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Low-copy nuclear genes (LCNGs) have complex genetic architectures and evolutionary dynamics.
However, unlike multicopy nuclear genes, LCNGs are rarely subject to gene conversion or concerted evo-
lution, and they have higher mutation rates than organellar or nuclear ribosomal DNA markers, so they
have great potential for improving the robustness of phylogenetic reconstructions at all taxonomic levels.
In this study, our first objective is to evaluate the evolutionary dynamics of the LCNG b-amylase by testing
for potential pseudogenization, paralogy, homeology, recombination, and phylogenetic incongruence
within a broad representation of the main Pooideae lineages. Our second objective is to determine
whether b-amylase shows sufficient phylogenetic signal to reconstruct the evolutionary history of
the Pooid grasses. A multigenic (ITS, matK, ndhF, trnTL, and trnLF) tree of the study group provided a
framework for assessing the b-amylase phylogeny. Eight accessions showed complete absence of selection,
suggesting putative pseudogenic copies or other relaxed selection pressures; resolution of Vulpia
alopecuros 2x clones indicated its potential (semi) paralogy; and homeologous copies of allopolyploid
species Festuca simensis, F. fenas, and F. arundinacea tracked their Mediterranean origin. Two recombina-
tion events were found within early-diverged Pooideae lineages, and five within the PACCMAD clade. The
unexpected phylogenetic relationships of 37 grass species (26% of the sampled species) highlight the
frequent occurrence of non-treelike evolutionary events, so this LCNG should be used with caution as
a phylogenetic marker. However, once the pitfalls are identified and removed, the phylogenetic recon-
struction of the grasses based on the b-amylase exon + intron positions is optimal at all taxonomic levels.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Phylogenies based on molecular data help us to understand a
variety of genomic evolutionary phenomena such as pseudoge-
nization, gene duplication (paralogy), lineage sorting, recombina-
tion, transposition, and horizontal gene transfer (Mason-Gamer
and Kellogg, 1997; Soreng and Davis, 2000; Catalán et al., 2004;
Minaya et al., 2013). These evolutionary events can result in a
phylogenetic history that is more reticulate than bifurcating (cf.
Kellogg, 2006), contradicting the premise that individual gene trees
represent the true phylogenies of the organisms (cf. Linder and
Rieseberg, 2004; Feliner and Rossello, 2007).

The inclusion of a mixture of orthologous and paralogous
sequences in phylogenetic analyses can produce robust, yet erro-
neous, hypotheses of relationships (Sanderson and Doyle, 1992;
Wendel and Doyle, 1998). Although a number of criteria have been
suggested as evidence of orthology (e.g. Doyle, 1991; Doyle and
Doyle, 1999; Cronn et al., 2002), the simplest approach to identify-
ing orthologs is through sequence similarity and phylogenetic
analyses. Orthologs are expected to be more similar and phyloge-
netically more closely related to each other than to their paralogs,
and consequently, orthologs must form monophyletic clades and
conform to generally accepted species trees (Buckler et al., 1997;
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Small et al., 2004). Like divergent paralogs, recombinants can also
compromise phylogeny reconstruction (Sanderson and Doyle,
1992; Buckler et al., 1997). Recombination generates mosaic genes,
where different regions have different phylogenetic histories
(Doyle, 1996), especially when it involves non-orthologs or occurs
across species boundaries. Thus, it violates the assumption, under-
lying many methods of phylogenetic analysis, that phylogenies can
be represented as strictly bifurcating trees. For these reasons, the
accurate detection and elimination of paralogous and recombinant
sequences before phylogenetic reconstruction is highly relevant
(cf. Buckler et al., 1997; Posada and Crandall, 2001).

The extent to which selection contributes to fixation, mainte-
nance, or elimination of nucleotide mutations has been a long-
standing problem in understanding molecular sequence
evolution since the proposal of the neutral theory (Kimura,
1968). Here we investigate selection site-by-site, using the gener-
alized branch-site methods of Kosakovsky-Pond et al. (2011) and
fitting a distribution of substitution rates across sites (random
effect model = REL; Nielsen and Yang, 1998), thus inferring the rate
at which individual sites evolve given this distribution
(Kosakovsky-Pond and Frost, 2005). Theory predicts that the num-
ber of substitutions leading to adaptive amino acid changes
(non-synonymous mutations, dN) should be significantly larger
than the number of substitutions at synonymous sites (dS)
(Miyata and Yasunaga, 1980; Li, 1997). Conversely, if selection con-
sistently weeds out amino acid changes, then dN should be signif-
icantly smaller than dS. Thus, an estimated dN/dS value near 1
suggests neutrality, and a dN/dS greater than or less than 1 indicates
positive or negative selection, respectively (reviewed by Yang and
Bielawski, 2000; Preston and Kellogg, 2006; Brunner et al., 2009).

The grass family (Poaceae) is one of the largest and most diverse
families of the angiosperms, with approximately 10,000 species
and 600–700 genera (Clayton and Renvoize, 1986; Watson and
Dallwitz, 1992). Previous evolutionary studies of the Poaceae
(e.g., GPWG, 2001, 2012; Davis and Soreng, 2007;
Bouchenak-Khelladi et al., 2008; Schneider et al., 2009) have pro-
vided valuable insights into the evolutionary structure of grass
genomes and their phylogeny. However, major phylogenetic rela-
tionships remain to be solved, especially at the tribal and generic
levels. Low copy nuclear genes (LCNGs), unlike multicopy nuclear
genes (e.g. ribosomal DNA genes: ITS, ETS; Alvarez and Wendel,
2003; Feliner and Rossello, 2007), are rarely subject to gene con-
version or concerted evolution. Furthermore, they show higher
sequence variation than organellar or rDNA genes, and have a great
potential for improving the robustness of phylogenetic reconstruc-
tions at all taxonomic levels (cf. Sanderson and Doyle, 1992; Sang
and Zhang, 1999; Sang, 2002; Small et al., 2004; Hughes et al.,
2006). However, the real utility of LCNGs for phylogenetic recon-
struction has been less encouraging than their potential advan-
tages would predict. This is because of their evolutionary
dynamics. LCNGs experience gene duplication and recombination
(Wendel and Doyle, 1998; Small et al., 2004; Feliner and
Rossello, 2007) and can be transferred among taxa through
hybridization or other horizontal gene transfer events (e.g.,
Ghatnekar et al., 2006; Vallenback et al., 2008, 2010; Mahelka
and Kopecký, 2010; Brassac et al., 2012). More practical issues
include the lack of universal PCR primers and often-limited under-
standing of copy numbers and evolutionary rates.

The low-copy b-amylase gene (1-4-alpha-glucan maltohydro-
lase) has rarely been used as a phylogenetic marker in angiosperms
(Rajapakse et al., 2004), but a few studies have used it for phyloge-
netic reconstruction of some grass lineages (e.g. Wang et al., 1997;
Ziegler, 1999; Mason-Gamer, 2005). This led to our interest in
characterizing the molecular evolution and phylogeny of the
b-amylase gene in the temperate grasses. The specific aims of this
study were to: (i) explore the extent of purifying and diversifying
selection across the sampled b-amylase grass sequences; (ii) evalu-
ate pseudogenization, paralogy, homeology, recombination, and
phylogenetic discordance of b-amylase gene sequences within a
broad representation of the main Pooideae lineages, with special
emphasis on the Poeae – Aveneae and Loliinae lineages; (iii) exam-
ine phylogenetic bias among different sets of coding and
non-coding positions [exon + intron positions, exons, first and
second codon positions, third codon positions, and third codon
positions + introns] by comparing each phylogenetic inference
with a cpDNA-ITS tree of the Poaceae; and (iv) reconstruct
the phylogenetic relationships of the study group based on the
best-resolved and most congruent data set. Finally, we assess
the potential for similar evolutionary events in other lineages
of the grass family, and the suitability of this gene for the
reconstruction of the Poaceae tree, based on our large sampling
of outgroup (non-Poeae – Aveneae) lineages.
2. Material and methods

2.1. Taxon sampling and DNA analysis

The taxon sampling represents the main Pooideae lineages and
close outgroups, with special emphasis on the Poeae – Aveneae
(Supplementary Table S1). Sampling included 142 species classi-
fied in 88 genera and 7 subfamilies (GPWG, 2001, 2012; Soreng
et al., 2007, and http://www.tropicos.org/): Centothecoideae: 1
species, Panicoideae: 6, Danthonioideae: 7, Chloridoideae: 10,
Ehrhartoideae: 2, Bambusoideae: 1, and Pooideae: 115
(Lygeeae/Nardeae: 2, Stipeae: 3, Diarrheneae: 1, Brachypodieae:
3, Bromeae: 1, Triticeae: 25, Poeae – Aveneae: 80). Four of the six
subfamilies of the outgroup PACCMAD clade are sampled in this
study (all but Arundinoideae and Micrairoideae). Amplified
b-amylase sequences from16 Brachypodium and Loliinae samples
were cloned to check for potential paralogous and heterologous
copies: Brachypodium distachyon (9 clones), Festuca abyssinica (2),
F. altaica (7), F. arundinacea (7), F. capillifolia (9), F. elegans (7), F.
fenas (7), F. hystrix (5), F. panciciana (2), F. paniculata (10), F. rubra
(5), F. scabra (5), F. scariosa (8), F. simensis (7), Micropyropsis tuber-
osa (2), Vulpia alopecuros (5). These taxa previously showed paral-
ogous copies in other LCNG in Loliinae and close allies [GBSSI
(Granule-Bound-Starch-Synthase I); Díaz-Pérez et al., 2014] and
Brachypodium [CAL (Calmodulin-binding protein), DGAT (Diacyl
Glycerol Acyl Transferase), GI (Gigantea); Catalán et al., 2012].
The origins of the plants studied, the locations of voucher speci-
mens, and the GenBank sequence accession numbers are listed in
Table S1. Joinvillea ascendens (Joinvilleaceae) was selected to root
the tree because it is closely related to the grasses and clearly posi-
tioned in Poales (Campbell and Kellogg, 1987; Linder and Rudall,
1993).

Doyle and Doyle’s (1987) CTAB method was used to isolate DNA
from silica-gel-dried leaves and from fresh materials for most of
the studied samples. For herbarium samples, DNA was extracted
using the DNAeasy� Plant Mini Kit (QIAGEN Ltd., West Crawley,
UK) procedure. A 2370-nucleotide region (Fig. S1), extending from
exons 2 to 5 of the b-amylase gene was amplified and sequenced
using the primers 2a-for, 2b-for, 2c-for, 2d-for, 2g-for, 3a-for,
3a-bac, 4a-bac, 4b-for, 5a-bac, and 5b-bac, as in Mason-Gamer
(2005). Procedures for DNA amplification, cloning and sequencing
are indicated in Appendix 1.

The b-amylase sequences were aligned with Protein Multiple
Sequence Alignment Software version 3.7 (MUSCLE) (Edgar,
2004). The alignments were manually adjusted using MacClade
4.08 OS X (Maddison and Maddison, 2008). Amino acid translations
were used to guide the nucleotide alignments. While alignment
was generally straightforward in the coding regions, there were
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some intron regions where patterns of length variation made
homology assessment difficult. We also found a Miniature
Inverted repeat Transposable Element (MITE) in intron 4, which
included highly variable and non-homologous transposable ele-
ments and their footprints (Minaya et al., 2013). Seven regions
with ambiguous alignments and/or MITEs were excluded from
subsequent analyses [Supplementary Fig. S1: intron 2 (positions
160–319, 329–370); intron 3 (560–740, 784–821, 847–880, 976–
1269); intron 4 (1602–2083)].

2.2. Species tree reconstruction

A multigenic cpDNA-ITS tree of the Poaceae was used to assess
the phylogenetic distribution of paralogous copies, recombinant
sequences, and the existence of phylogenetic bias between the
b-amylase reconstructions based on five different data subsets
(see below). The Poaceae cpDNA-ITS tree (cf. Minaya et al., 2013)
was constructed using the multicopy ribosomal ITS1-5.8S-ITS2
region and the plastid matK, ndhF, trnTL, and trnLF regions from a
collection of 142 grass taxa plus the close relative Joinvillea
(Joinvillaceae) included as an outgroup (Table S1). Published pri-
mers and protocols were used to amplify and sequence the ITS,
trnTL, and trnLF regions (Catalán et al., 2004; Quintanar et al.,
2007), the ndhF gene (Catalán et al., 1997), and the matK gene
(Döring et al., 2007). Character conflict was assessed for each pair
of data sets using the Partition Homogeneity (PH) test
(Incongruence Length Difference of Farris et al., 1994), conducted
in PAUP⁄ 4.0 beta 10 (Swofford, 2002) using heuristic searches of
100 random-order-entry replicates, with TBR and MulTrees ON.

Bayesian and Maximum parsimony (MP) based searches were
performed for both the separate and the combined data sets using,
respectively, MrBayes 3.2.2 (Altekar et al., 2004; Ronquist et al.,
2011) and PAUP⁄ v4.10b (Swofford, 2002) (procedures are provided
in Appendix 2). All gaps were treated as missing data. Branch sup-
port was indicated on the combined tree with parsimony bootstrap
(BS) and Bayesian posterior probability (PP) values.

2.3. Detection of potential b-amylase paralogues, phylogenetic conflict,
recombinants, and non-purifying sequences or pseudogenes

Paralogous gene copies were inferred using the tree-based
method of Altenhoff and Dessimoz (2012), from confirmed diploid
accessions showing clones in two divergent positions of a phyloge-
netic tree. This method, which also allowed us to identify acces-
sions with unexpected placement, is based on reconciling a
species tree (e.g., multigenic cpDNA-ITS tree of the Poaceae) and
the b-amylase gene tree, and by annotating all splits of the
b-amylase tree as either duplications or speciation events, accord-
ing to the placement and support of the cloned b-amylase
sequences. Once the splits of the gene tree have been classified
as speciation or duplication events, it is simple to infer whether
the given accession shows orthologous or paralogous sequences,
based on where the split between its gene copies appear. Since
ambiguously aligned intron positions could lead to erroneous
topologies, the b-amylase gene tree was based on a 588-bp matrix
that included the exon positions of 142 grass species (totaling 223
grass sequences, including all the direct sequences and the clones;
Table 1, b-amylase data set 1). We further used the species-overlap
rule (Gabaldón, 2008), a complementary method to corroborate
potential b-amylase paralogy. According to Gabaldón (2008), a
node represents a duplication event if it is ancestral to a tree bifur-
cation (e. g. sister clades) that contains sets of sequences from the
same species or accessions that overlap to some degree.
Conversely, if the two partitions contain sets of species that are
mutually exclusive, the node is considered to represent a specia-
tion event.
The Recombination Detection Program (RDP4) version 4.16
(Martin et al., 2010) was used to analyze potential recombination
events within the b-amylase sequences. The RDP, GENECONV,
BootScan, MaxChi, Chimaera, SiScan, LARD, and 3SEQ methods
implemented in RDP4 were used to identify recombinant and par-
ental sequences and to calculate probability scores for potential
recombination events. We used the default settings in all cases.
Only potential recombinant events detected by at least two meth-
ods were considered significant. The Bonferroni multiple compar-
ison correction test was performed to diminish the expected
number of false positive results. Masking of similar sequences
was allowed to increase the power of the recombination detection
methods. For these analyses we used a matrix with only exon posi-
tions. This matrix included all Poaceae sequences sampled (142
grass species); however, to discard spurious variation from
Polymerase Chain Reaction (PCR) artifacts, the cloned sequences
from 16 species were collapsed into a single consensus sequence
(or type) from closely related sequences following Díaz-Pérez
et al. (2014). All intraspecific sequences with a p-distance lower
than 0.01 (base differences per site) were collapsed into a single
type using the program BioEdit v7.2.5 (Hall, 1999) (Table 1,
b-amylase data set 2; 146 sequences, 588 positions, exons 2–5).

Two complementary criteria were used to detect pseudogenic
copies, and one of them also detected potential types of selection
pressure on the b-amylase sequences. First, we checked for the
existence of Premature Terminal Codons (PTCs) among the coding
positions of the 223 sampled b-amylase sequences (Table 1,
b-amylase data set 1). According to Akhunov et al. (2013) some
potential pseudogenic copies could accumulate mutations and
eventually produce PTCs at the early stages of evolution.

Secondly, we assumed that most of the coding positions in a
functional protein are constrained by purifying selection, rather
than positive selection (Kimura, 1968), while pseudogenes should
show neutral variation. Purifying and diversifying selection were
investigated through the analysis of distribution of substitution
rates across sites and branches under a Random Effect Likelihood
(REL) model (Nielsen and Yang, 1998; Kosakovsky-Pond and
Frost, 2005), where the distribution is represented by discrete
classes defined by specific selection pressure ranges (x = dN/dS;
dN and dS representing nonsynonymous/synonymous substitutions
per nonsynonymous/synonymous sites, respectively). REL models
assume that substitutions along a branch of a phylogenetic tree
are characterized by a continuous-time stationary Markov process,
defined by its instantaneous rate matrix (Q). Similar to nucleotide
substitution models, the likelihood of a change along a branch is
given by the transition matrix. Considering that selective pressures
may vary over both sites and time, branch-site REL methods are
able to estimate the proportion of sites with different x values
for all lineages of the tree (Kosakovsky-Pond et al., 2011). In this
case, each branch-site combination has instantaneous rate and
transition matrices. We restricted our analysis to terminal lineages
to evaluate recent pressures associated with sequences from a sub-
set of 65 BEP species, including all putative sequences under likely
paralogy, homeology, recombination, and topological incongru-
ence (Table 1, b-amylase data set 3; 69 sequences, 588 positions,
exons 2–5). This was done to detect sequences with high
proportions of sites under neutral or nearly neutral selection, indi-
cating potential relaxed selection pressure (represented by
x = dN/dS � 1) and evidence of pseudogenization. We performed
the Branch-Specific Branch-Site REL (BS-REL) model, as suggested
in Kosakovsky-Pond et al. (2008), to estimate b-amylase
lineage-specific proportion of sites (Pr1, Pr2 and Pr3) showing rates
circumscribed to three discrete classes (x1 6x2 6 1 6x3),
respectively. These classes are associated with the neutral model;
classes x1 and x2 are less than or equal to 1, specifying stronger
and weaker purifying selection, whereas x3 (unconstrained class)



Table 1
b-amylase data partitions used in this research. Each data set is enumerated and described according to their appearance in the main text.

b-amylase data partition n� grass
species/
sequences

Number of
nucleotide
positions

Characteristics Analysis performed

1. Exon positions 142/223 588 Including all species and clones sampled � Compared to the reference tree to find par-
alogous copies and topologically incongru-
ent sequences
� Check the existence of PTCs among the

coding positions
� Bayesian phylogeny (Fig. S2)

2. Exon positions 142/146 588 Including:
� All species sampled.
� Cloned sequences collapsed into a consensus

type when their p-distance was lower than 0.01

Recombination (RDP4) (Table 2)

3. Exon positions 65/69 588 Selection of representative sequences classified
within the BEP clade, including:
� Topologically incongruent accessions and acces-

sions under potential paralogy, homeology, or
recombination.
� Cloned sequences collapsed into a consensus

type when their p-distance was lower than 0.01.

Branch-Site REL (DataMonkey) (Table 3)

4. Exon + intron positions 142/146 850 Including:
� All species sampled.
� Cloned sequences collapsed into a consensus

type when their p-distance was lower than 0.01.

� Bayesian phylogeny (Fig. 2)
� NeighborNet partition network tree (Fig. 3)

5. Exon + intron positions 105/105 850 � Excluding 37 species (41 accessions including
the collapsed cloned sequences) under unex-
pected placement, potential pseudogenization,
semi-paralogy, homeology, or recombination
(Fig. 2).
� Cloned sequences were collapsed into a consen-

sus type when their p-distance was lower than
0.01.

� SH test (Table 4)
� Bayesian phylogeny (Fig. S3)

5a. Exon positions 105/105 588 � PH and SH tests
� Comparison of the Bayesian topology

(Fig. 4)
5b. First and second
codon positions

105/105 392 � PH and SH tests
� Comparison of the Bayesian topology

5c. Third codon positions 105/105 196 � PH and SH tests
� Comparison of the Bayesian topology

5d. Third codon
positions + unambiguous
introns

105/105 456 � PH and SH tests
� Comparison of the Bayesian topology
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is greater than 1, and is related to adaptive selection. According to
the estimated x1, x2, x3 values for each branch, we assigned each
of these values and its proportion to one out of five selection sce-
narios: (I) x = 0–0.6 (strong negative selection), (II) x = 0.61–0.9
(weak negative selection), (III) x = 0.91–1.5 (neutral selection),
(IV) x = 1.51–5 (weak positive selection), and (V) x > 5 (strong
positive selection). BS-REL was performed using the maximum
likelihood-based tools implemented in the WEB interface
DataMonkey (Pond and Frost, 2005).

2.4. Reconstruction of b-amylase phylogeny

A Bayesian tree and a NeighborNet partition network (Bryant
and Moulton, 2004; Huson et al., 2010) were computed based on
a b-amylase 850-bp data matrix that included the exon + unam-
biguous intron positions and 146 sequences (from 142 species)
after collapsing the cloned sequences into a consensus type
(Table 1, b-amylase data set 4). The Bayesian phylogeny and the
NeighborNet partition network tree provide a graphical represen-
tation of phylogenetic relationships, including sequences with
apparently anomalous placements on the tree (Huson and
Bryant, 2006). These anomalies could have originated from incom-
plete lineage sorting, horizontal gene transfer, recombination, or
hybridization. Within the NeighborNet partition network analysis,
a pairwise p-distance matrix representing the proportion of base
differences between sequences was computed first. Then, the
NeighborNet algorithm was employed to generate circular
partitions which were subsequently processed by the Equal Angle
algorithm (Bryant and Moulton, 2004; Huson et al., 2010).
Partition statistical support was generated through 1000 bootstrap
pseudoreplicates. All analyses were performed using Splitstree
version 4.12.3 (Huson and Bryant, 2006).
Once we had detected and excluded pseudogenes, paralogs,
recombinants, and sequences that were unexpectedly placed rela-
tive to the cpDNA-ITS tree (37 total; see results for more details),
we reconstructed the b-amylase phylogeny based on a 850-bp
matrix with exons plus unambiguous intron positions from 105
species, including the different types of collapsed clones (Table 1,
b-amylase data set 5). Because one of the aims of this study is to
examine phylogenetic bias among b-amylase reconstructions based
on different sets of coding and non-coding positions, the data
matrix (b-amylase data set 5 in Table 1) was subdivided into four
additional data matrices: (5a) only coding positions (588 bp);
(5b) only first and second codon positions (392 bp); (5c) only third
codon positions (196 bp); and (5d) third codon positions plus
unambiguous intron positions (456 bp) (Table 1, b-amylase data
sets 5a–5d).

The Partition Homogeneity (PH) test (Incongruence Length
Difference (ILD) test of Farris et al., 1994), and the more conserva-
tive Shimodaira–Hasegawa (SH) nonparametric bootstrap test
(Shimodaira and Hasegawa, 1999) were conducted on the
b-amylase data set 5 (Table 1) and its four subdivisions (Table 1:
b-amylase data sets 5a, 5b, 5c, 5d). Both tests were implemented
in PAUP⁄ v4.10b (Swofford, 2002). The PH test was used to assess
character conflict among subsets 5a–5d, using heuristic searches
of 100 random-order-entry replicates, with TBR and MulTrees
ON. The SH test was used to determine whether the topology of
the Bayesian tree derived from data set 5 (Table 1), which
corresponds to the most likely tree (Section 3), was significantly
different from the Bayesian trees derived from its four subdivisions
(data sets 5a to 5d). The SH test was done with resampling
estimated log-likelihood (RELL) optimization and 1000 bootstrap
replicates. Since comparing more than two trees leads to a multiple
comparison problem that cannot be solved by Bonferroni
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corrections (cf. Shimodaira and Hasegawa, 1999), we ran the SH
test comparing only two trees each time.

The independent Bayesian searches conducted for each of seven
b-amylase data sets (Table 1, b-amylase data sets 1, 4, 5, 5a, 5b, 5c,
5d) were run with MrBayes 3.2.2 (Altekar et al., 2004; Ronquist
et al., 2011), using Joinvillea ascendens to root the trees (see
Appendix 2 for details). Tests of goodness of fit for alternative
nucleotide substitution models were performed through the
Hierarchical Likelihood Ratio Test (hLRTs), AIC and BIC tests in
jModelTest 2 (Guindon and Gascuel, 2003; Darriba et al., 2012).
The estimated GTR + I + gamma model was used for all Bayesian
inferences performed in this study.
3. Results

3.1. The cpDNA-ITS species tree of the grasses

The cpDNA-ITS tree of the Poaceae (Fig. 1) provided a frame-
work for evaluating paralogy and incongruence in the b-amylase
data set, and for assessing potential phylogenetic bias among the
four b-amylase subdivisions (Table 1: data sets 1, 4, 5, 5a, 5b, 5c,
5d). The multigenic data set consisted of nuclear ITS (134
sequences/609 nucleotides) and plastid matK (120/1259), ndhF
(124/710), trnTL (116/789) and trnLF (127/975) sequences
(Table S1).

The independent phylogenetic searches conducted with the
five separate ITS, matK, ndhF, trnTL, and trnLF data sets yielded
highly congruent topologies. The PH test detected incongruence
among the plastid (cpDNA) data sets (P < 0.01), except for
matK – trnTL (P = 0.4) and ndhF – trnTL (P = 0.3). Partition incon-
gruence was also found between the plastid and nuclear data
(P = 0.01). Despite this, the separate topologies were similar to
the tree based on the combined nuclear and plastid datasets,
with incongruence observed mostly among some terminal tips.
Furthermore, those topological conflicts were not well supported.
Since the incongruence did not affect the main results and con-
clusions of this research, we chose to conduct phylogenetic anal-
yses on the combined dataset of the five sequenced genes. The
BI tree (Fig. 1) and MP tree (Fig. 1; bootstrap support values)
from the combined data set were highly congruent to each other
and with those obtained for the grasses by previous authors
(Bouchenak-Khelladi et al., 2008; Schneider et al., 2009; Blaner
et al., 2015; Soreng et al., 2015). The MP statistics of the
Poaceae cpDNA-ITS tree are shown in Table S2.

The 142 Poaceae species fell into the two traditionally described
PACCMAD and BEP clades (e.g. GPWG, 2001, 2012; Sanchez-Ken
et al., 2007; Bouchenak-Khelladi et al., 2008; Schneider et al.,
2009; Blaner et al., 2015; Soreng et al., 2015). The PACCMAD clade
was split into two strongly supported sister lineages, Centothecoi
deae–Panicoideae and Danthonioideae–Chloridoideae (e.g.,
Soreng and Davis, 1998; Bouchenak-Khelladi et al., 2008, and refer-
ences therein). The BEP clade included the Ehrhartoideae,
Bambusoideae, and Pooideae, which were grouped as described
by Davis and Soreng (2007), Bouchenak-Khelladi et al. (2008),
Schneider et al. (2009) and Triplett and Clark (2010). The
Pooideae clade showed the successive divergences of the more
ancestral Lygeeae/Nardeae, Stipeae, Diarrheneae, and
Brachypodieae lineages, and the separation of the more recently
evolved core pooids (Bromeae – Triticeae and Poeae – Aveneae lin-
eages). The relationships within the Poeae – Aveneae clade agreed
with those proposed by Döring et al. (2007), Quintanar et al.
(2007), and Schneider et al. (2009). The successively enlarged phy-
logenies of Loliinae obtained by Catalán et al. (2004, 2006) and
Inda et al. (2008) were confirmed in our analyses; the Loliinae split
into two main groups, the broad-leaved and fine-leaved Loliinae.
3.2. The b-amylase data set: recombination, pseudogenization and
incongruence

Highly similar clones were grouped into consensus types
according to the p-distance (<0.01) criterion (Díaz-Pérez et al.,
2014). Clones from twelve out of 16 species were grouped into a
single type, suggesting that they represent the same orthologous
copy (Fig. 2). However, clones from each of the remaining four spe-
cies (Brachypodium distachyon, Festuca fenas, F. arundinacea, and
Vulpia alopecuros) were classified into different types (p-dis-
tance > 0.01). Diploid Brachypodium distachyon clones 2 and 3 vs.
clones 1 and 4–9 were phylogenetically close enough to be consid-
ered allelic copies. Diploid Vulpia alopecuros clones 1–3 vs. 4–5
were paraphyletic (Fig. 2), and their placement within the
Aulaxyper clade was incongruent with the cpDNA-ITS reference
tree (V. alopecuros clone 4–5, 0.89 PP/<75% BS; V. alopecuros clone
1–3, F. iberica, F. rubra clone 1–5, 1.00 PP/97% BS), rather than
within the expected Loretia [V. fasciculata/V. geniculata clade (cf.
Fig. 1)]. Though the Loretia group appeared in the b-amylase tree
with low support, we hypothesize that the strongly grouped V. alo-
pecuros clones within the Aulaxyper clade indicate a
‘‘semi-paralogous’’ copy (defined here as the detection of only
one paralogous copy [Aulaxyper-type] but not the other
[Loretia-type]). Related tetraploid Festuca fenas and hexaploid F.
arundinacea clones grouped into two lineages, each consisting of
one representative of each species, suggesting two homeologous
copies (Fig. 2).

Seven recombination events were detected by two or more
algorithms (p < 0.05) implemented in the program RDP4 in the
exon-only b-amylase data set (Table 2 and Fig. 2). The recombinant
sequences were from: (i) Gynerium sagittatum (Gynerieae); (ii)
Stipagrostis zeyheri (Cortaderiinae/Danthoniinae); (iii)
Muhlenbergia tenuiflora and M. montana (Muhlenbergiinae); (iv)
Setaria sp. (Setariinae) and Panicum miliaceum and P. virgatum
(Panicinae); (v) Brachypodium distachyon clones 2 and 3
(Brachypodieae); (vi) Danthonia decumbens and Schismus barbatus
(Cortaderiinae/Danthoniinae); and (vii) Diarrhena americana
(Diarrheninae). Five of the recombination events occurred in the
PACCMAD clade, whereas two were associated with
early-diverged Pooideae. No recombination events were detected
in the core Pooideae clade. Most recombination events showed
phylogenetically widely divergent minor and major parents involv-
ing different subtribes (Table 2 and Fig. 2), suggesting ancient
hybridization events, although we cannot discard a wrong assign-
ment of parents given the limited sampling sizes associated with
the PACCMAD and the early divergent Pooideae lineages.

There were no PTCs (Akhunov et al., 2013) among the b-amylase
coding sequences, so by this criterion, we did not find any evidence
of pseudogenic sequences. However, the Branch-Site REL (BS-REL)
analysis detected different sequence positions under strongly neg-
ative, negative, neutral, positive, and strongly positive selection
within exons (Table 3 and Fig. 2). Strong negative selection
[0 6x 6 0.9; range I (Table 3), dark blue bar (Fig. 2); 85.25% aver-
age value] was predominant across sequences and positions, fol-
lowed by neutral selection [(0.91 6x 6 1.5; range III (Table 3),
green bar (Fig. 2); 9.88%], and then by low percentages of strongly
positive selection [x > 5; range V (Table 3), red bar (Fig. 2); 2.78%],
negative selection [0.9 6x 6 0.61; range II (Table 3), dark blue bar
(Fig. 2); 1.7%] and positive selection (0.5 6x 6 1.51; range IV
(Table 3), pink bar (Fig. 2); 0.23%]. Fifty-eight out of 69 sequences
tested with the BS-REL method showed x values above the nega-
tive selection average (85.4%), most of them (57 sequences) with
0% neutral sites; whereas one sequence showed a considerable
proportion of sites with weak negative selection pressure
[Colpodium drakensbergense (100%); Table 3, Fig. 2]. Seven
sequences, however, showed a high proportion of neutral sites,



Fig. 1. Poaceae cpDNA-ITS tree. Bayesian Inference estimation based on nuclear (ITS) and plastid (trnTL, trnLF, ndhF, matK) gene sequences (Table S1). Bayesian posterior
probabilities of P0.90 and MP bootstrap support values of P75% are shown above and below the nodes, respectively. Species assignment to sections, subgenera, tribes,
subfamilies, and evolutionary clades are represented on the right side of the figure following Soreng et al. (2003, 2007), Torrecilla et al. (2003, 2004), Catalán et al. (2006),
Quintanar et al. (2007), Bouchenak-Khelladi et al. (2008), Inda et al. (2008), Schneider et al. (2009); and Minaya et al. (2013). Identical criteria were followed in the remaining
phylogenetic inferences presented in this paper.
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Fig. 2. Bayesian Majority Rule consensus tree of Poaceae based on the complete b-amylase exon + unambiguous intron data set. Bayesian posterior probabilities P 0.90 and
ML bootstrap support P 75% are shown above and below the branches, respectively. Species assignment to sections, subgenera, tribes, subfamilies, and evolutionary clades
are represented on the right side of the figure. Gray branches, dashed boxes, and bold gray species names indicate recombination events detected in the exon-only data set
(Table 1, b-amylase data set 2) by two or more methods implemented in the RDP4 program; Rec. n: indicates the number of recombination events (see Table 2). Mn: major
parents in the recombination n; mn: minor parents in the recombination n; mn?: most likely parents in the recombination n. Pink and red colors on the horizontal bars, bold
gray species names and gray branches indicate a high proportion of neutral, positive selected sites, and a complete absence of purifying selective positions, based on BS-REL
method (see Table 3). Colors on the horizontal bars indicate strong negative selection (dark blue), weak negative selection (light blue), neutral selection (green), weak positive
selection (pink), and strong positive selection (red). Gray boxes indicate homeologous clones of the allopolyploid species Festuca fenas and F. arundinacea and semi-paralogous
clones of Vulpia alopecuros. Bold gray species names and gray dotted branches indicate that these accessions are topologically incongruent when compared with their
placement in the Poaceae reference tree (Fig. 1). Asterisks (⁄) indicate placements different in the phylogeny based on the exon-only data set (Table 1, b-amylase data set 1;
Fig. S2) vs. exon + intron data set (Table 1, b-amylase data set 4; this figure). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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M. Minaya et al. / Molecular Phylogenetics and Evolution 91 (2015) 68–85 75



Fig. 2 (continued)

76 M. Minaya et al. / Molecular Phylogenetics and Evolution 91 (2015) 68–85



Table 2
Summary of recombination events identified in the b-amylase exon data set (588 positions: exons 2–5) by two or more methods implemented in the program RDP4. These events
were detected through 142 species (146 sequences) of Poaceae that included the consensus sequences (p-distance < 0.01) of 16 cloned species (Table 1, b-amylase data set 2).
Number of Rec. Event: Each recombination event is enumerated according to its statistical importance in the RDP4 analysis. Rec. sp.: Species under recombination.

Number of rec. event Rec. sp. Parental sequence(s) Probability of significant tests for different
detection methods in RDP4

Major Minor MaxChi Chimaera SiScan 3Seq

1. Gynerium sagittatum Thysanolaena maxima Panicum miliaceum
Panicum virgatum

1.36E�4 – – 3.24E�2

2. Stipagrostis zeyheri Dantohia spicata Rottboellia selloana 1.14E�3 4.29E�2 – –
3. Muhlenbergia montana

Muhlenbergia tenuifolia
Hordeum marinum Sporobolus heterolepis 2.34E�3 – 7.51E�5 –

4. Setaria sp.
Panicum miliaceum
Panicum virgatum

Karroochloa purpurea Trisetum loeflingianum
Festuca abyssinica 1–2

– 2.98E�2 1.46E�4 –

5. Brachypodium distachyon clone 2–3 Psathyrostachys juncea Unknown (Eragrostis spectabilis) 4.39E�2 1.42E�2 – –
6. Danthonia decumbens

Schismus barbatus
Sporobolus heterolepis Anthoxanthum aristatum

Avellinia michelii
Catabrosa aquatica
Festuca abyssinica
Helictotrichon filifolium
Rostraria cristata

8.17E�4 – 3.96E�6 –

7. Diarrhena americana Dactylis hispanica
Desmazeria rigida
Festuca scabra
Lamarckia aurea

Unknown (Eragrostis spectabilis) – 2.58E�2 8.89E�3 –
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low proportion of sites under positive selection, and a complete
absence of positions under purifying selection [Brachypodium pin-
natum (72% neutral sites/28% positively selected sites), F. arundi-
nacea clones 2, 6, and 7 (75%/25%), F. modesta (85%/15%), F. fenas
clones 1, 2, and 6 (75%/25%), F. scariosa clones 1–8 (100%/-),
Koeleria vallesiana (95%/5%), Wangenheimia lima (50%/50%); Table 3,
Fig. 2]. These results indicate relaxed selection rates in their
b-amylase gene copies, suggesting that they might be pseudogenes.

The Bayesian phylogenetic inference (BI) based on the
b-amylase exon and exon + intron data sets (Table 1, b-amylase
data sets 1 and 4, and Fig. S2 and Fig. 2, respectively) revealed 28
incongruent species when assessed in comparison to the reference
tree (Fig. 1). Eight of these conflicting taxa (Festuca panciciana, F.
abyssinica, Koeleria vallesiana, Milium vernale, Rottboellia selloana,
Stipagrostis zeyheri, Spartina sp., and Zea mays) were only observed
in the exon based-tree (Fig. S2); they were either congruent with
the reference tree, or remained unresolved, in the exon + intron
phylogeny (Fig. 2). Two of the incongruent sequences were associ-
ated with neutral selection (Koeleria vallesiana and Wangenheimia
lima; Table 3) while another (Stipagrostis zeyheri) was associated
with a recombination event (Table 2). The remaining incongruent
sequences, which showed moderate to high support in the
b-amylase phylogenies (Figs. 2 and S2), were Enneapogon desvauxii
(PACCMAD), Pariana sp. (Bambusoideae), Aegilops geniculata, A.
uniaristata, Elymus caucasicus, and E. hystrix (Triticeae), and
Avenula bromoides, Desmazeria rigida, Deschampsia antarctica,
Alopecuros arundinaceus, Colpodium drakensbergense, Ammophila
arenaria, Vulpia alopecuros, and Festuca ovina (Poeae – Aveneae).

The NeighborNet graph partitioned data into five statistically
supported groups with moderate-to-high bootstrap support
(BS > 70%) (Fig. 3). These groups were: (i) the Poeae Loliinae sub-
tribe (BS = 78%); (ii) the remaining subtribes of Poeae – Aveneae
(BS = 71% to 97%); (iii) Bromeae – Triticeae (BS = 97%); (iv)
Olyreae + Nardeae + Lygeeae + Stipeae + Diarrheneae + Brachypod-
ieae (BS = 71 to 83%); and (iv) PACCMAD + BEP early diverged lin-
eages Oryzeae + Olyreae (BS = 83%).

3.3. Beta-amylase phylogeny

The PH test did not detect incongruence (Table 4; p > 0.05)
among the exon, first and second codon positions, third codon
positions, and third codon + intron positions data sets (Table 1,
b-amylase data sets 5a–5d) after removal of the 37 conflicting spe-
cies (41 sequences including the collapsed clones) with likely
pseudogenization, semi-paralogy, homeology, recombination, or
topological incongruence with the cpDNA-ITS tree. The SH pair-
wise topological tests (Table 4) used the exons + unambiguous
introns tree as a reference (Table 1, b-amylase data set 5;
Fig. S3); this tree was selected as the optimal b-amylase tree since
it was better resolved and more robust than any of the alternative
trees (Figs. 4A–D). It also showed the best fit to the reference tree
(Fig. 1), and to previously published phylogenies of the grass family
(Bouchenak-Khelladi et al., 2008; Schneider et al., 2009; Blaner
et al., 2015; Soreng et al., 2015). The SH results indicated that all
tested topologies (Fig. 4) were equally well supported by the data
(Table 4; p < 0.05⁄). A visual comparison of the topologies
(Figs. 4A–D) showed that branching order was, in general, poorly
resolved in all the alternative b-amylase trees. The Bayesian trees
based on exons (Fig. 4A) and third codon plus intron positions
(Fig. 4D) had higher resolution than did the trees based on either
first and second codon positions (Fig. 4B) or third codon positions
(Fig. 4C) positions. Surprisingly, the Bromeae – Triticeae lineages
were better resolved in the tree based on third codon positions
(Fig. 4C), and the fine-leaved Loliinae clade was better resolved
in the tree based on third codon + intron positions (Fig. 4D).
Branch lengths suggest that the third codon + intron positions
(Fig. 4D) have evolved considerably faster in the Bromeae –
Triticeae lineages than in the Loliinae subtribe. However, first
and second codon positions (Fig. 4B) evolved faster in the
fine-leaved Loliinae.

The most plausible b-amylase-based phylogeny of the grasses is
the one based on exon plus unambiguous intron positions (Fig. S3),
which contained 105 sequences (from 105 grass species), including
the collapsed clones, after removal of the 41 conflicting sequences
(Table 1, b-amylase data set 5). The samples were grouped into the
two traditionally described BEP (1.00 PP/100% BS) and PACCMAD
grass lineages. The paraphyletic PACCMAD clade showed the suc-
cessive divergences of Centothecoideae (Thysanolaena), the mono-
phyletic Danthonioideae (1.00/82), and Chloridoideae (1.00/88), in
agreement with the reference tree (Fig. 1).

The BEP clade showed a well-supported sister relationship of
Ehrhartoideae (Oryza, Leersia; 1.00/100) to Pooideae (1.00/87).



Table 3
Summary of the Branch-Site REL (BS-REL) results analyzed in the WEB interface DataMonkey. Maximum likelihood estimates of rate classes with x1 6 1, x2 6 1 and x3

(unconstrained) and proportion of sites (Pr1, Pr2 and Pr3, respectively) evolving at such rate classes along each branch. x = dN/dS, where dN and dS are the number of non-
synonymous and synonymous mutations, respectively. Roman numerals (I to IV) correspond to the total percentage of sites (across x1, x2 and x3) evolving according to distinct
selection scenarios: (I) x = 0–0.6, Strongly Negative Selection (dark blue bar in Fig. 2); (II) x = 0.61–0.9, Weak Negative Selection (light blue bar in Fig. 2); (III) x = 0.91–1.5,
Neutral Selection (green bar in Fig. 2); (IV) x = 1.51–5, Weak Positive Selection (pink bar in Fig. 2); and (V) x > 5, Strongly Positive Selection (red bar in Fig. 2). These analyses
were done for 69 sequences (from 65 species) of Poaceae that included the consensus sequences (p-distance < 0.01) of 16 cloned species (Table 1, b-amylase data set 3).

Species x1 Pr1 x2 Pr2 x3 Pr3 I II III IV V

Aegilops comosa 0 0 0 0 0 1 100% 0 0 0 0
Aegilops geniculata 0.06 0.96 0.06 0.03 10000 0.01 99% 0 0 0 1%
Aegilops uniaristata 0 0 0 0 0 1 100% 0 0 0 0
Agropyron cristatum 0 0 0 0 0 1 100% 0 0 0 0
Agrostis capillaris 0 0 0 0 0 1 100% 0 0 0 0
Alopecurus arundinaceus 0 0 0 0 0 1 100% 0 0 0 0
Ammophila arenaria 0 0 0 0 0 1 100% 0 0 0 0
Anthoxanthum aristatum 0 0.96 0 0.03 20.67 0.01 99% 0 0 0 1%
Australopyrum retrofractum 0 0.96 0 0.02 25.39 0.02 99% 0 0 0 2%
Avena sterilis 0 0.94 8.18E�07 0 8.42 0.06 94% 0 0 0 6%
Avenula bromoides 0.29 0.83 0.65 0.17 1.11 0 83% 17% 0 0 0
Brachypodium distachyon clone 2–3 1 0.97 1 0.02 834.46 0.01 0 0 99% 0 1%
Brachypodium distachyon clone 1,4–9 0 0 0 0 0 1 100% 0 0 0 0
Brachypodium boissieri 0.31 0.94 0.31 0.06 1.01 0 100% 0 0 0 0
Brachypodium pinnatum 1 0.72 1.00 4.57E�06 614.23 0.28 0 0 72% 0 28%
Bromus tectorum 0.37 0.97 0.81 0 33.03 0.03 97% 0 0 0 3%
Catabrosa aquatica 0 0 0 0 0 1 100% 0 0 0 0
Catabrosella araratica 0.06 0.98 0.91 0.00 38.01 0.02 98% 0 0.2% 0 1.8%
Colpodium drakensbergense 0.65 1 0.55 0 1.08 0 0 100% 0 0 0
Cynosurus cristatus 0 0 0 0 0 1 100% 0 0 0 0
Dactylis hispanica 0 0 0 0 0 1 100% 0 0 0 0
Dasypyrum villosum 0 0 0 0 0 1 100% 0 0 0 0
Deschampsia antarctica 0 0 0 0 0 1 100% 0 0 0 0
Deschampsia cespitosa 0 0 0 0 0 1 100% 0 0 0 0
Deschampsia flexuosa 0 0 0 0 0 1 100% 0 0 0 0
Desmazeria rigida 0.28 0.99 0.28 0.00 137.74 0.01 99% 0 0 0 1%
Diarrhena americana 0 0.86 0 0.02 3.80 0.13 98% 0 0 2% 0
Echinaria capitata 0 0 0 0 0 1 100% 0 0 0 0
Elymus caucasicus 0 0 0 0 0 1 100% 0 0 0 0
Elymus hystrix 0 0 0 0 0 1 100% 0 0 0 0
Elymus repens 0.171564 1 0.248175 0 0.24 0 100% 0 0 0 0
Festuca abyssinica clone 1–2 0 0.94 0 0.00 6.54 0.06 94% 0 0 0 6%
Festuca arundinacea clone 2,6–7 1 0.75 1.00 0 1468.99 0.25 0 0 75% 0 25%
Festuca arundinacea clone 1,3,4–5 0 0 0 0 0 1 100% 0 0 0 0
Festuca capillifolia clone 1–9 0 0 0 0 0 1 100% 0 0 0 0
Festuca coerulescens 0 0 0 0 0 1 100% 0 0 0 0
Festuca eskia 0 0.99 0.88 0 49.19 0.01 99% 0 0 0 1%
Festuca iberica 0 0 0 0 0 1 100% 0 0 0 0
Festuca indigesta 0.00 0.90 0.89 0.00 8.76 0.10 90% 0 0 0 10%
Festuca longiauriculata 0 0 0 0 0 1 100% 0 0 0 0
Festuca modesta 1 0.85 0.99 1.85E�07 754.11 0.15 0 0 85% 0 15%
Festuca ovina 0 0 0 0 0 1 100% 0 0 0 0
Festuca triflora 0.34 0.75 0.39 0.25 0.98 0 100% 0 0 0 0
Festuca fenas clone 1–2,6 1 0.75 1.00 3.40E�05 1098.20 0.25 0 0 75% 0 25%
Festuca fenas clone 3–5,7 0 0 0 0 0 1 100% 0 0 0 0
Festuca panciciana clone 1–2 0 0 0 0 0 1 100% 0 0 0 0
Festuca scariosa clone 1–8 1 0.67 0.86 0 1.17 0.33 0 0 100% 0 0
Festuca simensis clone 1–7 0 0 0 0 0 1 100% 0 0 0 0
Joinvillea ascendens 0 0.86 0 0.00 4.85 0.14 86% 0 0 14% 0
Koeleria vallesiana 1 0.94 1 0.01 2541.96 0.05 0 0 95% 0 5%
Lolium perenne 0 0.96 0 0.01 15.34 0.03 97% 0 0 0 3%
Lophopyrum elongatum 0 0 0 0 0 1 100% 0 0 0 0
Lygeum spartum 0.06 0.79 0.96 0 1.46 0.21 79% 0 21% 0 0
Milium vernale 0 0 0 0 0 1 100% 0 0 0 0
Micropyropsis tuberosa clone 1–2 0 0 0 0 0 1 100% 0 0 0 0
Narduroides salzmannii 0.04 0.78 0.07 0.22 3.23 0 100% 0 0 0 0
Oryza sativa 0 0 0 0 0 1 100% 0 0 0 0
Pariana sp. 0.05 0.97 0.05 0.00 8.41 0.03 97% 0 0 0 3%
Phalaris canariensis 0.38 0.39 0.38 0.19 0.38 0.42 100% 0 0 0 0
Phleum pratense 0 0 0 0 0 1 100% 0 0 0 0
Poa infirma 0 0 0 0 0 1 100% 0 0 0 0
Secale cereale 0 0 0 0 0 1 100% 0 0 0 0
Stipa offneri 0 0 0 0 0 1 100% 0 0 0 0
Trisetum loeflingianum 0 0.97 0 0.00 7.04 0.03 97% 0 0 0 3%
Triticum aestivum 0 0.97 0 0.02 60.27 0.01 99% 0 0 0 1%
Vulpia alopecuros clone 4- 0 0 0 0 0 1 100% 0 0 0 0
Vulpia alopecuros clone 1–3 0 0 0 0 0 1 100% 0 0 0 0
Vulpia geniculata 0 0 0 0 0 1 100% 0 0 0 0
Wangenheimia lima 1 0.50 0.88 0 4299.40 0.50 0 0 50% 0 50%

Average percentage 85.25% 1.7% 9.88% 0.23% 2.78%

78 M. Minaya et al. / Molecular Phylogenetics and Evolution 91 (2015) 68–85



Fig. 3. NeighborNet partition network tree. Graphical representation of phylogenetic relationships considering possible incompatible and ambiguous signals in the grass b-
amylase exon + intron sequences (Table 1, b-amylase data set 4). Major tribal and subtribal lineages correspond to those indicated in Figs. 1 and 2. Green accessions represent
topologically incongruent lineages with respect to the reference cpDNA + ITS tree. Bootstrap support values are indicated for the four main splits: Pooideae (83%, purple); core
pooids (71%, green); Bromeae – Triticeae (97%, blue); Loliinae (78%, red). Subfamily abbreviations: POOID (Pooideae); BAMBU (Bambusoideae); EHRAR (Ehrartoideae); CHLOR
(Chloridoideae); DANTH (Danthonioideae); CENTO (Centothecoideae); PANIC (Panicoideae). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 4
Results of the Partition Homogeneity (PH) test [H0: the compared data sets are incongruent] and the Shimodaira–Hasegawa test (SH) tests [H0: the topology of the most likely tree
(Table 1, b-amylase data set 5: phylogeny with the highest likelihood score) is similar to the compared topology (Table 1, b-amylase data sets 5a–5d; Figs. 5a–5d)]. LnL: likelihood
score; Diff. LnL: difference of �LnL between the compared trees; ⁄ the null hypotheses is accepted. These analyses were done using 105 sequences (from 105 species) of Poaceae
that included the consensus sequences (p-distance < 0.01) of 16 cloned species (Table 1, b-amylase data set 5).

b-amylase subdivisions (5a) Exon positions (5b) First and second codon positions (5c) Third codon positions (5d) Third codon positions + introns

Partition Homogeneity (PH) test
(5a) Exon positions – 1.00 1.00 0.96
(5b) First and second codon positions – 0.86 0.32
(5c) Third codon positions – 1.00
(5d) Third codon positions + introns –

Shimodaira–Hasegawa test (SH) test
Bayesian topology compared �LnL Diff. �LnL p-value

(5) Exon + intron positions 13266.38892 (Best) –
(5d) Third codon positions + introns 13352.79645 86.40752 0.013⁄

(5a) Exon positions 13423.06073 156.67181 <0.001⁄

(5b) First and second codon positions 14233.37348 966.98456 <0.001⁄

(5c) Third codon positions 14455.69237 1189.30345 <0.001⁄
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Divergence within Pooideae consisted of the early split of the sis-
ters Lygeeae/Nardeae (1.00/100), Stipeae (0.99/89), Brachypodieae
(1.00/100) and the core Pooideae (1.00/93). The resolution of the
Bromeae – Triticeae clade was similar to that found in the
b-amylase exon-based tree (Fig. S2). The Poeae s. l. lineages collapsed
in a large polytomy (1.00/88). The Poeae – Aveneae lineage was
divided into six subtribes: (i) Phalaridinae (Phalaris; 1.00/100); (ii)
Agrostidinae + Anthoxanthinae + Aveninae + Koeleriinae (0.93/-);



Fig. 4. Alternative Bayesian topologies of grasses based on different partitions of the b-amylase gene. (A) exon positions; (B) first and second codon positions; (C) third codon
positions; and (D) third codon positions plus aligned unambiguous introns after removing the 37 grass species (41 accessions) with likely pseudogenization, recombination
and/or topological incongruence (Table 1, b-amylase data sets 5a–5d, respectively). Diamonds indicate clades with low bootstrap (<75%) or posterior probability (<90%)
support. Lineage assignments to tribes, subfamilies and clades are presented on the right side of the figures.
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Fig. 4 (continued)
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(iii) Dactylidinae/Parapholiinae – Cynosurinae (0.99/-); (iv) Airinae –
Holcinae – Sesleriinae (0.97/-); (v) Poinae – Puccinelliinae –
Alopecurinae (1.00/97); and (vi) Loliinae (1.00/98). The Loliinae clade
collapsed into a basal polytomy of two broad-leaved lineages and the
fine-leaved fescues. The broad-leaved group included representa-
tives of (i) Drymanthele – Leucopoa – Lojaconoa – Psudoscariosa –
Scariosa – Scabra clade (0.94/-); and (ii) Lolium – Micropyropsis –
Schedonorus – Subbulbosae clade (0.99/98). The fine-leaved
Loliinae split into three main clades: (i) the most basal Eskia
(0.99/89); (ii) Festuca (1.00/95); and (iii) Apalochloa – Exaratae –
Monachne – Psilurus – Vulpia (4x–6x) – Narduroides + Aulaxyper s.l.
(1.00/99).
4. Discussion

4.1. Evolution of the b-amylase exon sequences in the grasses: relaxed
selection pressure, pseudogenization, semi-paralogy, homeology,
recombination and incongruence

Our study has shown the complex evolutionary dynamics of the
LCNG b-amylase in the temperate grasses and close allies through
the detection of 41 sequences (from 37 species) with likely pseu-
dogenization, paralogy, homeology, recombination and/or phylo-
genetic incongruence (Fig. 2). Our failure to detect PTCs as
evidence of pseudogenic copies was corroborated using the amino
acid translations to guide the alignment of these coding sequences.
However, since exons 1, 6, and 7, and parts of exons 2 and 5 were
not sequenced, this criterion alone does not conclusively rule out
the presence of pseudogenes. Using a complementary method to
detect pseudogenization, we interpreted sequences with a large
proportion of sites under neutral selection as an indicator of relax-
ation of selection pressure (cf. Kosakovsky-Pond et al., 2008, 2011).
Thus, the eight sequences with a high proportion of neutral sites,
and a complete absence of sites under purifying selection, are
probably pseudogenes. The distribution of these copies among
three separate temperate pooid lineages [Brachypodieae;
Aveneae – Koeleriinae; and Poeae – Loliinae; Table 3, Fig. 2] indi-
cates that pseudogenization and/or relaxation of selection pressure
in b-amylase sequences could be largely extended across the
Poaceae, and affect both orthologous and homeologous copies.

Differentiating orthologous and paralogous DNA sequences is
essential for phylogenetic inference (Sanderson and Doyle, 1992;
Wendel and Doyle, 1998). However, distinguishing paralogous
copies which diverged after a duplication event from orthologs
related by descent can be a challenge (Fu and Dooner, 2002;
Small et al., 2004). Several publications have demonstrated paralo-
gous copies in LCNGs such as the b-amylase (Kreis et al., 1987;
Wang et al., 1997; Li et al., 2002; Mason-Gamer, 2005) and GBSSI
(Díaz-Pérez et al., 2014) genes in the grasses. In our study, a single
case of b-amylase semi-paralogy has been found in the fine-leaved
Loliinae Vulpia alopecuros. The unexpected placement of the
diploid V. alopecuros sequences within the Aulaxyper clade
(Figs. 2 and S2) reflects a close relationship of this Loretia-type spe-
cies with the Festuca rubra group (Aulaxyper). This supports a
recent LCNG GBSSI-based study (Díaz-Pérez et al., 2014), which
recovered strong phylogenetic relationships between members of
the Loretia clade and different Aulaxyper taxa, supporting recent
gene flow between the two clades; this favored the occurrence of
intergeneric x Festulpia hybrids and introgressed plants. The two
V. alopecuros Aulaxyper-type b-amylase copies likely represent a
fraction of a semi-paralogous sequence, even though the ortholo-
gous sequences of V. alopecuros, which should be nested within
the Loretia clade, have not been found. This could be explained
as a consequence of PCR bias favoring only one paralogous copy,
or gene loss. Alternatively, gene flow, rather than paralogy, might
explain the unexpected placement of V. alopecuros clones, so intro-
gressive hybridization could also be invoked to explain the two
types of V. alopecuros clones (cf. Harper et al., 2011; Cui et al.,
2015).

The broad-leaved Loliinae polyploids F. fenas and F. arundinacea
have two types of b-amylase homeologous copies (Fig. 2). The res-
olution within the Lolium – Micropyropsis – Schedonorus lineage
(Figs. 2, S2) confirms the origins of these allopolyploid
Schedonorus species in the ancestral Western-Mediterranean
region (Inda et al., 2014). Several studies (e. g. cross-
hybridizations, Chandrasekharan et al., 1972; genome-mapping,
Humphreys et al., 1995; phylogenetic analysis, Inda et al., 2008,
2014) support the allohexaploid origin of Festuca arundinacea from
diploid F. pratensis and allotetraploid F. fenas. Inda et al. (2014) fur-
ther suggested the putative contribution of F. fenas as the maternal
progenitor of F. arundinacea. The b-amylase phylogeny revealed
two divergent types of clones in F. fenas, which could have been
derived from each of its two putative homeologous genomes,
and, in turn, inherited by its descendant hybrid F. arundinacea. By
contrast, the absence of F. arundinacea clones similar to the progen-
itor F. pratensis suggests that those paternal copies might have
been lost in the allohexaploid, or could have gone undetected with
the current sample.

The robust sister relationship of the afromontane F. simensis to
F. fenas and F. arundinacea reveals for the first time the potential
origin of one of the progenitors of this putative allotetraploid.
Inda et al. (2014) described a sister relationship of F. simensis with
a potential diploid Lolium-like parent based on their ITS phylogeny,
whereas their plastid trnTF phylogeny suggested a Eurasian
Schedonorus maternal genome donor. Based on these hypotheses
and our current findings, the tetraploid F. simensis might have orig-
inated from a cross between a diploid western Mediterranean F.
fenas-type maternal parent and a Eurasian diploid Lolium-type
paternal parent, followed by genome duplication and a likely
Pliocene colonization of the afromontane belt (cf. Inda et al., 2014).

Recombination analyses of 146 b-amylase sequences detected
seven recombination events (Table 2 and Fig. 2). Although the
major and minor parental sequences of the recombinants could
not be unambiguously identified, the seven recombinants suggest
that cross-species recombination occurs frequently in the grass
family. This might be explained in part by their allogamous polli-
nation syndrome (cf. Lian et al., 2013), but could also be related
to other unknown biological or evolutionary processes (cf.
Minaya et al., 2013). Most of the potential parental sequences for
the detected recombinants are phylogenetically close. For example,
the major and minor parental sequences detected in Gynerium
sagittatum were Thysanolaena maxima (Centotheceae) and
Panicum miliaceum – P. virgatum (Paniceae). Since nuclear recombi-
nation is common among taxa of hybrid origin (Marques et al.,
2010), the detection of recombinant sequences could reveal unex-
pected hybridizations. Alternatively, these results might reflect
traces of more ancestral palaeohybridizations, as pointed out by
Mason-Gamer (2008), Salse et al. (2008), and Mahelka and
Kopecký (2010) in different grass groups. Two remarkable excep-
tions to the phylogenetically close parental sequences rule were
observed in Muhlenbergia (Muhlengbergiinae), where the major
parental sequence was detected in Triticeae (Hordeum marinum)
and in Panicum (Panicinae), and the minor parental sequence in
Koeleriinae (Trisetum loeflingianum) and Loliinae (Festuca abyssi-
nica) (Table 2 and Fig. 2). Because the putative parental lineages
are highly divergent, each characterized by high rates of hybridiza-
tion, polyploidy (cf. Mason-Gamer, 2005, 2008; Catalán et al.,
2006), Horizontal Gene Transfer (HGT) (Ghatnekar et al., 2006;
Vallenback et al., 2008, 2010), and Stowaway MITEs
(Mason-Gamer, 2005; Minaya et al., 2013), these evolutionarily
distant recombinations could have occurred by a number of
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processes, including the combination of palaeo- or
neo-homeologous copies.

Of the 28 species on the b-amylase tree that were incongruent
with respect to their placement in the cpDNA-ITS reference tree
(Fig. 1), two were associated with apparent pseudogenization
and one with a recombination event. LCNGs are prone to a diver-
sity of evolutionary fates, so other possible explanations for the
remaining conflicting sequences include incomplete lineage sort-
ing, retention of alternative copies from ancestral polyploid gen-
omes, horizontal gene transfer, differential gene copy losses
(Fortune et al., 2007; Díaz-Pérez et al., 2014), or sampling artifacts
in some lineages (i.e. PACCMAD and Bambusoideae).
4.2. Phylogenetic signals of b-amylase sequences within the Pooideae

The identification and removal of problematic sequences is key
for using the b-amylase gene to disentangle the phylogenetic his-
tory of the Pooideae. A visual comparison of the alternative topolo-
gies obtained based on the exons, first and second codon positions,
third codon positions, and third codon + intron positions data sets,
after removal of the 41 conflicting sequences (Fig. 4), shows little
incongruence among the four data sets, an observation corrobo-
rated by the PH test (Table 4). In addition, these four topologies
are similar to the phylogeny based on the exon + intron data set
depicted in Fig. S3 (taken as the reference b-amylase tree); this is
confirmed by the results of the SH test (Table 4). Resolution also
varies among the trees; for example, the phylogeny recovered for
the Triticeae is better resolved by third codon positions than first
and second codon positions (Fig. 4). The advantage of using third
codon positions in phylogenetic reconstructions becomes particu-
larly clear at low taxonomic levels or among lineages originated
by rapid and recent divergence events (cf. Gaut et al., 1997;
Small et al., 1998; Cronn et al., 2002; Christin et al., 2007).
Nevertheless, our results demonstrate that other grass lineages
do not follow this pattern. The recently evolved Loliinae clade
was less resolved when it was based on third codon positions than
first and second codon positions (Fig. 4). Similarly, the Loliinae lin-
eages had shorter branch lengths in the Bayesian third codon posi-
tions tree than in the first and second codon positions
reconstruction. In both cases, the uncoupling of first and second
vs. third codon evolutionary rates observed suggests that
locus-specific selection coefficients can vary widely among grass
lineages. These observations highlight the importance of under-
standing how different partitions of the b-amylase gene data set
have influenced the phylogenetic reconstruction of the grasses
(cf. Christin et al., 2007).

The most plausible b-amylase phylogeny of Pooideae after
removing the 41 problematic accessions is the one based on exon
plus unambiguous intron positions (Fig. S3). The monophyly of
the BEP clade is strongly supported (Figs. 2 and S3). Although all
the molecular analyses published to date, including the
b-amylase analysis, have supported the monophyly of Pooideae,
the relationships found among its constituent groups have varied
widely. In particular, the early-diverging tribal lineages are fre-
quently unresolved or only weakly supported (e.g. Catalán et al.,
1997; Soreng and Davis, 2000; GPWG, 2001). The basal divergence
of the Lygeeae/Nardeae, suggested on morphological grounds (e.g.
Clayton and Renvoize, 1986; Soreng and Davis, 1998) has been cor-
roborated in our analysis, and is in agreement with other molecu-
lar studies (e.g. Bouchenak-Khelladi et al., 2008). However, the
placement of the Stipeae as sister to the Lygeeae/Nardeae group
conflicts with recent phylogenies that reconstruct Stipeae as a
more recently evolved group (Bouchenak-Khelladi et al., 2008). A
variety of molecular studies place Stipeae as a basal or sub-basal
pooid lineage, but with a position that fluctuates according to the
taxa sampled or the genome analyzed (e.g. Hilu et al., 1999;
Döring et al., 2007; Bouchenak-Khelladi et al., 2008).

The core Pooideae reconstruction shows a monophyletic
Bromeae – Triticeae and a largely polytomic Poeae – Aveneae
clade. For the Triticeae, our Bayesian inference supports a more
restricted phylogenetic analysis of the b-amylase gene
(Mason-Gamer, 2005). It is, however, not in full agreement with
phylogenies based on other data sets; the numerous molecular
analyses have failed to converge on a straightforward estimate of
the relationships among the diploid genera of this tribe (cf.
Kellogg et al., 1996; Mason-Gamer and Kellogg, 1996; Seberg and
Frederiksen, 2001; Petersen and Seberg, 2002; and Mason-Gamer,
2005). The Poeae – Aveneae group includes the five main lineages
of the core Aveneae group (Phalaridinae, Agrostidinae,
Anthoxanthinae, Aveninae, and Koeleriinae), mostly agreeing with
the phylogenies proposed by Soreng et al. (2003), Quintanar et al.
(2007), and Saarela et al. (2010). The unresolved position of the
Pseudarrhenatherum/Helictotrichon lineage is consistent with both
a nested relationship within Aveneae (e. g. Quintanar et al.,
2007), and with placement outside of Avena and Arrhenatherum
(Couderc and Guédès, 1976; Röser et al., 2001).

The NeighborNet partition network analysis (Fig. 3) highlights
the phylogenetic separation between the Loliinae and Aveneae
subtribes. This separation was not observed in the Bayesian tree
based on GBSSI (Díaz-Pérez et al., 2014), where there was little res-
olution within the BEP clade. The genetic distinctiveness of the
Bromeae – Triticeae partition from Poeae – Aveneae in the
NeighborNet tree seems to indicate a more basal phylogenetic
position for Bromeae – Triticeae. The more basal BEP lineages are
found in the fourth and fifth groups of the NeighborNet tree, sug-
gesting that the Oryzeae + Olyreae lineage, placed in the fifth group
of the NeighborNet tree, could be one of the first groups to diverge
in the separation of the BEP and PACCMAD clades, as is also sug-
gested by the GBSSI Bayesian tree (Díaz-Pérez et al., 2014).

The incongruent phylogenetic patterns described for 37 grass
species (26% of the sampled species; Fig. 2) and the detection of
various MITEs (Minaya et al., 2013) highlight the frequent occur-
rence of evolutionary events that violate the assumption that phy-
logenetic history is strictly tree-like, such as recombination, relaxed
selection pressure, semiparalogy, incomplete lineage sorting, hori-
zontal gene transfer, or differential gene copy losses in the
b-amylase gene. Thus, b-amylase gene sequences should be applied
to phylogenetic analyses with caution. However, once the pitfalls
are identified and removed, the phylogenetic reconstruction of the
temperate grasses and selected outgroups based on the b-amylase
exon + intron positions is highly informative at all taxonomic levels.
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