40'26.81"W  Tintern, Chepstow, Wales, River Wye Bank, south side, steep

Kingdom bank

United P91-120  120uk 52°29'17.12"N  52°29'17.12"W  Market Harborough, England, Union Canal bank, south side

Kingdom

United P121-150  137uk 53°20'22.75"N 1°19'7.35"W  Rother Valley Country Park, South Yorkshire, England, steep

Kingdom river bank

United P151-180 - 53°1'40.88"N  1°10'55.25"W  Leen Valley Country Park, Nottingham, England, lakeside,

Kingdom marsh, around lake

United P181-210 209uk 52°59'35.27"N 1°8'23.28"W  River View Park, Nottingham, England, wet grassland,

Kingdom marshland

United P210-240 233uk 52°44/34.76"N 1°8/9.87"W  Barrow upon Soar, England, bank

Kingdom

United P241-270 248uk 53°15'27.10"N  4°18'58.44"W Nant y Pandy, Anglesey, Wales, Marshland, slightly covered

Kingdom

United P271-300 299uk 54°29'51.96"N  6°22/49.52"W  Oxford Island, Lough Neagh, northern Ireland, lakeside

Kingdom

*Forty-eight of these plants were sampled for sequencing (column 3) and 82 for ploidy determination (54).

2.5 M NaCl solution and washed in 80% ethanol. Each ampli-
con was quantified with Qubit dsDNA BR assay kit (Invitro-
gen, Paisley, UK) and then diluted down to 2 ng uL’l. The
amplicons of each individual were pooled together and quanti-
fied again on Qubit. Finally, each pool was diluted down to
0.2 ng uL~". Sequencing libraries were constructed using the
Illumina Nextera XT library preparation kit and protocol (Illu-
mina, San Diego, CA, USA). The resulting libraries were multi-
plexed in one Illumina MiSeq Reagent Nano kit version 3 and
150 cycles single-end reads were performed at the Trinity Gen-
ome Sequencing Laboratory, Institute of Molecular Medicine,
St James Hospital, Trinity College Dublin, Ireland.

Data analyses

The Galaxy public online server was used to analyse the MiSeq
data (http:/ /usegalaxy.org/) (Giardine et al., 2005; Blankenberg
et al., 2010; Goecks et al., 2010). FastQ files were imported into
the server. The read quality was checked using FastQC

(Andrews, 2010). Reads were then cleaned at high stringency
(minimum quality = 30, maximum number of bases allowed
outside of quality range = 5) and assembled against a reference
genome (L. perenne L., GenBank accession no. NC009950, Diek-
mann et al. (2009)) using BWA with default parameters (Li &
Durbin, 2009). SNPs and INDELs were called using MPileup
tool (Li et al., 2009), visually checked on 1Gv v2.3 (Broad Insti-
tute, www.broadinstitute.org) then filtered (minimum coverage
depth = 5) using SnpSift filter tool (Cingolani et al., 2012). The
individual files were combined, filtered again (maximum-likeli-
hood estimate of the Ist alternative allele frequency AF1 = 1)
and then recoded into Excel.

Genetic structure was investigated using STRUCTURE v2.3.4.
(Pritchard et al., 2000; Falush et al., 2003), which applies the
Markov chain Monte Carlo (MCMC) algorithm. This procedure
clusters individuals into populations and estimates the propor-
tion of membership in each population for each individual. An
admixture model with correlated allele frequencies was used,
the K value was set from 2 to 15, and 10 runs were performed

© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd., 9, 46-56
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Image US. Geological Survey

Fig. 1 Sampling locations of Phalaris arundinacea in NW Europe. Plants were collected across north-to-south (3000 km) and east-to-

west gradients (2500 km).

for each value of K. The length of the burn-in period was set to
3000, and the MCMC chains after burn-in were run for an addi-
tional 2000 times. The optimal value of K was determined by
examination of the AK statistic (Evanno et al., 2005) using Struc-
ture Harvester (Earl & vonHoldt, 2012). The frequency distribu-
tion for the most probable number of K clusters was mapped
into arccis 10.1 (ESRI) for each sample. Finally, principal coor-
dinate analyses were run into GENALEX 6. 5 (Peakall & Smouse,
2012).

Results

All genotypes screened for DNA content by flow cytome-
try were uniformly tetraploid (Table S2). DNA content
ratios relative to the internal standard were 1.41,1.42, 1.44
and 1.46 for the known tetraploid plants and ranged from
142 to 1.50 for the other 80 Phalaris samples included
here. All samples screened for ploidy and collected in
NW Europe were therefore confirmed as tetraploid.
Long-read PCR was successful for most primer combi-
nations of Uribe-Convers et al. (2014). With just 10 PCRs
per sample, it is possible to amplify approximately two-
thirds of the plastid genome. The amplicons were quan-
tified, combined and sequenced using an Illumina
MiSeq. Of 10 106 895 reads, 9 762 130 passed the filter
and 97.75% of the reads were assigned to an individual,
for an average of 198 802 reads per individual. The
reads were not trimmed due to excellent per base
sequence quality (from the FastQC reports). Over 89% of
the reads passed the high-stringency filter (8 509 126
reads). Reads were assembled to the reference genome,

and on average, 57.9% of the genome (78 294 bp) was
aligned (ranging from 41 981 to 97 555 bp, Table 2). The
resulting assemblies had an average depth of coverage
of 97x (minimum 30x-maximum: 241x). Sequences can
be found in GenBank at Bioproject ID PRJNA301092.

A total of 93.3% of the SNPs passed the filter for a
total of 2385 SNPs and INDELS. After removing the
SNPs only found between Phalaris and the reference,
1793 SNPs were discovered among the Phalaris samples
(Table 3), with an average of 23 SNPs per kbp. The
average number of SNPs in coding regions per kbp was
13. SNP content per gene was highly variable ranging
from 0 in the photosystem II reaction centre protein J

Table 2 Mapped length of Phalaris arundinacea plastid genome
sequenced

Complete genome 135 282
accession NC009950 (bp)
Lolium perenne
(reference genome)
Maximum number

of bp from the

12 long-read amplicons

113 900

% complete % maximum
genome
Average number of bp 78 294  57.87 68.74
sequenced per genotype
Minimum number of bp 41 981  31.03 36.86
sequenced per genotype
Maximum number of bp 97 555  72.11 85.65
sequenced per genotype
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Table 3 SNPs and INDELSs recorded in Phalaris arundinacea

Table 3 (continued)

SNPs
Coding region (CDS + rRNA + tRNA + STS) 1021
Intron 243
Unknown (Intergenic DNA + repeat regions) 529
Total 1793
SNP per kbp (out of the average 22.90
number of bp mapped)
SNP in coding regions per kbp 13.04
INDELSs
Coding region (CDS + rRNA + tRNA + STS) 13
Intron 12
Unknown 87
Total 112
SNP count per gene
atpB 58
atpE 14
atpl 12
cemA 16
clpP 21
infA 11
matK 41
ndhA 86
ndhC 9
ndhH 57
ndhl 5
ndh] 7
ndhK 22
petA 18
petB 24
petD 25
psaA 58
psaB 71
psbA 12
psbB 34
psbE 0
psbH 4
psb] 0
psbK 12
psbN 3
rbcL 17
Unknown sequenced region 393
rpll4 16
rpll6 36
rpl2 0
rpl20 6
rpl23 8
rpl33 3
rpoA 46
rpoB 64
rpoC1 31
rpoC2 102
rpsll 15
rps12 113
rpsl4 8
rpsl5 6

(continued)

rpsl6 40
rps18 0
rps19 6
rps2 17
rps3 27
rps4 14
rps8 13
rrnl6 16
rrm23 3
trnl-GAU 0
trnK-UuuuU 74
trnL-UAA 9
trnV-UAC 22
ycf3 59
ycf4 9

(psb]), the ribosomal protein L2 (rpl2), the ribosomal
protein S18 (rps18) and the transfer RNA gene trnl-GAU
to 113 in the ribosomal protein S12 (rps12).

The SNP data for Phalaris genotypes were subject to
principal coordinate and Structure analyses to define
cytoplasmic gene pools and examine clustering of indi-
viduals in a phylogeographic context. Axes 1 and 2 of
the principal coordinate analysis (PC1 and PC2)
explained 19.8% and 7.1% of the variation, respectively,
and, although not entirely discrete (separated), a num-
ber of general groupings can be determined. The sam-
ples from the eastern part of the sampling range
(Poland and Germany) are clustered to the right part of
the plot and the western samples from Ireland and Bri-
tain towards the left part of the plot. Some rough group-
ings by country were also resolved. Structuring is more
evident across an east-to-west than north-to-south cline.

The Structure analysis revealed four clusters (Fig. S2)
with the AK statistic (Evanno et al., 2005), and member-
ship of genotypes to these clusters follows some but not
strong geographical pattern (Figs 3 and 4). One cluster
type is more common in the east (blue in Fig. 3) and
another more common in the west and Sweden (red in
Fig. 3). Some structure can be seen when cluster mem-
bership is mapped in arccis (Fig. 4) especially for the
Polish and Swedish material. The yellow and blue clus-
ter types are less common in the west and the blue type
particularly prevalent in the east.

Discussion

The utility of the long-read PCR MiSeq whole-genome
plastid DNA sequencing method for Phalaris

A number of methods exist for whole-genome sequencing
of plant plastid DNA (Diekmann ef al., 2009; Uribe-Convers
et al., 2014). We applied an amplification-based method of
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plastid DNA isolation and enrichment using the long-read
PCR primers of Uribe-Convers ef al. (2014). We found that
amplification and MiSeq sequencing was highly effective
using the protocols and ‘universal’ primers described in
Uribe-Convers et al. (2014) with nearly 90% of reads passing
the high-stringency filter. The universal primers were
designed for the eudicot and showed good application to
the monocot grass species studied here.

In addition, when the MiSeq reads were assembled to
the reference genome for each genotype, an average of
57.9% of the genome (78 294 bp) was aligned (ranging
from 41 981 to 97 555 bp, Table 3). The resulting assem-
blies had an average depth of coverage of 97x (mini-
mum 30x, maximum: 241x). Previous studies have used
molecular markers to study Phalaris diversity including
microsatellites (Li et al., 2011), minisatellites (Gabor et al.,
2014), ISSRs (McRoberts et al., 2005), and AFLP (Casler
et al., 2009a), but these are not as easily transferrable
among laboratories as the SNP markers developed here.
We have submitted the sequences to GenBank with the
Bioproject ID PRJNA301092, and the data are available
for future comparisons and analyses. It would, for exam-
ple, be useful to extend the sampling to southern and
eastern Europe, and the data can be used directly for that
purpose. No complete plastid genome has been pub-
lished for P. arundinacea, and we had to align our data to
a related grass species L. perenne (Diekmann et al., 2009).
However, we have sequenced a maximum of 85% of the
plastid genome of Phalaris in this manuscript. Such data
will be highly valuable for various aspects of compara-
tive genomics in the future with the added value of hav-
ing population level data (not just a single genotype).

Nuclear SNP markers have also been developed and
used for P. arundinacea by Ramstein et al. (2015) and M.
Klaas, S. Barth & T.R. Hodkinson (in preparation) using
genotyping by sequencing (GBS). Ramstein et al. (2015)
used GBS to generate 5228 nuclear SNP markers and
applied them in a genomewide association study with 35
traits, but they did not assess plastid genome variation
nor assess population genetic variation at broad geo-
graphical scale. Populations of P. arundinacea have been
assessed by M. Klaas, S. Barth & T.R. Hodkinson (in
preparation) with approximately the same population of
plants included here. It will be useful to compare and
interpret our plastid DNA results with those of nuclear
SNP analysis in future studies. Combined they will pro-
vide an excellent resource to organize and manage the
genetic resources of Phalaris and to study its molecular
ecology including its invasion dynamics.

Diversity and plastid DNA variability

The extent of SNP discovery of the 48 sampled plants
from the European populations indicates that it is not

necessary to amplify and sequence the entire plastid
genome of each P. arundinacea genotype because suffi-
cient diversity is recorded in the partial genomes
sequenced in this study (approximately 60% of the gen-
ome). Plastid DNA is maternally inherited and each
locus would be expected to be linked and provide simi-
lar population genetic and phylogeographic signal,
apart from some differences that could be attributed to
variation in mutation rate. In fact, mutation rate is high
and not uniform among genes (Table 3). The samples of
P. arundinacea were collected in a broad range of habi-
tats separated by large geographical distances. Geno-
types were sampled from Poland, Germany, Denmark,
Sweden, Ireland and the United Kingdom over a dis-
tance of 3000 km along a latitudinal gradient and over a
distance of 2500 km along a longitudinal gradient
(Fig. 1; Table 1). The sampling strategy aimed to encom-
pass maximum geographical variation with plants col-
lected from waterlogged and dry well-drained sites,
from freshwater and saline habitats and from large and
small stands (Table 1). The results of our plastid DNA
study indicate that a high genetic diversity of Phalaris
has been collected.

High levels of plastid variability have also been
recorded in other grasses such as L. perenne using
nuclear SSR markers by McGrath et al. (2007). Lolium
is also an outbreeding wind-pollinated species but dif-
fers in its habitat preferences to P. arundinacea. High
variability was found in genic as well as nongenic
regions. It is not known what adaptive significance
these variants might have in European ecosystems,
but it is clear that the breeders have a high genetic
variability of cytotypes to work from. The plastid
types will, but not always because of uniparental
inheritance, plastid capture and lower mutation rates
(Hodkinson et al., 2002), reflect patterns of nuclear
genetic variability.

Population structure and differentiation

The principal coordinate analysis (Fig. 2) showed some
geographical patterning of the genotypes despite the
percentage of variation explaining each axis being low
(PC1 20% and PC2 7%). Groupings can be seen in the
PC1 vs. PC2 plot, but there is also considerable overlap
among country groups in ordination space reflecting a
relatively high degree of gene flow. The samples from
the eastern part of the sampling range (Poland and Ger-
many) are grouped to the right-hand part of the plot
and the western samples from Ireland and Britain
towards the left of the plot. Structuring is more evident
across an east-to-west than north-to-south cline. This
might reflect the high proportion of more northern sam-
ples that had an oceanic (Britain, Ireland, Denmark,
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Fig. 2 Principal coordinates analysis of Phalaris arundinacea plastid DNA SNP data. Axis one accounts for 19.8% of the variation and
axis two 7.1% of the variation. Ellipses show some grouping of genotypes relative to geography. Polish and German samples are more
common in the right ellipse. Irish and British samples are mostly in the lower left ellipse and Danish samples in upper left ellipse.

Swedish samples are found in the second ellipse and also form a
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Fig. 3 Estimated population structure of Phalaris arundinacea using plastid SNP data and Structure analysis. Each individual is repre-
sented by a vertical bar. SNP variation partitioned into coloured segments that represent the individual’s estimated membership frac-
tions in each of the K = 4 clusters (cluster 1 green; cluster 2 red; cluster 3 blue; cluster 4 yellow) determined as optimal by the AK
statistic of Evanno et al. (2005). Samples arranged according to country.

Sweden) rather than a more continental climate of east-
ern Germany and Poland.

The structure analysis identified four major clusters
(Figs 3 and S2), and similar pattern to the principal
coordinate analyses is recovered (Figs 3 and 4). One
cluster type is more common in the east including
Poland and Germany (shown in blue in Fig. 3) and
another is more common in the north Europe including
Ireland, Sweden and the United Kingdom (red in
Fig. 3). Considerable admixture is also evident in some

genotypes but not in others. The third and fourth clus-
ters (green and yellow) do not relate to geographical
distribution and are relatively randomly distributed
across the range (Fig. 3) except that yellow is rarer in
Ireland and the United Kingdom.

Dilution of population genetic structuring relative to
geographical proximity is expected because reed canary
grass is a common outbreeding, wind-pollinated species
with a gametophytic self-incompatibility system (Nelson
et al., 2013). It also has good dispersal ability via its
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mined as optimal by the AK statistic of Evanno et al. (2005).

seeds that are produced in profusion and are dispersed
over the water and germinate in spring (Cope & Gray,
2009; Voshell & Hilu, 2014). It can also regenerate and
spread via extensive rhizome systems over large areas.

It is also possible that genotypes have been deliber-
ately or inadvertently moved by humans for forage or
habitat restoration. Unlike many other perennial rhi-
zomatous grasses such as Dactylis, Lolium and Festuca,
P. arundinacea is not extensively planted and moved
around Europe by seed. We sampled populations with
no known history of cultivation and do not expect to
have sampled commercial cultivars or material intro-
gressed via cultivar/wild population hybridization. In a
separate study as part of the grassmargins.com project,
we sampled Dactylis glomerata across the same geo-
graphical range and did not detect the same extent of
population genetic structuring relating to geographical
location (data not shown) possibly due to the higher
level of planting and human-mediated seed movement
in that forage species.

Polyploidy does not explain any of the witnessed
structuring of genotypes as all samples were recorded
as tetraploid (Table S2). A range of ploidy levels have
been recorded in European P. arundinacea, but the most
common type is tetraploid. Our wide sampling of

north-western European material indicates that tetra-
ploid genotypes are indeed the dominant type and per-
haps the only type. Phalaris is variable morphologically
in its vegetative and reproductive characters, and
because of this, some taxonomists recognize infraspeci-
fic categories, including subspecies and varieties
(Anderson, 1961). Cytologically, diploid (2n = 2x = 14),
tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 42)
cytotypes have been recorded (Anderson, 1961; McWil-
liam & Neal-Smith, 1962; Ferreira ef al., 2002). These
three cytotypes were recognized as different taxa (Bal-
dini, 1993, 1995) on the basis of morphological differ-
ences, chromosome number, ecology and geography:
P. rotgesii (Husn.) Baldini (2x), restricted to Corsica and
Sardinia, P. arundinacea L. (4x), with holarctic distribu-
tion, and P. caesia Nees (6x), originated in the Mediter-
ranean area and spread to Eastern and Southern Africa.
Also, several studies indicate the presence of aneuploids
and other meiotic irregularities (Ferreira et al., 2002).

Conclusions

Our analysis of near-whole-plastid genome data in
P. arundinacea clearly defines groupings for genetic
resource characterization and has helped define useful
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breeding material for future evaluation. It has provided
valuable data on plastid genome variation of P. arundi-
nacea across north-west Europe that can be compared to
nuclear GBS data in future studies. Plastid genetic SNP
variation is high and genotypes show some broad-scale
population genetic structuring particularly in an east-to-
west cline despite the good dispersal ability of P. arund-
inacen via seed and its allogamous wind-pollinated
breeding system.
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