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Abstract

In Australia, Poaceae tribe Poeae are represented by 19 genera and 99 species, including
economically and environmentally important native and introduced pasture grasses [e.qg.
Poa (Tussock-grasses) and Lolium (Ryegrasses)]. We used this tribe, which are well char-
acterised in regards to morphological diversity and evolutionary relationships, to test the effi-
cacy of DNA barcoding methods. A reference library was generated that included 93.9% of
species in Australia (408 individuals, x = 3.7 individuals per species). Molecular data were
generated for official plant barcoding markers (rbcL, matK) and the nuclear ribosomal inter-
nal transcribed spacer (ITS) region. We investigated accuracy of specimen identifications
using distance- (nearest neighbour, best-close match, and threshold identification) and tree-
based (maximum likelihood, Bayesian inference) methods and applied species discovery
methods (automatic barcode gap discovery, Poisson tree processes) based on molecular
data to assess congruence with recognised species. Across all methods, success rate for
specimen identification of genera was high (87.5-99.5%) and of species was low (25.6—
44.6%). Distance- and tree-based methods were equally ineffective in providing accurate
identifications for specimens to species rank (26.1-44.6% and 25.6—31.3%, respectively).
The ITS marker achieved the highest success rate for specimen identification at both
generic and species ranks across the majority of methods. For distance-based analyses the
best-close match method provided the greatest accuracy for identification of individuals with
a high percentage of “correct” (97.6%) and a low percentage of “incorrect” (0.3%) generic
identifications, based on the ITS marker. For tribe Poeae, and likely for other grass lineages,
sequence data in the standard DNA barcode markers are not variable enough for accurate
identification of specimens to species rank. For recently diverged grass species similar chal-
lenges are encountered in the application of genetic and morphological data to species
delimitations, with taxonomic signal limited by extensive infra-specific variation and shared
polymorphisms among species in both data types.
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Introduction

Poaceae tribe Poeae R.Br. are some of the most economically and environmentally important
temperate native and introduced pasture and turf grasses, including Lolium L. (Ryegrasses),
Poa L. (Tussock-grasses), and Puccinellia Parl. (Salt-grasses) [1,2]. These taxa provide a wide
range of agricultural and ecological services such as forage, wildlife habitat, and restoration of
salinized soils and are the focus of intensive management efforts in both agricultural and con-
servation contexts. Poaceae tribe Poeae include 19 genera and 99 species in Australia [2]. Spe-
cies identifications typically rely on inflorescence, spikelet or floret features. However, where
samples lack good flowering and/or fruiting material, identification of tribe Poeae taxa remains
challenging or impossible. Demand remains high for a molecular barcoding methodology that
can be used to accurately identify grass taxa.

DNA barcoding uses short DNA sequences, typically from a standard marker or markers,
which may be used to address two distinct goals: firstly, to facilitate identification of unknown
specimens and secondly, to guide species discovery. For plants, the “official” DNA barcodes
are the plastid rbcL and matK markers [3]. As a result of the low levels of variability within
these markers [4], additional markers (for example, psbA-trnH [5-8], ribosomal internal tran-
scribed spacer (ITS) [9-11], and rpL32-trnL [12]) and combinations of markers [13] have been
applied in efforts to increase resolution for determination of specimens.

An accurate DNA barcoding methodology for grasses could provide significant benefits
[14], ranging from determination of fragmentary and infertile plant samples [15], herbivore
diet analyses (e.g. [16-18]), and studies of community structure [19]. However, the accuracy
and limitations of DNA barcoding techniques for assignment of taxonomic identify have not
been comprehensively tested for grasses. In a study of Australian grasses, Syme et al. [15] con-
cluded that ITS provided better accuracy than rbcL and matK for identification of unknown
subf. Pooideae tribe Stipeae grass individuals. In an investigation of six candidate DNA barcode
markers, Wang et al. [20] concluded that matK and atpF had the highest success rates for iden-
tification of five exotic grass species present in Australia. Saarela et al. [21] included three tribe
Poeae genera (Festuca, Poa, and Puccinellia) for DNA barcoding of the Canadian arctic flora
and found that 30% of the Festuca species and 46% of the Poa species sampled could be distin-
guished using rbcL plus matK. Peterson et al. [12] concluded that ITS holds the greatest dis-
criminatory power (96.0% of taxa) followed by rpl32-trnL (25.6% of taxa) for identification of
unknown North American subf. Chloridoideae species.

A range of methods are available, that apply different criteria for the purposes of assigning
taxonomic identity based on DNA sequence data (for an overview of these methods see, for
example [22,23]). However, few studies have tested and compared the accuracy among a range
of distance- and tree-based DNA barcoding methods to assess their relative accuracy for plant
lineages [15], relying instead on standard distance-based (e.g. quantification of genetic dis-
tance or neighbour joining dendrogram construction) or tree-based (e.g. application of maxi-
mum likelihood or Bayesian criteria for phylogeny reconstruction) methods.

New methods that potentially increase the accuracy of DNA barcoding methods have not
yet been applied to the majority of plant lineages, including grasses. For example, estimation
and application of a pairwise genetic distance threshold that distinguishes inter- and intra-spe-
cific comparisons can increase accuracy of DNA barcoding methods by preventing misidenti-
fications due to the absence of congeneric or conspecific individuals in the reference library
[24]. With the exception of a small number of studies that have applied threshold distances
(e.g. [7]), the majority of plant studies have relied on sequence-matching or tree-based criteria,
which do not provide a “no-identification” result when an appropriate match is not present

PLOS ONE | https://doi.org/10.1371/journal.pone.0186259 October 30, 2017 2/22


https://doi.org/10.1371/journal.pone.0186259

@° PLOS | ONE

Molecular identification of grasses in Australia

[25]. Therefore, the extent to which the incorporation of a threshold distance affects accuracy
of DNA barcoding methods in grasses remains incompletely understood.

DNA barcode datasets that document intraspecific variation hold “untapped” potential for
ecological studies that rely on knowledge of genetic diversity of multiple species at community
scales [26]. However, wide variation in pairwise intraspecific distances is potentially challeng-
ing in a DNA barcoding context [27] as it narrows the barcode gap and potentially the success
rate of specimen identifications [5]. Few plant DNA barcoding studies have sampled multiple
individuals per species, which is necessary to quantify intraspecific variation [13]. As a result,
the accuracy of DNA barcoding methods for plant lineages, including grasses, that are
expected to have high levels of intraspecific variation remains poorly understood.

Barcoding markers can reveal genetic variation within sampled individuals to support iden-
tification of cryptic or new species [28,29] and in doing so can contribute alongside other data
types (e.g. morphological, ecological data) to a truly integrated taxonomy [30,31]. Distance-
{e.g. Automatic Barcode Gap Discovery method (ABGD) [32]} and tree-based (e.g. Poisson
Tree Processes method [33]) species delimitation methods are available that use individual
barcoding markers to partition genetic diversity independently of the taxonomic names that
have been assigned to them [25,34]. These species delimitation methods have been applied in
only a small number of DNA barcoding studies (e.g. [28,29,35]) and, to our knowledge, have
not yet been evaluated in grasses.

A thorough investigation of the accuracy of distance and tree-based DNA barcoding meth-
ods is essential to identify potential applications of these methods and their limitations as
applied to grasses. Australian Poaceae tribe Poeae, which are well characterised in regards to
morphological diversity and evolutionary relationships, is an excellent lineage for assessment
of these methods in grasses. We generated a reference database of DNA barcode sequence
markers for this large and economically significant grass lineage, with comprehensive sam-
pling of both native and exotic taxa at a continental scale. The current study had the following
aims: 1. To evaluate the efficacy of official and associated plant DNA barcode markers (rbcL,
matK, and ITS) for specimen identification using distance- and tree-based methods, and 2. To
assess congruence of taxa delimited based on genetic data with current taxa recognized based
on morphological characters towards an integrated taxonomic approach for delimitation of
native Australian tribe Poeae species.

Materials and methods
Taxonomic sampling

Nineteen tribe Poeae s.I. genera and 96 tribe Poeae species were sampled in this study
(Table 1). This includes 93 (93.9%) of the 99 tribe Poeae species accepted as occurring in Aus-
tralia [2], two Poa species (P. hamiltonii Kirk and P. serpentum Nees) currently treated as syno-
nyms that potentially warrant recognition as distinct species (R. Soreng, pers. comm., J. Birch,
pers. comm., respectively), and one species [Festuca gautieri (Hack.) K.Richt.] that is consid-
ered potentially invasive in Australia. Field collections were conducted in Australia, with
voucher specimens lodged at the National Herbarium of Victoria (MEL). This material was
supplemented with herbarium specimens provided by AD, BRI, CANB, HO, MEL, NSW, and
PERTH [36]. Herbarium specimens were selected for each species on the basis that the mor-
phological variation and geographic range of each species were broadly sampled. All speci-
mens were determined by taxonomic experts to recognized species using keys provided in
Wilson [2] and Vickery [37] prior to inclusion in this study.

To investigate the impact of generic circumscription on distance-based DNA barcoding
results, alternative circumscriptions were compared for genera that are documented in the
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Table 1. Australian tribe Poeae diversity for individual and concatenated DNA barcode markers for distance- (dataset A) and tree- (dataset B)
based DNA barcode methods included in this study.

Taxon or clade Species Number of individuals for individual
(number of species/ (number of individuals per species) and concatenated markers® °
number of individuals) (rbcL/matK/ITS/rbcL+matK/rbcL+matK
+ITS)
Ingroup Taxa
tribe Poeae (96/408) Dataset A: 391/354/383/395/399
Dataset B: 400/365/393/404/406
Briza s.1. (3/11) maxima* (3), minor* (4), subaristata* (4) 11/7/11/11/11
Briza s.s. (2/7) maxima* (4), minor* (3) Dataset A: 7/4/7/7/7
Dataset B: NA
Catapodium (2/6) marinum* (8), rigidum* (3) 6/5/5/6/6
Chascolytrum (1/4) Subaristatum* (4) Dataset A: 4/3/4/4/4
Dataset B: NA
Cynosurus (2/6) cristatus® (n = 3), echinatus* (n=3) 6/5/5/6/6
Dactylis (1/3) glomerata* (n=3) 3/3/3/3/3
Dryopoa (1/5) diva (n=15) 5/5/4/5/5
Festuca (9/28) arundinacea* (4), asperula (4), benthamiana (4), gautieri* (1), muelleri (3), Dataset A: 26/23/25/26/26
nigrescens* (1), plebeia (4), pratensis* (3), rubra* (4) Dataset B: 28/25/27/28/28
Hainardia (1/3) cylindrica* (3) 3/3/3/3/3
Hookerochloa (2/7) eriopoda (3), hookeriana (4) 5/5/7/6/7
Lamarckia (1/3) aurea* (3) 3/3/3/3/3
Lolium (5/20) loliaceum* (3), multiflorum* (3), perenne* (9), rigidium* (4), temulentum* (1) Dataset A: 17/17/16/18/19
Dataset B: 18/18/17/19/19
Parapholis (2/9) incurva* (6), strigosa* (3) 9/8/8/9/9
Poa (50/260) affinis (2), amplexicaulis (4), annua* (5), billardierei (5), bulbosa* (6), cheelii (3), | Dataset A: 254/240/252/256/257
clelandii (6), clivicola (5), compressa* (1), cookii (4), costiniana (6), Dataset B: 257/244/255/259/260

crassicaudex (4), drummondiana (6), ensiformis (6), fawcettiae (6), fax (5),
foliosa (8), fordeana (5), gunnii (6), halmaturina (1), hamiltonii (1), helmsii (5),
hiemata (6), homomalla (4), hookeri (5), hothamensis (10), induta (7), infirma*
(4), jugicola (5), labillardierei (15), litorosa (3), lowanensis (5), meionectes (5),
mollis (4), morrisii (6), orba (2), orthoclada (6), petrophila (3), phillipsiana (6),
physoclina (4), poiformis (11), porphyroclados (6), pratensis* (5), rodwayi (4),
sallacustris (4),serpentum (2), sieberiana (15), tenera (7), trivialis* (4),
umbricola (2)

Psilurus (1/3) incurvus* (3) 3/3/3/3/3

Puccinellia (7/18) ciliata* (3), distans* (2), fasciculata* (3), longior (1), perlaxa (4), stricta (4), Dataset A: 16/13/15/16/16
vassica (1) Dataset B: 18/16/17/18/18

Saxipoa (1/3) saxicola (3) 3/3/3/3/3

Sclerochloa (1/5) dura* (5) 5/2/5/5/5

Sphenopus (1/3) divaricatus* (3) 3/2/3/3/3

Sylvipoa (1/2) queenslandica (2) 2/2/2/2/2

Vulpia (5/12) bromoides* (3), ciliata * (1), fasciculata* (2), muralis* (1), myuros* (5) Dataset A: 11/5/10/11/12

Dataset B: 12/6/12/12/12
Fine-leaved clade (12/33) Festuca asperula (4), F. benthamiana (4), F. gautieri* (1), F. nigrescens* (1), F. | Dataset A: 28/22/26/28/29

plebeia (4), F. rubra* (4), Psilurus incurvus* (3), Vulpia bromoides* (3), V. Dataset B: NA
ciliata* (1), V. fasciculata* (2), V. muralis* (1), V. myuros* (5)

Broad-leaved clade (8/30) Lolium loliaceum* (3), L. multiflorum* (3), L. perenne* (9), rigidium* (4), L. Dataset A: 27/26/25/28/28
temulentum® (1), Festuca arundinacea* (4), F. muelleri (3), F. pratensis* (3) Dataset B: NA

Outgroup Taxa

Aegilops comosa

Eremopyrum triticeum

(Continued)
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Table 1. (Continued)

Taxon or clade Species Number of individuals for individual
(number of species/ (number of individuals per species) and concatenated markers® °
number of individuals) (rbcL/matK/NTS/rbcl+matK/rbcL+ matK
+ITS)
Secale strictum

NA, Not applicable.

* Species is exotic in Australia.

& The number of individuals in datasets A and B for each marker differed for some genera as singletons (taxa that were represented by single individuals)
were removed prior to distance-based analyses (as outlined in the text).

P Alternative generic circumscriptions for Briza s.s., Chascolytrum, and of Festuca, Lolium, Psilurus, and Vulpia into fine-, and broad-leaved clades were
included for distance-based analyses (as outlined in the text). Specimen numbers for these genera and clades are provided for dataset A only and are NA
for dataset B.

https://doi.org/10.1371/journal.pone.0186259.t001

systematic literature as non-monophyletic or that were non-monophyletic in our phylogenetic
analyses (i.e. Briza L., Festuca L., Lolium, Psilurus Trin., and Vulpia C.C.Gmel.). To achieve
monophyly. Briza subaristata Lam. was segregated from Briza s.s. and recognized as Chascoly-
trum subaristatum (Lam.) Desv. following Bayon [38], Lolium and three Festuca species (F.
arundinacea Schreb., F. muelleri Vickery, and F. pratensis Huds.) were placed in a clade,
referred to as the “broad-leaved clade”, following Inda et al. [39], and the remaining Festuca
species (F. asperula Vickery, F. benthamiana Vickery, F. gautieri, F. nigrescens Lam., F. plebeia
R.Br., F. rubra L.), Psilurus, and Vulpia were placed in a clade, referred to as the “fine-leaved
clade”, following Inda et al. [39].

DNA extraction, amplification, and sequencing

Total genomic DNA was extracted for all species represented in this study from herbarium
specimens or silica-preserved samples using a DNeasy Plant Mini Kit (Qiagen, Valencia,
California, USA) at Royal Botanic Gardens Victoria or a NucleoSpin®) 96 Plant II Core Kit
(Machrey-Nagel, Diiren, Germany) at Australian Genome Research Facility (AGRF), Ade-
laide, according to the manufacturer’s protocols. Sequence data for official and associated
DNA markers (rbcL, matK, and ITS) markers were generated for all individuals. Polymerase
chain reaction (PCR) amplification of the chloroplast (rbcL and matK) and the nuclear ribo-
somal (ITS) regions was conducted using a combination of standard and Poaceae-specific
primers and methods as outlined in Birch et al. [40]. The majority of PCR products were gen-
erated at the Royal Botanic Gardens Victoria and were purified and directly sequenced at
Macrogen (Seoul, Korea). Samples extracted at AGRF, Adelaide were subsequently sent to
AGREF, Brisbane for generation of PCR products and sequencing. Bidirectional sequence chro-
matograms were edited to produce contiguous sequences in Geneious version 7.0.1 (Biomat-
ters Ltd, Auckland, New Zealand). An alignment was generated using the Geneious alignment
function (70% similarity cost matrix with default gap opening settings), which was manually
adjusted to improve the alignment for difficult-to-align regions. Where sequence data were
not available the sequence was coded as missing (N). Standard ambiguous base calls [41] were
applied to polymorphic base pair positions. Sequences, collection data, and voucher specimen
images were submitted to Barcode of Life Data Systems (BOLD) to comply with barcode
requirements (BOLD accession numbers and voucher specimen collection data are provided
in S1 Table).
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Specimen identification: Distance-based

Distance-based barcoding analyses were conducted for the entire tribe Poeae, for individual
genera, and for alternative circumscriptions of Briza, Chascolytrum, Festuca, Lolium, Psilurus,
and Vulpia, as previously outlined. Taxa that were represented by single individuals were
removed prior to distance-based barcoding analyses, as without conspecific individuals for
comparison, positive identifications were not possible [24]. Pairwise distances were estimated
for individual (rbcL, matK, ITS) and concatenated {rbcL+matK [chloroplast dataset (CH)],
rbcL+matK+ITS [combined dataset (CO)]} markers using the K80 evolutionary model in Ape
version 3.2 [42] in R [43]. For each genus with more than a single species represented in this
study, inter- and intra-specific distances for each DNA marker were calculated in Species
Identifier v.1.8 [24] and were plotted in ggplot2 [44].

The “nearest neighbour” (NN), “best close match” (BCM), and “threshold ID” (TID) [24] dis-
tance-based methods were tested for barcoding efficacy of genera and species using Spider version
1.3-0 [45]. Genetic distance threshold values were tested from 0.001-2.5% distance in 0.05%
intervals for genera and from 0.0001-2.5% distance in 0.005% intervals for species to identify an
optimal threshold that minimized the cumulative error (number of false negatives plus number of
false positives). Where no single threshold was optimal (i.e. multiple distances shared the mini-
mum cumulative error), the largest value in the range was selected and applied. Specimen identifi-
cations to generic or species rank were considered: 1. “true” in NN when the closest individual to
the query was congeneric or conspecific, respectively and “correct” in BCM and TID analyses
when all individuals with the closest distance to the query were congeneric or conspecific, respec-
tively, and within the threshold applied; 2. “ambiguous” in BCM analyses when different allogene-
ric or allospecific individuals, respectively, shared the closest distance to the query and were
within the threshold value or in TID analyses when different allogeneric or allospecific individuals,
respectively, were within the threshold value; 3. “no identification” in BCM and TID analyses
when individuals were genetically more distant to the query than the threshold value; and 4.
“false” in NN when the closest individual to the query was allogeneric or allospecific, respectively
and “incorrect” in BCM analyses when allogeneric or allospecific individuals, respectively, shared
the closest distance to the query and were within the threshold value or in TID analyses when all
individuals within the threshold value were allogeneric or allospecific, respectively.

Specimen identification: Tree-based

Congruence among markers was not assessed prior to their concatenation as this study sought
to investigate the placement of individuals for identification, rather than determination of rela-
tionships. Molecular phylogenies were reconstructed using the maximum likelihood (ML) cri-
terion in RAXML version 8 [46] and Bayesian inference (BA) in MrBayes 3.2 [47] as outlined
in Birch et al. [40]. Briefly, the best-fit models of molecular evolution were determined for all
datasets using the corrected Akaike information criterion implemented in jModelTest [48,49].
Maximum likelihood reconstructions were conducted using the GTR + [ model of evolution,
1000 bootstrap iterations, using the rapid bootstrap analysis and search for the best-scoring
tree over a single run. Bayesian inference reconstructions were conducted on individual and
concatenated datasets, with the latter dataset partitioned and parameters estimated for each
partition. Bayesian analyses were performed using Markov chain Monte Carlo (MCMC) sam-
pling, two independent replicates with a heating temperature of 0.2. Analyses of single- and
multi-locus datasets were run for four and eight million generations, respectively, with sam-
pling every 1000 generations, and the initial 25% of trees were considered as burn-in and were
discarded. Remaining trees were combined to construct 50% majority-rule consensus trees
that were visualized in Figtree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).
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For specimen identification based on phylogenetic reconstructions, we applied criteria
according to the “liberal” tree-based method of Meier et al. [24]. Specimen identifications to
generic or species rank were considered: 1. a “success” when the individual was at least one
node into a clade exclusively consisting of conspecific individuals, sister to a clade with conspe-
cific individuals, or in a polytomy with conspecific individuals; 2. “ambiguous” if the individ-
ual was placed in a polytomy with at least one conspecific and one allospecific individual, sister
to a clade with allospecific and conspecific individuals, or if no conspecific individuals were
included in the dataset; and 3. “misidentified” if the individual was at least one node into an
allospecific clade, sister to a clade with allospecific individuals only, or placed in a polytomy
with only allospecific individuals.

Species discovery: Distance-based

We used ITS data to assess congruence among distance and tree-based species discovery meth-
ods as this was the only marker in this study that contained sufficient genetic variation among
tribe Poeae members to be potentially informative for discovery of genetic entities. Species dis-
covery analyses focused on the native Australian genera within tribe Poeae for which compre-
hensive regional sampling was achieved (i.e. Festuca, Hookerochloa E.B.Alexeev, Poa, and
Puccinellia). Genetic sequence data for 66 species, recognized based on classical taxonomy of
morphological characters and identified using keys provided in Wilson [2] and Vickery [37],
were then used as the basis for assessment of congruence with entities recognized based on
partitioning of genetic data.

Data for each genus were imported into the online ABGD program interface at http://
wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html. Prior intra-specific minimum and maximum
diverge values from 0.001 to 0.100, respectively, were applied. These values incorporated the
optimal threshold value for the ITS marker for native tribe Poeae genera as previously estimated
in the Spider package for application in BCM and TID analyses. The K80 evolutionary model
was applied as it achieved a better fit to the data, as calculated using the corrected AIC criterion
in jModelTest, than the other models available in the software. Transition/transversion ratios in
the ITS data of 2.36, 1.6, 1.37, and 3.04 were quantified in jModelTest for Hookerochloa, Festuca,
Poa, and Puccinellia, respectively, for application in ABGD analyses. Barcode relative gap width
values of 0.75, 1.0, and 1.5 were applied to assess the influence of this parameter on the number
of entities recognized, with the number of iterations (20) and number of bins (20) held stable.

Species discovery: Tree-based

The Poisson Tree Processes (PTP) method models speciation using the number of substitu-
tions inferred from branch lengths on a ML input tree [33]. Two independent Poisson pro-
cesses are estimated representing the distribution of substitutions within and among species
branching events [33]. The PTP software [33] version 0.51 was run via the command line. The
ML phylogeny generated from the ITS dataset was pruned to remove non-focal genera and a
distinct phylogeny was generated for each of the four genera (Hookerochloa, Festuca, Poa, and
Puccinellia). The Bayesian implementation of the PTP model was run with 1,000,000 iterations,
sampling every 1000 generations, discarding the initial 25% of the trees generated that were
considered to represent the burn-in stage. Convergence of the MCMC chain was assessed
through a visual check of the likelihood plot to ensure stationarity of likelihood values.

Results

We achieved representation of all tribe Poeae species present in Australia with the exception of
tour Puccinellia species that are known only from single or type specimens and two species for
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which leaf material could not be obtained (Puccinellia macquariensis (Cheeseman) Allan &
Jansen and Poa kerguelensis) (Hook.f.) Steud (Table 1). We included 3-15 individuals per spe-
cies for 79 species (82.3%) with only 9 (9.4%) and 8 (8.3%) species represented by one or two
individuals, respectively. Nineteen genera and 96 ingroup species were represented by 408
individuals in this study (Table 1). The mean number of individuals per Poa species was 4.84,
and for remaining genera was 3.46 individuals per species. Summary statistics for single- and
multi-locus datasets are provided in S2 Table.

Specimen identification: Distance-based

Alignments contained 391, 354, 383, 395, and 399 individuals for rbcL, matK, ITS, the CH, and
CO datasets, respectively, following removal of taxa represented by single individuals (Table 1
Dataset A, S2 and S3 Tables). Of the markers tested, rbcL was the least variable, followed by
matK, with ITS the most variable. For rbcL, matK, and ITS, mean inter- and intra-specific dis-
tances were 0.89 and 0.19, 2.28 and 0.39, and 5.94 and 0.68, respectively. The mean value for
inter-specific distances ranged from 0.02% (Puccinellia) to 1.03% (Festuca) for rbcL, from
0.12% (Lolium) to 2.54% (Cynosurus L.) for matK, and from 0.43% (Lolium) to 10.63% (Briza
s.s.) for ITS. Mean inter- and intra-specific distances and ranges of genetic distances varied
among tribe Poeae genera (Fig 1).

The NN correctly (i.e. “true” category) identified the largest number of tribe Poeae individ-
uals to genus and species for all markers (Fig 2A and 2B, S3 Table). With this method, 91.0-
99.5% of individuals were matched to a congener using single- and multi-locus datasets. In
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Fig 1. Intra- and inter-specific pairwise genetic distances (K80 model) for the Internal Transcribed Spacer (ITS) marker. Data for all
Australian tribe Poeae genera with more than two species represented in this study are shown. Inter, Inter-specific; Intra, Intra-specific.

https://doi.org/10.1371/journal.pone.0186259.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0186259 October 30, 2017 8/22


https://doi.org/10.1371/journal.pone.0186259.g001
https://doi.org/10.1371/journal.pone.0186259

o @
@ : PLOS | ONE Molecular identification of grasses in Australia

A. rbcL matK ITS chlor comb
NN BCM TID NN BCM TID NN BCM TID NN BCM TID NN BCM TID
100 — - -
Legend
75 -
Ambiguous
g . Correct/True
g Incorrect/False
E;* 50 . No Identification
) I I
0
T -TT -7 -—7"_ -"7T" 7" -1t ~—7T 7T
B. rbcL matK ITS chlor comb
NN BCM TID NN BCM TID NN BCM TID NN BCM TID NN BCM TID
il LI Bl G T 1
75 Legend
Ambiguous
E Incorrect/False
g 50 -
L; . No Identification
) I I I I I
%Ill N l = Il
T T T T T T T T T T T T T T T
C. Nearest Neighbour D. Best Close Match E. Threshold Identification
rbcL matK ITS chlor comb rbcL matK ITS chlor comb rbcL matK ITS chlor comb
100 — 100 - | | | 100 4 | | |
| i | I‘ i
75 = 75 75 =
2 Fy Legend > Legend
% Legend % Ambiguous g Ambiguous
s 50 False s 50 . Correct s 50 . Correct
£ | i £ ncorrect 2 Incorrect
.;_: E . No Identification § . No Identification
25 ‘ ‘ 25 - 25 -
‘I‘ ‘ ‘ ‘ N \Mh ‘M“\w | N \Lh ‘| M R
TITTITITTIT TITTTTT TT T wn TITTITITITT TATITATIT TATTT W Wy TITTITTITITT YT T Wy W
i ge] y ,

Taxon Taxon Taxon

Fig 2. Success rates (percentages) for specimen identification of tribe Poeae taxa using distance-based methods. Success rates were
calculated for all genera (A.) and species (B.) collectively and for species within single genus datasets (C.—E.) using nearest neighbour (A., B., C.),
best close match (A., B., D.), and threshold ID (A., B., E.) methods based on individual (rbcL, matK, ITS) and concatenated (rbcL+matK, rbcL+matK
+ITS) DNA barcode markers. BCM, Best close match; Chlor, Chloroplast dataset (rbcL+matK); Comb, Combined dataset (rbcL+matK+ITS); ITS,
Internal transcribed spacer; NN, Nearest neighbour; TID, Threshold Identification.

https://doi.org/10.1371/journal.pone.0186259.g002
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comparison, with the estimated optimal threshold values applied, the BCM and TID methods
correctly (i.e. “correct” category) identified only 43.5-97.6% and 43.5-96.6% of individuals,
respectively, to congeners. When all tribe Poeae individuals were included, the NN method
correctly (i.e. “true” category) matched 23.8-44.6% of individuals to species rank compared to
11.0-32.4% and 4.2-24.0% of individuals when the BCM and TID methods (i.e. “correct” cate-
gory), respectively, were applied based on single- and multi-locus datasets.

For all distance-based methods, the most accurate placement of individuals to genera and
species, in terms of the number of “true” or “correct” matches, was achieved based on the ITS
marker, which outperformed the other individual markers, as well as the CH and CO datasets
(Fig 2A-2E, S3 Table). Based on the ITS dataset, 99.5% of individuals were accurately matched
to congeners using the NN, compared to 97.6% and 96.6% applying an optimal threshold
value of 0.16% within the BCM and TID methods, respectively (Fig 2A, S3 Table). Based on
ITS data, when all tribe Poeae individuals were included, 44.6%, 32.4%, and 24.0% of individu-
als were correctly matched to conspecific taxa (i.e. “true” or “correct” categories) when the
NN, BCM, and TID methods, respectively, were applied (Fig 2B, S3 Table).

A greater proportion of individuals were correctly matched to species, for BCM and TID
analyses when the reference dataset included, and optimal thresholds were calculated for, a
single genus or clade (Fig 2C-2E, S3 Table). Based on the ITS dataset and applying the NN
method, 100% of Briza, Catapodium Link, Cynosurus, and Hookerochloa individuals were
accurately matched to species (Fig 2C, S3 Table). For other genera, none of the markers con-
tained sufficient variation to accurately match a large proportion of individuals to species
using any of the matching methods (Fig 2C-2E, S3 Table). Based on the ITS dataset and apply-
ing the NN method, 71.4% of individuals within the fine-leaved clade; 28.6% of Poa individu-
als; 58.8% of Puccinellia individuals; and 38.5% of individuals within the broad-leaved clade
were accurately matched to species (Fig 2C, S3 Table).

For both the BCM and TID methods, different optimal threshold values were estimated for
specimen identifications at generic and species ranks based on single- and multi-locus datasets
for tribe Poeae and for individual genera. Based on our reference library, no single genetic dis-
tance threshold was identified for individual or concatenated markers for application within
TID analyses that differentiated inter- and intra-specific genetic distances, which could serve
as a “barcode-gap” for all tribe Poeae taxa. A barcode-gap was identified that differentiated
Briza, Catapodium, Cynosurus, and Hookerochloa species (S3 Table).

Specimen identification: Tree-based

The resulting rbcL, matK, ITS, CH and CO datasets included 400, 365, 393, 404 and 406 indi-
viduals, respectively (Table 1 Dataset B, S2 and S4 Tables). Of the datasets tested, the Bayesian
inference phylogeny based on the ITS (Fig 3) and the combined (S1 Fig) datasets contained
the largest number of well-resolved clades with strong support. Only these datasets contained
the resolution necessary for application to testing accuracy of placement of individuals using
tree-based methods.

In the phylogeny reconstructed from ML and BA searches of the ITS dataset, specimen
identification was correct to genus for 97.4% and 96.4% of individuals, respectively, and to spe-
cies for 28.5% and 26.2%, respectively, recognizing only those clades with greater than 65%
bootstrap and 0.95 posterior probabilities (Table 2, S4 Table). In the phylogeny reconstructed
from ML and BA searches of the combined dataset, specimen identification was correct to
genus for 97.1% and 89.4% of individuals, respectively, and to species for 31.3% and 25.6%,
respectively (Table 2). All genera were monophyletic in the ITS and CO phylogenies, with the
exception of Catapodium (CO phylogeny), Cynosurus, Festuca, Hainardia Greuter, Parapholis
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Fig 3. The Bayesian inference of phylogenetic relationships among Australian tribe Poeae based on the ITS
marker. Support values are provided above the branches including bootstrap (maximum likelihood) and posterior
probabilities (Bayesian inference) before and after the forward slash, respectively.

https://doi.org/10.1371/journal.pone.0186259.g003

C.E.Hubb, Puccinellia (ML analyses only), Saxipoa Soreng, L.J.Gillespie & S.W.L.Jacobs, and
Vulpia (Fig 3, S1 Fig). In all phylogenies, the fine-leaved Festuca were placed with Vulpia [94
bootstrap support (BS)/1.00 posterior-probability support (PP)] (Fig 3) and broad-leaved Fes-
tuca (excluding Festuca muelleri) were placed with Lolium (100 BS/1.00 PP) (Fig 3).

Species discovery: Distance- and tree-based

The ABGD method distinguished 8, 2, 13, and 4 entities for Festuca, Hookerochloa, Poa,

and Puccinellia, respectively (Fig 4, Table 3). Congruent results were obtained for the three

gap width values that were investigated (0.75, 1.0, 1.5) for Hookerochloa (2 entities) and
Puccinellia (4 entities). For Festuca and Poa, 5 and 9 entities, respectively, were distinguished
when a gap value of 1.5 was applied, which was slightly fewer than the 8 and 13 entities, respec-
tively, that were distinguished when gap values of 1.0 and 1.5 were applied. For all genera, the
results for the intraspecific divergence value that was closest to the optimal threshold value cal-
culated for distance-based specimen identification methods were selected. The PTP model dis-
tinguished 5, 2, 10, and 7 entities for Festuca, Hookerochloa, Poa, and Puccinellia, respectively
(Fig 4, Table 3). Support values (posterior probabilities for the entities as distinct clusters) ran-
ged from 0.0 to 1.00. The ABGD method and the PTP model delimited 9 genetic entities that
were congruent with recognized species (13.6%), individuals of 49 species (74.2%) were placed
in a genetic entity with allospecific individuals, individuals of three (4.6%) species were split
into distinct genetic entities, and individuals from 5 (7.6%) species had some individuals
placed into distinct entities and others combined into a genetic entity with allospecific
individuals.

Table 2. Success rates (percentages) for specimen identification based on individual (ITS) and concatenated (rbcL+matK+ITS) DNA barcode
markers using distance-based (nearest neighbour and best-close match) and tree-based (maximum likelihood and Bayesian inference) methods.

Taxon Number of Specimen identification | Specimen identification (% | Specimen identification (%) Specimen identification (%)

taxa (%)
(morphology) (ITS, N =18 genera, 81 (rbcL+matK+ITS,N=18 (ITS, N =19 genera, 96 (rbcL+matK+ITS, N =19
species)? genera, 82 species) species) genera, 96 species)
NN BCM NN BCM ML BA ML BA
(true/ | (correct/incorrect/ | (true/ | (correct/incorrect/ correct/ correct/ correct/ correct/
false) ambiguous/no false) ambiguous/no incorrect/ incorrect/ incorrect/ incorrect/
identification) identification) ambiguous ambiguous ambiguous ambiguous
Genera 19 99.5/ 97.6/0.3/0.8/1.3 92.0/ 87.5/5.8/3.0/3.7 97.4/0.8/1.8° | 96.4/0.5/3.1 97.1/1.2/1.7 89.4/0.7/9.9
0.5° 8.0
Species 96 44.6/ | 32.4/18.5/46.2/2.9 | 39.3/ | 26.1/37.3/23.8/12.8 | 28.5/6.4/65.1 | 26.2/4.1/69.7 | 31.3/4.9/63.8 | 25.6/4.9/69.5
55.4 60.7

BA, Bayesian inference; BCM, Best close match; ITS, Internal transcribed spacer; ML, Maximum likelihood; N = Sample size; NN, Nearest neighbour.

@ The number of genera and species for each marker differed for distance- and tree-based analyses as alternative generic circumscriptions for Briza s.s.,
Chascolytrum, and of Festuca, Lolium, Psilurus, and Vulpia into fine-, and broad-leaved clades were applied and singletons (taxa that were represented by
single individuals) were removed for distance-based analyses (as outlined in the text).

b Percentages of “true” and “correct” specimen identifications are indicated in bold.

¢ In phylogenetic analyses, clades receiving 65% bootstrap support in maximum likelihood searches or 0.95 posterior probabilities in Bayesian inference
searches were recognised.

https://doi.org/10.1371/journal.pone.0186259.t002
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Fig 4. Molecular entities distinguished based on genetic sequence data from the ITS marker estimated by
ABGD and PTP methods. Analyses were completed for Australian tribe Poeae genera with more than two native
species. The maximum likelihood phylogeny for Australian tribe Poeae based on the ITS dataset is inset in the top left
corner with genera analysed indicated with uppercase letters and shown in detail. Genetic entities are indicated by a
black bar to the right of the individuals contained within that entity for ABGD (left) and PTP (right) analyses. ABGD,

Automated barcode gap discovery; ITS, Internal transcribed spacer; PTP, Poisson tree processes.

https://doi.org/10.1371/journal.pone.0186259.9004

Table 3. Species delimitations for Australian tribe Poeae genera containing greater than two native species using morphological and genetic
sequence data from the ITS marker estimated by ABGD and PTP methods.

Taxon Number of species Number of individuals ABGD® PTP2P
Festuca 9 N(8)° N(5)°
F. arundinaceae* 4 L L!
F. asperula 3 L2 L2
F. benthamiana 4 + L2
F. gautieri* 1 + +
F. muelleri 3 s34 s34
F. nigrescens* 1 + L2
F. plebeia 4 L/s?s L2
F. pratensis* 3 L' L'
F. rubra* 3 L2 L2
Hookerochloa 2 N(2) N(2)
H. eriopoda 3 + +
H. hookeriana 4 + +
Poa 50 N(13) N(10)
Natives

P. cookii 4 L/s8” L/s5*°
P. foliosa 8 L/s78 /s
Poa native clade 216 L/s7° L/s78*°
Exotics

P. annua* 4 + +
P. bulbosa* 6 gtz 1314 +
P. compressa* 1 + +
P. infirma* 4 gto. 1 +
P. pratensis* 5 L’ L/s8®
P. trivialis* 4 + +
Puccinellia 7 N(4) N(7)
P. ciliata* 3 L'® gto
P. distans* 2 L'® §1213
P. fasciculata* 3 + +
P. longior 1 L'e L'
P. perlaxa 4 L'e L4
P. stricta 3 L/s'e? L/s'1s
P. vassica 1 L'e L'

ABGD, Automated barcode gap discovery; ITS, Internal transcribed spacer; PTP, Poisson tree processes.
* Species is exotic in Australia.

2| refers to a genetic entity that included more than one species; S refers to a single species that was split into more than one genetic entity; + refers to a
genetic entity that was congruent with the species.
® Within a column, species that share a superscript letter were delimited as a single genetic entity.
°N (#) refers to the number of genetic entities delimited.

https://doi.org/10.1371/journal.pone.0186259.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0186259 October 30, 2017

14/22


https://doi.org/10.1371/journal.pone.0186259.g004
https://doi.org/10.1371/journal.pone.0186259.t003
https://doi.org/10.1371/journal.pone.0186259

@° PLOS | ONE

Molecular identification of grasses in Australia

Discussion
Taxonomic considerations

Poaceae tribe Poeae is a particularly challenging lineage for species identification and delinea-
tion [50,51], and as such provides a rigorous test of DNA barcoding methods. DNA barcoding
for identification purposes relies heavily on taxonomy. Taxonomic concepts can be malleable
and establishing a clear taxonomic hierarchy for the group under study is not always straight-
forward. We achieved comprehensive sampling of tribe Poeae species present in Australia and
included multiple individuals per taxon to ensure intraspecific variation for the majority of
tribe Poeae species was captured.

Achieving accurate identifications based on genetic data for taxa that do not resolve as mono-
phyletic is difficult using DNA barcoding methods as individuals may be genetically more similar
to those of a different species [52]. A greater number of specimen identifications were “correct” to
species rank when Festuca and Vulpia species were treated as members of fine- or broad-leaved
clades. The fine- and broad-leaved clades had narrower pairwise genetic distances ranges than
those of both genera. This result is likely to reflect the greater accuracy of barcode gap or the
threshold genetic distance estimates for entities with narrow and non-overlapping ranges of inter-
and intraspecific variation. Meyer and Paulay [27] also noted this for cowries; when taxonomy
did not reflect evolutionary significant units, error rates of identification success increased due to
increases in the ranges of intraspecific variation and interspecific divergence.

We investigated the taxonomic signal present in sequence data from DNA barcode markers
to assess congruence with species hypotheses based on morphology. The species discovery
methods applied achieved broadly congruent results in the genetic entities that were differenti-
ated based on ITS data. Two genetic entities were distinguished for Hookerochloa that were
congruent with recognized species. For the remaining genera, the numbers of entities distin-
guished based on genetic data were fewer than the number of recognized species. For native
tribe Poeae species, the species discovery methods applied did not reveal the presence of cryp-
tic genetic variation. Overwhelmingly the genetic data merged species that are otherwise rec-
ognized as distinct based on morphological and ecological characters. These results indicate
that for tribe Poeae, and likely for other grass lineages, sequence data in the standard DNA bar-
code markers are not variable enough for species discovery, particularly given the extensive
infraspecific variation and shared polymorphisms among species as documented in this study.
A study currently underway that has generated genomic data obtained using a genome skim-
ming (RADseq) approach for Australian Poa suggests that this approach captures sufficient
genetic variation to assess species boundaries.

An integrated taxonomic approach applies multiple lines of evidence to understand the ori-
gin and evolution of species [53]. For Australian tribe Poeae both morphological [37,50] and
genetic data (this study) reveal extensive infraspecific variation. For tribe Poeae the genetic
entities recognized by species discovery methods were broadly congruent with clades recov-
ered in the ML phylogeny based on ITS data including for polyphyletic species. This observed
congruence suggests that the species discovery methods may hold potential for preliminary,
rapid assessment of distinct genetic groups and detection of genetically distant individuals,
which can then be assessed in conjunction with morphological data. Greater confidence in tax-
onomic boundaries results where congruence of datasets is documented and where any discor-
dance can be explained within the context of evolutionary history [53].

DNA barcode markers

Across all methods investigated, greatest resolution of genera and species was achieved based
on the ITS marker. Other studies (for example, [12,15]) have also indicated that ITS is an
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informative marker for DNA barcoding of grasses. However, the presence of multiple paralo-
gous ITS copies [54], may complicate the interpretation of genetic distances among and within
species. For this reason we consider its use, alongside other markers, representing chloroplast
and nuclear genomes, to be more optimal than its use individually. Additional resolution may
be achieved by inclusion of additional highly variable markers into the reference database (for
example, rpl32-trnL as per [12]). It is clear that the low levels of genetic diversity in both rbcL
and matK render these markers uninformative as DNA barcodes for specimen identification
of Australian tribe Poeae species. The multi-locus chloroplast dataset (rbcL+matK) provided
only marginally greater resolution of taxa over that achieved based on the individual matK
region, consistent with findings in other plant studies [7,10,21].

We tested for the presence of a single genetic distance threshold that served to distinguish
tribe Poeae genera and species. Even within this tribe, the optimal genetic distance threshold
values estimated from our reference database varied among genera and it was not possible to
identify a single genetic distance threshold for integration into distance-based specimen iden-
tification methods. Our results suggest that threshold values will need to be calculated on a
taxon-by-taxon and marker-by-marker basis, rather than being universally applied to distin-
guish species across multiple genera and lineages.

A genus-specific barcode gap was identified for genera represented in the Australian flora
by a small number of species (for example, Briza, Catapodium, Cynosurus, and Hookerochloa).
The first three of these genera are exotic in Australia; therefore, while their sampling is com-
plete for Australia it is incomplete in terms of their global diversity. As a result, the inter-spe-
cific distances among species in these genera may be larger due to the absence of sister taxa,
creating an “artificial” or regional barcode gap [27]. Conversely, for large genera such as Poa,
that contain many closely related species in the Australian flora, even applying the most vari-
able marker (ITS), no genetic distance threshold was identified for accurate identification of
specimens to species rank. DNA barcoding studies, such as this one, that achieve comprehen-
sive sampling of closely related species typically show the lowest levels of species resolution
[21]. Our study suggests that the official DNA barcode markers (or markers with equivalent
levels of genetic variation) do not provide a reliable tool for accurate identification of speci-
mens to species rank or for quantification of species numbers within floras that include grass
genera represented by moderate to high species numbers.

A significant overlap was observed between intra- and interspecific genetic distances for all
markers studied due to the presence of a large number of outlier pairwise intraspecific genetic
distances. For the distance-based methods investigated, identification is based on the mini-
mum rather than the average pairwise genetic distance (i.e. assignment of identity based on
the nearest to the query individual rather than on the calculation of mean values for conspecific
or heterospecific individuals). Therefore, accurate identifications remain possible despite over-
lap between intraspecific and interspecific genetic distances. Simulation studies have indicated
that while the mean rate of identification success decreases as overlap of distance distributions
of a query sequence to conspecific and heterospecific sequences increases, this parameter
alone remains a poor predictor of identification success [52].

Specimen identification: distance- versus tree-based methods

The percentage of accurate identification for tribe Poeae genera based on the ITS marker when
distance-based methods were applied (96.6-99.5%) were consistent with percentage of generic
resolution in other studies (for example, [13,21]). The ability to provide an accurate generic
determination for an unknown individual is particularly valuable for grasses where fragmen-
tary samples (e.g. herbivore stomach contents, environmental samples, or leaf samples) are
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common. These would not otherwise be able to be identified as the morphological characters
required for determination are either not visible or are absent. Additionally, identification of
plant material from horticultural sources or in living collections for which provenance is
unknown, can be very challenging as identification keys spanning global taxonomic coverage
are not always available (V. Stajzic, pers. comm.). A combined approach using DNA barcoding
methods for generic determination and morphology based taxonomic keys for species deter-
mination may be an efficient use of taxonomic resources.

The percentage of identification success for tribe Poeae species (24.0%-44.6%) was well
below that achieved based on the ITS marker for other lineages, with 100% of species matching
based on BLAST searches for Australasian Austrostipa (Poaceae) [15], 96% discrimination of
Dinebra species (subf. Chloridoideae) [12] and 74.2% species differentiation across monocots
[13]. The low levels of sequence divergence observed for Poa within the markers applied likely
reflects its recent radiation in Australia; the most recent common ancestor of all but one spe-
cies [P. cookii (Hook.f.) Hook.f.] was estimated to have diversified from only 3.9 (HPD values:
2.1-6.0) million years onwards [40]. Incomplete lineage-sorting and interspecific hybridisation
events may also contribute to the failure of DNA barcodes to accurately resolve taxa that have
only recently diverged [55]. Additional resolution may be achieved from concatenation of
multiple markers [56], however, this may not always be the case. Determination accuracy was
lower based on our combined (rbcL+matK+ITS) dataset than that of our ITS datasets
(Table 3). Other studies that also have found that the concatenation of loci does not always
improve resolution power [55].

For tribe Poeae and most individual genera, the NN method correctly matched congeneric
and conspecific individuals more frequently than the BCM and TID methods. The NN method
has been documented as robust and the most consistently performing method for specimen
matching in a DNA barcoding context based on both real [15,23] and simulated [23] data.
However, the smallest number of “incorrect” identifications was observed for the TID method
over the BCM and NN methods. This reflects the relatively large number of tribe Poeae indi-
viduals with pairwise genetic distances that were statistical outliers, which were categorized as
“false” based on the NN method, but, as they were outside the generic threshold value/s
applied, as “no identification” based on the BCM and TID methods. The TID method applies
more stringent criteria for identification and produces fewer “incorrect” identifications as a
result, with the “cost” of this stringency being the generation of fewer “correct” identifications.
The variable stringencies of these different methods provide an opportunity to apply the
method that best aligns with the requirements of the barcoding application. For applications
requiring minimization of false positive identifications, for example, for biosecurity applica-
tions such as screening for invasive species, the TID method may be the most appropriate.

Tree-based methods provided successful identification of the majority of the exotic tribe
Poeae species present in Australia that were represented by more than one individual in this
study. This ability to accurately identify material from many non-native tribe Poeae species,
increases the potential contribution of this reference dataset for applications that would benefit
from potentially rapid identification of these species, including from fragmentary material,
such as biosecurity, forensic, and horticultural applications. The application of this reference
database for these purposes would be further improved by increased sampling for those species
currently represented by single individuals (Festuca gautieri, F. nigrescens, Poa compressa L.,
and Lolium temulentum L.) and by incorporation of other global tribe Poeae species that pres-
ent the risk of invasion into Australia.

Our analyses suggest that a similar percentage of specimens were accurately identified to
species rank using tree- (25.6-31.3%) and distance-based (26.1-44.6%) methods. However, the
smallest percentage of “incorrect” identifications to species rank was achieved by the most
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stringent distance-based TID method (3.4-28.8%) followed by the tree-based methods (4.1-
6.4%). Simulation studies have also suggested that distance- and tree-based barcoding methods
achieve similar levels of identification success [23,52], despite the incorporation of more com-
plex models of nucleotide evolution for placement of individuals based on tree-based methods.
Additional computation time is typically required for tree- over distance-based analyses,
which may not be warranted for lineages in which little additional resolution is achieved by
tree- over distance-based methods.

Conclusions

We have generated a tribe Poeae reference library and new sequence data for the official plastid
barcoding (rbcL and matK) and associated (ITS) markers with comprehensive representation
across the Australian continent. Using the ITS dataset, for tribe Poeae in Australia we were able to
correctly identify 97.6% of individuals to genera and 32.4% of individuals to species, based on the
BCM distance-based method. The nearest neighbour method provided a higher percentage of
“correct” specimen identifications, but suffered from a larger number of “incorrect” identifica-
tions at the species rank. The TID method typically provided the lowest percentage of “incorrect”
specimen determinations with the “cost” of the stringency in the criteria applied being a lower
percentage of “correct” identifications. A barcode gap that facilitated determination of species was
identified for smaller genera of tribe Poeae, including Briza, Catapodium, Cynosurus, and Hooker-
ochloa. Based on the ITS dataset and applying the liberal tree-based method to assess the maxi-
mum likelihood phylogeny we were able to correctly identify 97.4% of individuals to genera and
28.5% of individuals to species. Tree-based methods correctly identified almost all exotic species,
including those in genera containing native species i.e. Poa, Festuca, and Puccinellia

These investigations revealed a number of issues that prevent accurate identification of
Australian tribe Poeae species using current barcoding methods. Different genetic distance
threshold values were identified as optimal for different genera and barcoding markers, mean-
ing that these values needed to be estimated independently for each genus or clade. For the
markers tested in this study, tribe Poeae species in Australia have wide pairwise genetic dis-
tances ranges, with intraspecific distances that include a large number of statistical outliers.
For these and other groups with wide pairwise genetic distances ranges, only a subset of indi-
viduals will be correctly identified to species. Australian tribe Poeae lineages represent recent
radiations and the genetic variation contained within even the most variable marker investi-
gated here was insufficient for accurate identification of many Festuca, Poa, and Puccinellia
species. For recently diverged species the challenges for application of both genetic and mor-
phological data to species identification and delimitation are similar, including lack of suffi-
cient variation for accurate resolution, homoplasy, and, potentially, incongruent taxonomic
signal across characters, data partitions, or data types.

Supporting information

S§1 Table. Voucher specimen data for individuals, presence or absence of sequence data in
individual and concatenated DNA barcode markers, Barcode Of Life Data System (BOLD)
reference numbers, and presence or absence of voucher specimen images. AD, State Her-
barium of South Australia; BRI, Queensland Herbarium; CANB, Australian National Herbar-
ium; HO, Tasmanian Museum and Art Gallery; ITS, Internal transcribed spacer; MEL, Royal
Botanic Gardens Victoria; N, Absent; NSW, Royal Botanic Gardens and Domain Trust;
PERTH, Western Australian Herbarium; Y, Present. “Herbarium abbreviations follow Theirs
(continuously updated).

(PDF)
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code markers. BCM, Best close match; ITS, Internal transcribed spacer; NN, Nearest neigh-
bour; TID, Threshold Identification. *“Markers for which no single threshold was optimal
across the range tested and for which a default value of 0.100% was applied are indicated with
an asterisk (*). bPercentages of “true” and “correct” identifications are indicated in bold.
(PDF)

$4 Table. Success rates for specimen identification using tree-based (maximum likelihood
or Bayesian inference phylogenies with specimens identified according to the “liberal”
tree-based method of Meier et al. [24], as outlined in the text) methods for individual
(ITS) and concatenated (rbcL+matK+ITS) DNA barcode markers. BA, Bayesian inference;
ITS, Internal transcribed spacer; ML, Maximum likelihood. “Success rates for generic determi-
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(PDF)

S1 Fig. The Bayesian inference of phylogenetic relationships among Australian tribe Poeae
based on the concatenated (rbcL+matK+ITS) DNA barcode markers. Support values are
provided above the branches including bootstrap (maximum likelihood) and posterior proba-
bilities (Bayesian inference) before and after the forward slash, respectively.

(EPS)

Acknowledgments

Department of Parks and Wildlife (Western Australia) and Department of Environment and
Primary Industries (Victoria) provided collection permits. Western Australian Herbarium
(PERTH) provided fieldwork support in Western Australia. The State Herbarium of South
Australia (AD), Australian National Herbarium (CANB), Queensland Herbarium (BRI), Tas-
manian Herbarium (HO), National Herbarium of Victoria (MEL) and PERTH kindly granted
permission for destructive sampling and production of digital images of herbarium specimens.
S. Gardner and F. Berwick worked in the laboratory to generate data for this project. Analyses
were run on high-performance computing facilities at Melbourne Bioinformatics. We thank
anonymous reviewers for their constructive comments.

Author Contributions

Conceptualization: Joanne L. Birch.

Data curation: Joanne L. Birch, Gareth D. Holmes.

Formal analysis: Joanne L. Birch.

Funding acquisition: Neville G. Walsh, David J. Cantrill, Daniel . Murphy.
Investigation: Joanne L. Birch, Neville G. Walsh, Daniel J. Murphy.
Methodology: Joanne L. Birch.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186259 October 30, 2017 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186259.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186259.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186259.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186259.s005
https://doi.org/10.1371/journal.pone.0186259

@° PLOS | ONE

Molecular identification of grasses in Australia

Supervision: Joanne L. Birch, Daniel J. Murphy.

Visualization: Joanne L. Birch.

Writing - original draft: Joanne L. Birch, Daniel . Murphy.

Writing - review & editing: Joanne L. Birch, Neville G. Walsh, David J. Cantrill, Gareth D.

Holmes, Daniel J. Murphy.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Moore RM. South-eastern temperate woodlands and grasslands. In: Moore RM, editor. Australian
grasslands. Canberra ACT, Australia: Australian National University Press; 1970. p. 169-90.

Wilson A, editor. Flora of Australia, Volume 44A, Poaceae 2. Canberra ACT, Australia: ABRS/CSIRO;
2009.

CBOL Plant Working Group. A DNA barcode for land plants. PNAS. 2009; 106(31):12794—7. https://doi.
org/10.1073/pnas.0905845106 PMID: 19666622

Chase MW, Salamin N, Wilkinson M, Dunwell JM, Prasad R, Haidar N, et al. Land plants and DNA bar-
codes: short-term and long-term goals. Philos Trans R Soc B. 2005; 360(1462):1889-95.

Seberg O, Petersen G. How many loci does it take to DNA barcode a Crocus. PLoS One. 2009; 4(2):
e4598. https://doi.org/10.1371/journal.pone.0004598 PMID: 19240801

Starr JR, Naczi FC, Chouinard BN. Plant DNA barcodes and species resolution in sedges (Carex,
Cyperaceae). Mol Ecol Resour. 2009; 9(Suppl. 1):151-63.

Pettengill JB, Neel MC. An evaluation of candidate plant DNA barcodes and assignment methods in
diagnosing 29 species in the genus Agalinis (Orobanchaceae). Am J Bot. 2010; 97(8):1391—406.
https://doi.org/10.3732/ajb.0900176 PMID: 21616891

Yu W, Huang P, Ree R, Liu M-L, Li D-Z, Wang H. DNA barcoding of Pedicularis L. (Orobanchaceae):
Evaluating four universal barcode loci in a large and hemiparasitic genus. J Syst Evol. 2011; 49(5):425—
37.

China Plant BOL Group, Li D, Gao L, Li H, Wang H, Ge X, et al. Comparative analysis of a large dataset
indicates that internal transcribed spacer (ITS) should be incorporated into the core barcode for seed
plants. 2011; 108(49):19641-6. https://doi.org/10.1073/pnas.1104551108 PMID: 22100737

Jeanson ML, Labat J-N, Little DP. DNA barcoding: a new tool for palm taxonomists. Ann Bot. 2011;
108:1445-51. https://doi.org/10.1093/aob/mcr158 PMID: 21757475

Pang X, Song J, Zhu Y, Xu H, Huang L. Cladistics Applying plant DNA barcodes for Rosaceae species
identification. 2011; 27:165-70.

Peterson PM, Romaschenko K, Soreng RJ. A laboratory guide for generating DNA barcodes in grasses:
a case study of Leptochloa s.I. (Poaceae: Chloridoideae). Webbia J Plant Taxon Geogr. 2014; 69(1):1—
12.

Fazekas AJ, Burgess KS, Kesanakurti PR, Graham SW, Newmaster SG, Husband BC, et al. Multiple
multilocus DNA barcodes from the plastid genome discriminate plant species equally well. PLoS One.
2008; 3(7):e2802. https://doi.org/10.1371/journal.pone.0002802 PMID: 18665273

Ward J, Gilmore SR, Robertson J, Peakall R. A grass molecular identification system for forensic bot-
any: A critical evaluation of the strengths and limitations. 2009; 54(6):1254—60. https://doi.org/10.1111/
j.1556-4029.2009.01196.x PMID: 19818109

Syme AE, Udovicic F, Stajsic V, Murphy DJ. A test of sequence-matching algorithms for a DNA barcode
database of invasive grasses. DNA Barcodes. 2012;19-26.

Valentini A, Taberlet P, Decollato VSG. DNA barcoding for ecologists. Trends Ecol Evol. 2008; 24
(2):110-7. https://doi.org/10.1016/j.tree.2008.09.011 PMID: 19100655

Soininen EM, Valentini A, Coissac E, Miquel C, Gielly L, Brochmann C, et al. Analysing diet of small her-
bivores: the efficiency of DNA barcoding coupled with high-throughput pyrosequencing for deciphering
the composition of complex plant mixtures. Front Zool. 2009; 9(6):16.

McClenaghan B, Gibson JF, Shokralla S, Hajibabaei M. Discrimination of grasshopper (Orthoptera:
Acrididae) diet and niche overlap using next-generation sequencing of gut contents. Ecol Evol. 2015; 5
(15):3046-55. https://doi.org/10.1002/ece3.1585 PMID: 26356479

Kesanakurti PR, Fazekas AJ, Burgess KS, Percy DM, Newmaster SG, Graham SW, et al. Spatial pat-
terns of plant diversity below-ground as revealed by DNA barcoding. Mol Ecol. 2011; 20(6):1289-302.
https://doi.org/10.1111/j.1365-294X.2010.04989.x PMID: 21255172

PLOS ONE | https://doi.org/10.1371/journal.pone.0186259 October 30, 2017 20/22


https://doi.org/10.1073/pnas.0905845106
https://doi.org/10.1073/pnas.0905845106
http://www.ncbi.nlm.nih.gov/pubmed/19666622
https://doi.org/10.1371/journal.pone.0004598
http://www.ncbi.nlm.nih.gov/pubmed/19240801
https://doi.org/10.3732/ajb.0900176
http://www.ncbi.nlm.nih.gov/pubmed/21616891
https://doi.org/10.1073/pnas.1104551108
http://www.ncbi.nlm.nih.gov/pubmed/22100737
https://doi.org/10.1093/aob/mcr158
http://www.ncbi.nlm.nih.gov/pubmed/21757475
https://doi.org/10.1371/journal.pone.0002802
http://www.ncbi.nlm.nih.gov/pubmed/18665273
https://doi.org/10.1111/j.1556-4029.2009.01196.x
https://doi.org/10.1111/j.1556-4029.2009.01196.x
http://www.ncbi.nlm.nih.gov/pubmed/19818109
https://doi.org/10.1016/j.tree.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/19100655
https://doi.org/10.1002/ece3.1585
http://www.ncbi.nlm.nih.gov/pubmed/26356479
https://doi.org/10.1111/j.1365-294X.2010.04989.x
http://www.ncbi.nlm.nih.gov/pubmed/21255172
https://doi.org/10.1371/journal.pone.0186259

@° PLOS | ONE

Molecular identification of grasses in Australia

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

Wang A, Gopurenko D, Wu H, Lepschi B. Evaluation of six candidate DNA barcode loci for identification
of five important invasive grasses in eastern Australia. PLoS One. 2017; 12(4):e0175338. https://doi.
org/10.1371/journal.pone.0175338 PMID: 28399170

Saarela JM, Sokoloff PC, Gillespie LJ, Consaul LL, Bull R. DNA barcoding the Canadian Arctic flora:
Core plastid barcodes (rbcL+matK) for 490 vascular plant species. PLoS One. 2013; 8(10):e77982.
https://doi.org/10.1371/journal.pone.0077982 PMID: 24348895

Goldstein PZ, DeSalle R. Integrating DNA barcode data and taxonomic practice: Determination, discov-
ery, and description. Bioessays. 2010; 33:135-47.

Austerlitz F, Olivier D, Schaeffer B, Bleakley K, Olteanu M, Leblois R, et al. DNA barcode analysis: a
comparison of phylogenetic and statistical classification methods. BMC Bioinformatics. 2009; 10(Suppl
14):S10.

Meier R, Shiyang K, Vaidya G, Ng PK. DNA barcoding and taxonomy in Diptera: A tale of high intraspe-
cific variability and low identification success. Syst Biol. 2006; 55(5):715-28. https://doi.org/10.1080/
10635150600969864 PMID: 17060194

Collins RA, Cruickshank RH. The seven deadly sins of DNA barcoding. Mol Ecol Resour. 2012; 13
(6):969-75. https://doi.org/10.1111/1755-0998.12046 PMID: 23280099

Joly S, Davies TJ, Archambault A, Bruneau A, Derry A, Kembel SW, et al. Ecology in the age of DNA
barcoding: the resource, the promise and the challenges ahead. Mol Ecol Resour. 2014; 14(2):221-32.
https://doi.org/10.1111/1755-0998.12173 PMID: 24118947

Meyer CP, Paulay G. DNA barcoding: Error rates based on comprehensive sampling. PLoS One. 2005;
3(12):e422.

Hamilton CA, Hendrixson BE, Brewer MS, Bond JE. An evaluation of sampling effects on multiple DNA
barcoding methods leads to an integrative approach for delimiting species: A case study of the North
American tarantula genus Aphonopelma (Araneae, Mygalomorphae, Theraphosidae). Mol Phylogenet
Evol. 2014; 71:79-93. https://doi.org/10.1016/j.ympev.2013.11.007 PMID: 24280211

Schwarzfeld MD, Sperling FAH. Comparison of five methods for delimiting species in Ophion Fabricius,
a diverse genus of parasitoid wasps (Hymenoptera, lchneumonidae). Mol Phylogenet Evol. 2015;
93:234-48. https://doi.org/10.1016/j.ympev.2015.08.003 PMID: 26265257

DeSalle R, Egan MG, Siddall M. The unholy trinity: Taxonomy, species delimitation and DNA barcoding.
Philisophical Trans R Soc B Biol Sci. 2005; 360:1905-16.

Fujita MK, Leaché AD, Burbrink FT, McGuire JA, Moritz C. Coalescent-based species delimitation in an
integrative taxonomy. Trends Ecol Evol. 2012; 27(9):480-8. https://doi.org/10.1016/.tree.2012.04.012
PMID: 22633974

Puillandre N, Lambert A, Brouillet S, Achaz G. ABGD, Automatic Barcode Gap Discovery for primary
species delimitation. Mol Ecol. 2012; 21:1864—77. https://doi.org/10.1111/j.1365-294X.2011.05239.x
PMID: 21883587

Zhang J, Kapli P, Pavlidis P, Stamatakis A. A general species delimitation method with applications to
phylogenetic placements. Bioinformatics. 2013; 22:2869-76.

Fujisawa T., Barraglough TG. Delimiting species using single-locus data and the generalized mixed
yule coalescent approach: A revised method and evaluation on simulated data sets. Syst Biol. 2013; 62
(5):707—-24. https://doi.org/10.1093/sysbio/syt033 PMID: 23681854

Hernandez-Ledn S. Gernandt DS, Pérez de la Rosa J.A. Jarddn-Barbolla L. Phylogenetic relationships
and species delimitation in Pinus section trifoliae inferrred from plastid DNA. PLoS One. 2013; 8(7):
€70501. https://doi.org/10.1371/journal.pone.0070501 PMID: 23936218

Thiers B. Index Herbariorum: A global directory of public herbaria and associated staff. New York
Botanical Garden’s Virtual Herbarium;

Vickery J. A taxonomic study of the genus Poa L. in Australia. Contrib from NSW Natl Herb. 1970; 4
(4):145-243.

Baydn ND. Cladistic analysis of the Briza complex (Poaceae, Poeae). Cladistics. 1998 Sep; 14(3):287—
96.

Inda LA, Segarra-Moragues JG, Miiller J, Peterson PM, Catalan P. Dated historical biogeography of the
temperate Loliinae (Poaceae, Pooideae) grasses in the northern and southern hemispheres. Mol Phylo-
genet Evol. 2008 Mar; 46(3):932-57. https://doi.org/10.1016/j.ympev.2007.11.022 PMID: 18226932

Birch JL, Cantrill DJ, Walsh NG, Murphy DJ. Phylogenetic investigation and divergence dating of Poa
(Poaceae, tribe Poeaeg) in the Australasian region. Bot J Linn Soc. 2014; 175:523-52.

Nomenclature Committee of the International Union of Biochemistry. Nomenclature for incompletely
specified bases in nucleic acid sequences. Eur J Biochem. 1985; 150:1-5. PMID: 2410266

PLOS ONE | https://doi.org/10.1371/journal.pone.0186259 October 30, 2017 21/22


https://doi.org/10.1371/journal.pone.0175338
https://doi.org/10.1371/journal.pone.0175338
http://www.ncbi.nlm.nih.gov/pubmed/28399170
https://doi.org/10.1371/journal.pone.0077982
http://www.ncbi.nlm.nih.gov/pubmed/24348895
https://doi.org/10.1080/10635150600969864
https://doi.org/10.1080/10635150600969864
http://www.ncbi.nlm.nih.gov/pubmed/17060194
https://doi.org/10.1111/1755-0998.12046
http://www.ncbi.nlm.nih.gov/pubmed/23280099
https://doi.org/10.1111/1755-0998.12173
http://www.ncbi.nlm.nih.gov/pubmed/24118947
https://doi.org/10.1016/j.ympev.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24280211
https://doi.org/10.1016/j.ympev.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26265257
https://doi.org/10.1016/j.tree.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22633974
https://doi.org/10.1111/j.1365-294X.2011.05239.x
http://www.ncbi.nlm.nih.gov/pubmed/21883587
https://doi.org/10.1093/sysbio/syt033
http://www.ncbi.nlm.nih.gov/pubmed/23681854
https://doi.org/10.1371/journal.pone.0070501
http://www.ncbi.nlm.nih.gov/pubmed/23936218
https://doi.org/10.1016/j.ympev.2007.11.022
http://www.ncbi.nlm.nih.gov/pubmed/18226932
http://www.ncbi.nlm.nih.gov/pubmed/2410266
https://doi.org/10.1371/journal.pone.0186259

@° PLOS | ONE

Molecular identification of grasses in Australia

42,

43.

44,
45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Paradis E, Claude J, Strimmer K. APE: analyses of phylogenetics and evolution in R language. Bioinfor-
matics. 2004; 20:289-90. PMID: 14734327

R Core Team. R: A language and environment for statistical computing. 2.12.1 ed. Vienna, Austria: R
Foundation for Statistical Computing; 2013.

Wickham H. ggplot2: Elegant graphics for data analysis. New York, NY: Springer; 2009.

Brown SDJ, Collins RA, Boyer S, Lefort M-C, Malumbres-olarte J, Vink CORJ, et al. SPIDER: An R
package for the analysis of species identity and evolution, with particular reference to DNA barcoding.
Mol Ecol Resour. 2012; 12(3):562-5. https://doi.org/10.1111/j.1755-0998.2011.03108.x PMID:
22243808

Stamatakis A. RAXML Version 8: A tool for phylogenetic analysis and post-analysis of large phyloge-
nies. Bioinformatics. 2014; 39(9):1312-3.

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, H6hna S, et al. MrBayes 3.2: Efficient
Bayesian phylogenetic inference and model choice across a large model space. Syst Biol. 2012; 61
(3):539—42. https://doi.org/10.1093/sysbio/sys029 PMID: 22357727

Guindon S, Gascuel O. A simple, fast and accurate method to estimate large phylogenies by maximum-
likelihood. Syst Biol. 2003; 52:696—704. PMID: 14530136

Posada D. jModelTest: Phylogenetic model averaging. Mol Biol Evol. 2008; 25(7):1253-6. https://doi.
org/10.1093/molbev/msn083 PMID: 18397919

Birch JL, Berwick FM, Walsh NG, Cantrill DJ, Murphy DJ. Distribution of morphological diversity within
widespread Australian species of Poa (Poaceae, tribe Poeae) and implications for taxonomy of the
genus. Aust Syst Bot. 2015; 27(6):333-54.

Griffin PC, Hoffmann AA. Limited genetic divergence among Australian alpine Poa tussock grasses
coupled with regional structuring points to ongoing gene flow and taxonomic challenges. Ann Bot. 2014;
113(6):953-65. https://doi.org/10.1093/aocb/mcu017 PMID: 24607721

Ross HA, Murugan S, Li WL. Testing the reliability of genetic methods of species identification via simu-
lation. Syst Biol. 2008; 57(2):216-30. https://doi.org/10.1080/10635150802032990 PMID: 18398767

Padial JM, de la Riva |. A response to recent proposals for integrative taxonomy. Biol J Linn Soc. 2010;
101:747-56.

Holmes G., Downing TL, James EA, Blacket MJ, Hoffman AA, Bayly MJ. Phylogeny of the holly grevil-
leas (Proteaceae) based on nuclear ribosomal and chloroplast DNA. Aust Syst Bot. 2014; 27:56-77.

Wyler SC, Naciri Y. Evolutionary histories determine DNA barcoding success in vascular plants: seven
case studies using intraspecific broad sampling of closely related species. BMC Evol Biol. 2016;
16:103. https://doi.org/10.1186/512862-016-0678-0 PMID: 27178437

Sauer J, Hausdorf B. A comparison of DNA-based methods for delimiting species in a Cretan land snail
radiation reveals shortcomings of exclusively molecular taxonomy. Cladistics. 2012; 28:300—16.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186259 October 30, 2017 22/22


http://www.ncbi.nlm.nih.gov/pubmed/14734327
https://doi.org/10.1111/j.1755-0998.2011.03108.x
http://www.ncbi.nlm.nih.gov/pubmed/22243808
https://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
http://www.ncbi.nlm.nih.gov/pubmed/14530136
https://doi.org/10.1093/molbev/msn083
https://doi.org/10.1093/molbev/msn083
http://www.ncbi.nlm.nih.gov/pubmed/18397919
https://doi.org/10.1093/aob/mcu017
http://www.ncbi.nlm.nih.gov/pubmed/24607721
https://doi.org/10.1080/10635150802032990
http://www.ncbi.nlm.nih.gov/pubmed/18398767
https://doi.org/10.1186/s12862-016-0678-0
http://www.ncbi.nlm.nih.gov/pubmed/27178437
https://doi.org/10.1371/journal.pone.0186259

