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The species of the Cynodonteae tribe show great morphological diversity in their reproductive structures. Previous studies
where inflorescences were comparatively analysed in the context of phylogeny have shown that although grass
inflorescences seem to be excessively variable, there are certain aspects of inflorescences that store relevant information on
the evolution and systematics in Poaceae. We have analysed and compared the inflorescence structures of species
belonging to the Hilariinae, Monanthochloinae, Scleropogoninae, and Muhlenbergiinae subtribes. Considering the most
relevant morphological characters, the most recurrent types of inflorescences in the lineage were determined by means of a
principal coordinates analysis. To understand the evolution of inflorescence morphology, ancestral reconstructions of
inflorescence characters were performed using the Bayesian inference method. The results obtained demonstrate that the
processes of homogenization and truncation might account for the diversity observed in adult inflorescences. Five different
types of inflorescences were identified out of 36 theoretical possibilities. Amongst these, inflorescence type 1 (panicle of
spikelets, with a terminal spikelet, non-homogenized, and bearing third- or higher-order branches) was found to be the most
frequent in the studied group. Ancestral reconstructions of morphological characters allowed us to suggest that the ancestor
of the group might have had an inflorescence with the form of a raceme of spikelets, non-truncated and bearing first-order
branches. More complex inflorescences bearing no terminal spikelets and having branches of higher order might have

diverged this lineage.
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Introduction

The Chloridoideae subfamily comprises approximately
131 genera and 1,601 species distributed in subtropical
and tropical regions with their centre of radiation in
Africa, Australia and Asia (GPWG 11, 2012; Jacobs, King-
ston, & Jacobs, 1999; Peterson, Romaschenko, & John-
son, 2010a; Soreng et al., 2015, 2017). At present, five
monophyletic tribes are recognized within Chloridoideae:
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Centropodieae, Triraphideae, Eragrostideae, Zoysieae,
and Cynodonteae (Bell & Columbus, 2008; Bouchenak-
khelladi et al., 2008; Columbus et al., 2007; Hilu & Alice,
2001; Hilu & Wright, 1982; Ingram & Doyle, 2004, 2007,
Liu et al., 2007; Peterson, Columbus, & Pennington,
2007, 2010a, 2011, 2012, 2014; Roodt-Wilding & Spies,
2006; Soreng et al., 2015, 2017; Van den Borre & Watson,
1997). Amongst these, the Cynodonteae tribe has the larg-
est number of species, including 839 species grouped into
93 genera and 18 subtribes (Soreng et al., 2015, 2017).
The lineage composed of the Hilariinae, Monanthochloi-
nae, Boutelouinae, Scleropogoninae, and Muhlenbergii-
nae subtribes, mostly represented by New World species,
is the most derived one of the Cynodonteae tribe. In terms
of morphology, this lineage shows wide variations
amongst inflorescences, ranging from loose (e.g.
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Mubhlenbergia asperifolia, Muhlenbergia porteri, Muhlen-
bergia purpusii, Scleropogon brevifolius, etc.) or dense
(e.g. Distichlis. spicata, Muhlenbergia rigens, Muhlenber-
gia rigida, etc.) panicles with a large number of spikelets
to simple, single-spikelet inflorescences (e.g. Distichlis
acerosa, Distichlis littoralis, and Distichlis australis)
(Clayton & Renvoize, 1986; Liu, Zhao, & Hao, 2005;
Nicora & Rugolo de Agrasar, 1987; Peterson et al., 2007,
Watson & Dallwitz, 1992). Inflorescence characters are of
the most widely used in grass systematics (Clayton &
Renvoize, 1986; Kellogg, 2015; Perreta, Ramos, &
Vegetti, 2009). Previous studies where inflorescences
were comparatively analysed in the context of species
phylogeny have shown that although grass inflorescences
seem to be excessively variable at first sight, there are cer-
tain aspects of inflorescences that store relevant informa-
tion on the evolution and systematics of the groups within
the family (Reinheimer, Amsler, & Vegetti, 2013a; Rein-
heimer, Vegetti, & Rua, 2013b). Particularly, Panicoideae
inflorescences have been found to share evolutionary trends
and patterns, rather than evolving randomly (Reinheimer
et al., 2013a, 2013b). So far, Cynodonteae inflorescences
have not been characterized comparatively. Current litera-
ture only offers comprehensive inflorescence descriptions
of a few species within this group (Liu et al., 2005; Pilatti
& Vegetti, 2014).

With the aim of studying inflorescence morphology of
the most derived Cynodonteae subtribes from an evolu-
tionary perspective, we intend to: (1) make a detailed
analysis of the adult inflorescence structure; (2) establish
the most common inflorescence types; (3) discuss the evo-
lution of the ancestral states of the most significant mor-
phological traits; and (4) assess the systematic value of
inflorescence characters in the segregation of the various
taxonomic groups under study.

Materials and methods
Morphological analysis of the inflorescence

This study involved 68 species representing seven (out of
nine) genera from the selected group. Inflorescences were
analysed from species of Distichlis (10/11), Muhlenbergia
(47/182), Blepharidachne (1/4), Scleropogon (1/1), Erio-
neuron (3/3), Munroa (4/5), and Hilaria (2/10) (Table S1,
see online supplemental material. The morphological
study consisted in describing the branching systems of the
vegetative and reproductive structures that make up the
plant, using the typological terminology proposed by Troll
(1964), Weberling (1985, 1989), and later contributions
(Rada, 1999). The inflorescences were dissected and char-
acterized using a Nikon SMZ-10 stereoscopic microscope
and photographed with a Canon A640 digital camera.
When necessary, observations were made using a

scanning electron microscope (SEM) following the meth-
odology reported by Lucero et al. (2014).

In order to identify the types of inflorescences present
in the group, a principal coordinates analysis (PCoA) was
performed using Infostat v. 2010 software (Di Rienzo
et al., 2010) following the methodology reported by Rein-
heimer et al. (2013a). Four morphological characters were
selected for this study based on our personal observations
and previous reports (Kern, Guarise, & Vegetti, 2008;
Reinheimer & Vegetti, 2008; Reinheimer et al., 2013a,
2013b; Salariato, Zuloaga, Giussani, & Morrone, 2010):
(1) form of inflorescence (0: panicle of spikelets, 1: pani-
cle of spiciform primary branches, 2: raceme of spikelets);
(2) absence/presence of terminal spikelet at the end of the
central axis (0: absence, 1: presence); (3) homogenization
(Rda, 1999), meaning similarity amongst inflorescence
branches (0: homogenized, 1: non-homogenized), and
(4) maximum degree of ramification (0: first-order, 1:
second-order, 2: third- or higher-order of branching)
(Table S2, see online supplemental material). Data of
Bouteloua species were retrieved from the work by Pilatti
and Vegetti (2014). Taxa that showed polymorphism in
any character were duplicated. Species with missing char-
acters were not included in the analysis. Then, the propor-
tion of taxa corresponding to each type of inflorescence
identified and to the states of each character studied was
determined.

Phylogenetic reconstruction and the evolution
of inflorescence

The selection of ingroup and outgroup taxa was based on
recent studies (Bell, 2010; Bell & Columbus, 2008;
Columbus et al., 2007; Peterson et al., 2010a, 2010b,
2012; Siqueiros-Delgado, Ainouche, Columbus, &
Ainouche, 2013). Ninety-one species (out of a total of
278) were included as ingroup, representing all genera of
the Monanthochloinae, Boutelouinae, Hilariinae, and
Muhlenbergiinae subtribes, and most of the genera of
Scleropogoninae. As outgroup, we used 16 species
belonging to the Tripogoninae, Pappophorinae, and Tragi-
nae subtribes (Peterson et al., 2010a, 2012). A list of the
species, voucher material, and GenBank accession num-
bers used in the molecular study is presented in Table S3
(see online supplemental material).

To supplement sequences available in online databases
from previous works (Bell, 2010; Bell & Columbus,
2008; Columbus et al., 2007; Peterson et al., 2010a,
2010b, 2012; Siqueiros-Delgado et al., 2013), we gener-
ated 53 sequences for 14 additional species, including one
species of Erioneuron, Distichlis, Muhlenbergia, and Tra-
gus, two species of Munroa, and eight species of Boute-
loua (Table S3, see online supplemental material). To that
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end, total DNA was isolated from silica dried leaves using
a modified (CTAB) protocol by Doyle and Doyle (1987),
or from herbarium material using a DNeasy Plant Mini
Kit (Qiagen, Hilden, Germany) following the man-
ufacturer’s protocol. Six plastid DNA sequences (ndhA
intron, ndhF, rpsl6-trnK, rpsl6 intron, rps3, and rpl32-
trnl) and a single nuclear ITS DNA sequence were ampli-
fied by polymerase chain reaction (PCR) using primers
and amplification conditions specified by Peterson et al.
(2010a). Amplifications were performed in a TGradient
Thermocycler (Biometra, Gottingen, Germany). PCR
products were cleaned and sequenced by Macrogen Inc.
using the ABI PRISM BigDye Terminator Cycle
Sequencing Kits with AmpliTag DNA polymerase
(Applied Biosystems, Seoul, Korea). Single-pass sequenc-
ing was performed using the same primers used for PCR
reactions.

The sequences were assembled and edited in BioEdit v.
7.1.3.0 (Hall, 1999) and aligned using Muscle v. 3.8
(Edgar, 2004a, 2004b). Ambiguous regions were excluded
from the analysis, while all gaps were treated as missing
data. We conducted a phylogenetic analysis under Bayes-
ian inference (BI) using MrBayes v. 3.1.2 (Ronquist &
Huelsenbeck, 2003). The best-fit model (GTR + G + 1)
was inferred with jModeltest v. 2.1.4 (Darriba, Taboada,
Doallo & Posada, 2012) based on the Akaike Information
Criterion (AIC) for a cpDNA, ITS, and combined cpDNA
+ ITS datasets. We ran four chains of the Markov Chain
Monte Carlo (MCMC) for 4 million generations for ITS
and cpDNA datasets, and 2 million generations for the
combined dataset, and one tree per 1,000 generations was
sampled in two independent runs (nchains = 4, nruns = 2;
chain temperature = 0.2; sample frequency = 1,000),
until the convergence diagnostic (standard deviation of
split sequences) dropped below 0.01. The fraction of the
sampled values discarded as burn-in was set at 0.25. We
estimated the 50% majority-rule consensus of the remain-
ing trees (6002 for ITS and cpDNA datasets, and 3002 for
the combined dataset) and used posterior probability (PP)
to evaluate nodal support.

We reconstructed ancestral character states using BI
and the trees generated before. Character states were esti-
mated for nodes with a posterior probability equal to/
higher than 0.95 (Fig. S5, see online supplemental mate-
rial). For the analyses, we used the MCMC method and
the ‘multistate’ module in BayesTraits (Pagel, Meade, &
Barker, 2004). The ranges of the hyperprior varied 1-46
for absence/presence of terminal spikelet, 1-28 for
homogenization, 0-20 for maximum degree of ramifica-
tion and form of inflorescence. The values of ratedev were
8 for absence/presence of terminal spikelet and homogeni-
zation, and 6 for maximum degree of ramification and
form of inflorescence. The significance between one state
and another was estimated using the Bayes Factor (BF) in
the Tracer v. 1.5.0 software (Rambaut & Drummond,

2007). A value of BF between 2 and 5 indicates ‘positive’
support, between 5 and 10 ‘strong’ support, and any value
>10 means ‘very strong’ support.

We calculated the transition rates of each character
state in the entire tree using MCMC runs. The statistical
differences amongst rates were studied using the analysis
of variance (ANOVA) in the Infostat program (Di Rienzo
et al., 2010) followed by Tukey’s test.

Results

Structure of the plant

In the species studied, the synflorescence consists of: a
distal region, the anthotagma (AT), which comprises the
inflorescence, and a proximal region, the trophotagma
(TT), which extends from the basal leaves of the shoot to
the most distal leaf (Troll, 1964) (Fig. 1).

Typically, the TT region shows a proximal area made
up by short internodes that corresponds to the innovation
zone (IZ) and a distal area with long internodes, which
may behave as an inhibition zone (HZ) or partially as an
enrichment zone (EZ) (Fig. 1). In particular, the IZ shows
cataphylls whose axillary buds give origin to new shoots
(innovations) with a similar structure to that of the parent
shoot, generating plants with a caespitose appearance
(Fig. 1.1; Table S4, see online supplemental material).
Sometimes, the IZ may develop underground stems (rhi-
zomes) (Fig. 1.2) or a system of plagiotropic aerial shoots
(stolons) (Fig. 1.3; Table S4, see online supplemental
material). The HZ is located above the IZ and it has leaves
with developed sheath and lamina whose axillary buds
never develop lateral shoots (Fig. 1). The EZ comprises
the internodes and the most distal leaves of the tropho-
tagma, whose axillary buds initiate lateral branches or

Fig. 1. Synflorescence schemes. (1.1) Muhlenbergia micro-
sperma; (1.2) Distichlis spicata; (1.3) Hilaria cenchroides.
Abbreviations: AT, anthotagma region; B!, branch of first order;
B2, branch of second order; B, branch of third order; B, branch
of fourth order; B™", branch of trophotagma; Cof, coflorescence;
EZ, enrichment zone; HZ, inhibition zone; I, inflorescence; IN,
innovation; IZ, innovation zone; shB', short primary branch; TS,
terminal spikelet; TT, trophotagma region.
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trophotagma branches (B'"). These branches develop a
prophyll, a varying number of true leaves and commonly
end in an inflorescence (Figs 1.1 and 1.2). The develop-
ment of this zone varies amongst species and it is some-
times absent (Fig. 1.3; Table S4, see online supplemental
material).

Variations in the inflorescence

The differences found between the branching systems of
the inflorescences in the studied species are summarized
in Table S5 (see online supplemental material).

Inflorescence forms

In the lineage studied, two forms of inflorescences were
recognized in addition to the panicle of spiciform primary
branches that had already been described for species of
Bouteloua (Pilatti & Vegetti, 2014; Fig. 2.1). One of these
forms of inflorescence, the panicle of spikelets, is com-
posed of a main axis bearing ramified lateral branches,
where spikelets are inserted (Fig. 2.2). The other form of
inflorescence, the raceme of spikelets, has a main axis
with non-ramified first-order branches ending in a spikelet
(Fig. 2.3). The inflorescence form of D. acerosa, D. littor-
alis, and D. australis could not be determined because
only one spikelet is developed (Fig. 2.4). In general, the
inflorescence form does not vary within each species,
however, we have found that in D. bajaensis the inflores-
cence could be a panicle or a raceme of spikelets depend-
ing on the studied specimen.

Fig. 2. Simplified scheme of inflorescence diversity. (2.1) Pani-
cle of spiciform primary branches (e.g. Bouteloua barbata)
described by Pilatti & Vegetti, 2014; (2.2) Panicle of spikelets
(e.g. Muhlenbergia fastigata); (2.3) Raceme of spikelets (e.g.
Scleropogon brevifolius); (2.4) One spikelet (e.g. Distichlis acer-
osa). Abbreviations: B!, branch of first order; B2, branch of sec-
ond order; B3, branch of third order; TS, terminal spikelet. The
stars indicate absence of a terminal spikelet on the main inflores-
cence. The asterisks indicate absence of a terminal spikelet on
the branch of first order.

. q __100um

Fig. 3. Absence of terminal spikelet at the end of the central axis
of the inflorescence. (3.1) Scanning electron micrograph of early
stage of development of Distichlis acerosa inflorescence; (3.2)
Mature inflorescence of Muhlenbergia bryophilus. Abbrevia-
tions: Br, bract; B!, branch of first order, B2, branch of second
order; e, stamens; Fm, floral meristem; L, lemma; P, palea. The
stars indicate absence of a terminal spikelet on the main axis of
the inflorescence.

Presence or absence of the main axis terminal
spikelet

In most of the studied species, the inflorescence main axis
ends in a terminal spikelet (Figs 2.2 and 2.3). However,
some species had inflorescences without a terminal spike-
let (Fig. 2.4), in a similar way to species of Bouteloua
(Pilatti & Vegetti, 2014). When this is the case, the most
distal primary branch is frequently observed to adopt the
terminal position of the main axis as if it were a continua-
tion of it (Fig. 3.1); alternatively, the main axis may end
in a sterile prolongation (Fig. 3.2).

Inflorescence homogenization and degree of
ramification

Inflorescences in the studied species may be classified as
non-homogenized or homogenized. Non-homogenized
inflorescences have proximal primary branches that may
reach several degrees of ramification (from third to fifth
order) (Fig. 4.1). On the other hand, homogenized inflor-
escences have all primary branches with the same degree
of ramification (in general, first and second order)
(Figs.4.2-4). In turn, homogenized inflorescences can be
disjunct or not disjunct. The former show both long first-
order branches and short first-order branches or either
type (Figs 4.2 and 4.3). On the contrary, in non-disjunct
homogenized inflorescences, the difference between the
types of primary branches is not clear (Fig. 4.4).

Number and arrangement of first-order
branches in the inflorescence

In most of the studied genera, the total number of first-
order branches varies significantly amongst species and
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Fig. 4. Diagrams of non-homogenized and homogenized inflor-
escences. (4.1) Non-homogenized inflorescence of Muhlenber-
gia asperifolia; (4.2) Homogenized and disjunct inflorescence
with short first-order branches of Muhlenbergia phalaroides;
(4.3) Homogenized and disjunct inflorescence with long first-
order branches of Bouteloua trifida (Pilatti & Vegetti, 2014);
(4.4) Homogenized and non-disjunct inflorescence of Erio-
neuron avenaceum. Abbreviations: B!, branch of first order; B,
branch of second order; B>, branch of third order; lgBl, long
branch of first order; shB', short branch of first order; TS termi-
nal spikelet. Circles with dotted lines indicate pseudoverticils of
branches of first order. The stars indicate absence of a terminal
spikelet on the main inflorescence. The asterisks indicate
absence of a terminal spikelet on the branch of first order.

even amongst analysed specimens. Some species showed
inflorescences with one first-order branch and this state
was consistent in all of its examined specimens (Figs 2.4
and 3.1).

First-order branches on the main axis of the inflores-
cence follow an alternate arrangement. However, some
inflorescences were observed to have a differential length-
ening in the internodes of the main axis, forming occa-
sional pseudoverticils of first-order branches (Fig. 4.1).

Identification of inflorescence types

The inflorescences of species included in the PCoA have
been grouped into five different types (Table 1) amongst
the 36 theoretical possibilities (forms of inflorescences x
absence/presence of terminal spikelet x homogenization x
maximum degree of ramification [3 x 2 x 2 x 3 = 36]).

The dispersion diagram shows that the two main axes
account for 91.6% (CP1 = 73.1%; CP2 = 18.5%) of total
variation (Fig. S1, see online supplemental material).

Proportion of inflorescence types and charac-
ter states amongst the species studied

Type 1 is the most frequent one in the studied group (Fig.
S2.1, see online supplemental material) (Table 1). This
type of inflorescence describes most of the species of the
Muhlenbergiinae subtribe (Fig. S2.2, see online supple-
mental material). Type 2 inflorescences are characteristic
of all species of the Hilariinae subtribe and, to a lesser
extent, of the Monanthochloinae and Scleropogoninae
subtribes (Figs S2.3-5, see online supplemental material).
Inflorescence type 3 is found in 6% of the species of the
Muhlenbergiinae subtribe (Fig. S2.2, see online supple-
mental material). Inflorescence type 4 defines all species
belonging to the Boutelouinae subtribe (Fig. S2.6, see
online supplemental material). Inflorescence type 5 pre-
dominates amongst species of the Monanthochloinae and
Scleropogoninae subtribes (Figs S2.4-5, see online sup-
plemental material). Table S6 (see online supplemental
material) shows the proportion of character states for each
subtribe.

Evolution of inflorescences

Phylogeny. The ITS and the cpDNA tree separately can-
not resolve deep nodes (Figs S3 and S4); however all the
subtribes are well supported, except by Scleropogoninae
in the cpDNA tree. The relationship between Bouteloui-
nae and Monanthochloinae is supported by the cpDNA
tree only. The cpDNA and the ITS trees were manually
inspected for conflicting nodes with posterior probabilities
(PP) 0.95 or more. As no supported conflicts were found,
we proceeded to analyse the combined dataset. When ITS
and cpDNA are combined the resolution of the tree sub-
stantially increases (Fig. S5, see online supplemental
material). Similar results have been shown previously
using the same molecular markers in Cynodonteae (Peter-
son, Romaschenko, & Herrera Arrieta, 2016). The

Table 1. Five inflorescence types found by principal coordinate analysis (PCoA). Abbreviation: TS terminal spikelet.

Inflorescence Absence/Presence Maximum degree Species
Type form of TS Homogenization of ramification (example)
1 Panicle of spikelets Present Non-homogenized 3rd or higher order Mubhlenbergia tricholepis
2 Panicle of spikelets Present Homogenized 2nd order Mubhlenbergia diversiglumis
3 Panicle of spikelets Absent Homogenized 2nd order Muhlenbergia geminiflora
4 Panicle of spiciform Absent Homogenized 2nd order Bouteloua williamsii
primary branches
5 Raceme of spikelets Present Homogenized 1st order Scleropogon brevifolius




Downloaded by [190.185.161.10] at 08:24 27 November 2017

6 V. Pilatti et al.

majority-rule consensus inferred from the combined data-
set and Bayesian analysis shows a highly supported mono-
phyletic lineage (PP = 0.99) composed of the Hilariinae,
Monanthochloinae, Boutelouinae, Scleropogoninae, and
Muhlenbergiinae subtribes (Fig. S5, see online supple-
mental material). This lineage is divided early into clade I
(PP = 0.95) and clade 11 (PP = 0.99). Two groups may
be identified within clade I: clade A (PP = 0.73), includ-
ing species belonging to the subtribes Hilariinae and Scle-
ropogoninae, and clade B (PP = 0.99), made up by
species of the Monanthochloinae and Boutelouinae sister
subtribes. Clade II includes all species of the Muhlenber-
gia genus (Muhlenbergiinae subtribe). All subtribes
belonging to the most derived lineage of Cynodonteae
were retrieved as monophyletic groups (PP = 0.99-1.00).

Ancestral reconstruction and transition rates of
inflorescence characters. The evolution of inflorescence
characters was assessed on the tree recovered from the
combined ITS + cpDNA dataset. The ancestor of the
most derived group within Cynodonteae (Clades 1 + 1II)
may have had an inflorescence of a raceme of spikelets
(Fig. 5.1; PP = 0.95; InFB = 2). The panicle of spikelets
may have evolved at least six independent times during
the specific diversification of the clade: at the base of the
Hilariinae subtribe (PP = 0.92; InFB = 2.85), in the B.
benthamiana species, in the Erioneuron genus (PP =
1.00; InFB = 6.1), in the D. laxiflora species, in the clade
composed of D. spicata and D. palmeri (PP = 0.99;
InFB = 3.2) and at the base of Muhlenbergiinae (PP =
0.98; InFB = 3). The panicle of spiciform primary
branches may have evolved independently at the origin of
the Boutelouinae subtribe (PP = 0.99; InFB = 2.5).

State reconstruction analyses estimate that the ancestor
of Clades I + II had an inflorescence with a terminal
spikelet on the distal end of the main axis, with a 100%
probability and InFB~ 4.5 depending on the strategy
applied (Fig. 5.2). During species diversification, inflores-
cences have lost their terminal spikelet at least three
different times: at the base of the subtribe Boutelouinae
(PP = 0.99; InFB = 2), in the D. acerosa species of
the Monanthochloinae subtribe and in the clade composed
of M. bryophilus, M. cenchroides, and M. geminiflora
(PP = 0.99; InBF = 4.5).

As regards homogenization of the inflorescence
(Fig. 5.3), Bayesian analyses were ambiguous in the
reconstruction at the basal node (InFB = 1.38). Clade I
ancestor may have had homogenized inflorescences
(PP = 98.5; InFB = 3). This condition remained in most
of the specimens studied from clade I, with the exception
of D. spicata, which had a non-homogenized inflores-
cence. Additionally, the Muhlenbergiinae ancestor may
have had (PP = 1.00; InBF > 5) non-homogenized inflor-
escences that evolved into homogenized inflorescences
at least four independent times: in the M. brevis,

M. alopecuroides, and M. diversiglumis species and in the
clade made up by M. bryophilus, M. cenchroides, and M.
geminiflora (PP = 0.99; InBF = ~ 2.3).

The reconstruction of the maximum degree of ramifica-
tion suggests that the ancestral inflorescence of the studied
group may have had first-order branches (Fig. 5.4; PP =
0.92; InFB = 3). Inflorescences that bear up to second-
order branches may have evolved at least five independent
times during the specific diversification of clade I (at the
base of the Hilariinae subtribe (PP = 0.90; InFB = 2.9),
in the B. benthamiana species and Erioneuron (PP =
1.00; InFB = 6.5), in the D. laxiflora and D. palmeri
species, and at the base of the Boutelouinae (PP = 0.87;
InFB = 1)), and four independent times during the specific
diversification of Muhlenbergiinae (in the M. brevis, M.
alopecuroides, and M. diversiglumis and in the clade
made up by M. bryophilus, M. cenchroides, and M. gemi-
niflora (PP = 0.98; InFB = 3.4)). Inflorescences with
third- or higher-order branches evolved at least two inde-
pendent times: in the D. spicata and at the base of the
Muhlenbergiinae subtribe (PP = 1.00, InFB = 3.5).

The reconstructions of transition rates indicate that
some changes in the inflorescence character states appear
in the tree more frequently than others. Figure 6 illustrates
the comparison of transition rates for each character.

Discussion
Structure of the plant

The synflorescence of the studied species has different
zones already described in other grasses: (1) innovation
zone, (2) inhibition zone, (3) enrichment zone (not devel-
oped in some species), and (4) inflorescence (Camara
Hernandez & Rua, 1991; Perreta et al., 2009; Reinheimer,
2007; Reinheimer & Vegetti, 2008; Rua, 1999; Troll,
1966, 1969; Troll & Weberling, 1989; Vegetti & Anton,
1996; Weberling, Muller Doblies, Muller Doblies, & Rua,
1997). The innovation zone guarantees perenniality and
the vegetative growth of the plant (Ria & Weberling,
1998). Most species studied are densely caespitose and
produce sylleptic innovations, that is, lateral axes that
develop and flower at the same time as the parent axis
(Rua, 1999). In turn, the following year, perennial species
will produce cataleptic innovations from the axillary buds
of the sylleptic innovations (Camara Hernandez & Rua,
1991; Ria, 1999). This type of caespitose growth is highly
frequent amongst grasses (Rua & Weberling, 1998). Addi-
tionally, some of the studied species develop stolons and
rhizomes, whose buds produce sylleptic and cataleptic
shoots. These structures make the innovation zone larger,
promoting the vegetative propagation of the plants and
increasing the number of inflorescences (Camara Hernan-
dez & Rua, 1991).
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In grasses, the synflorescence may or may not have
branches of the trophotagma along the enrichment zone
(Vegetti & Miiller—Doblies, 2004). These branches help
increase the number of floriferous branches, especially
in species that bear a largely reduced terminal inflores-
cence (Rua & Weberling, 1998; Vegetti, 1994, 1999;
Vegetti & Miiller-Doblies, 2004). In the clades studied,
the presence of branches of the trophotagma varies
amongst species and is not unique to a genus. It has also
been observed that there are species with perennial and
annual plants that may or may not develop branches of
the trophotagma. Accordingly, the presence of branches
of the trophotagma does not seem to be related to the life
cycle. Similar conclusions were drawn from the analysis
of synflorescences of the Panicoids grasses (tribe Pani-
ceae-Panicoideae) (Reinheimer, 2007; Reinheimer &
Vegetti, 2008). The development of branches of the
trophotagma in the synflorescences might be regulated
by hormones, genes, and mostly environmental condi-
tions where plants grow (Doust, 2007; McSteen, 2009;
Rua & Gréttola, 1997).

Variations in the inflorescence

From a comparative morphological point of view, adult
inflorescences show variations in terms of: (1) inflores-
cence form, (2) loss (truncation) or presence of the termi-
nal spikelet on the main axis, (3) homogenization, and (4)
number, arrangement and maximum degree of ramifica-
tion of first-order branches.

The most common inflorescence form amongst the
studied species is the panicle of spikelets, as in most
grasses (Kellogg, 2015; Liu et al., 2005). However, the

inflorescence of the S. brevifolius, D. humilis, D. scoparia,
and D. eludens species and Munroa is a raceme of spike-
lets, as determined for other grasses such as Brachypo-
dium, Danthonia, Lepturus, and Odyssea amongst others
(Allred, 1982; Kellogg, 2015; Liu et al., 2005). The inflo-
rescence form of D. acerosa, D. littoralis, and D. australis
could not be determined because only one spikelet is
developed. An extreme reduction has also been observed
in the inflorescence of the Aciachne genus (tribe Stipeae,
Pooideae) (Vegetti & Tivano, 1991).

Truncation is the loss of different inflorescence struc-
tures (Rda, 1999). This process has been described for
many grass genera: Chloris, Cynodon (Liu et al., 2005;
Vegetti, 1986), Eleusine (Gasser & Vegetti, 1997), Lepto-
chloa (Perreta & Vegetti, 1998), Paspalum (Ria &
Weberling, 1998), Digitaria (Camara Hernandez, 2001),
Setaria (Pensiero & Vegetti, 2001; Vegetti & Pensiero,
1990), Urochloa, Brachiara, Eriochloa, Thuarea (Rein-
heimer, 2007; Reinheimer & Vegetti, 2008), and Boute-
loua (Pilatti & Vegetti, 2014). A few species of Distichlis
and Muhlenbergia bear inflorescence without a terminal
spikelet at the tip of the main axis. In addition, it has been
reported that Bouteloua present a second level of trunca-
tion given that their inflorescences also lack the terminal
spikelet at the tip of primary branches (Pilatti & Vegetti,
2014).

Homogenization is a process whereby first-order
branches have the same degree of ramification (Rua,
1999). This evolutionary process, which generally defines
the inflorescence appearance, has been described for dif-
ferent groups of Poaceae both in species belonging to the
Chloridoideae (Camara Hernandez, 2001; Liu et al., 2005;
Perreta & Vegetti, 1998; Pilatti & Vegetti, 2014; this
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work), Ehrhartoideae (Vegetti, 2000; Vegetti & Pensiero,
1999), and Panicoideae subfamilies (Pensiero & Vegetti,
2001; Reinheimer & Vegetti, 2008; Ria, 1993, 1996; Rua
& Weberling, 1998; Vegetti, 1999). As a result of the
homogenization process, homogenized inflorescences
may be disjunct (Rua, 1999). This means that inflorescen-
ces show a distal zone of short first-order branches and a
proximal zone of long first-order branches (Rda, 1999).
This classification has been applied to several genera of
Paniceae (Reinheimer, 2007; Rua & Weberling, 1998). In
this work, we have observed that there are disjunct
homogenized inflorescences made up only by long first-
order branches, as in Bouteloua (Pilatti & Vegetti, 2014),
or short first-order branches, as in the species studied of
Scleropogon, Hilaria, Munroa, and some species of Disti-
chlis and Muhlenbergia.

The truncation process has generally been associated
with the homogenization process (Perreta et al., 2009; Rua
& Weberling, 1998; Vegetti & Anton, 2000). Truncated
inflorescences characterized to date in Poaceae are homog-
enized (revised in Perreta et al., 2009), as it has been
observed in some species of Muhlenbergia. This correla-
tion between truncation and homogenization also occurs in
the Setaria (Pensiero & Vegetti, 2001), Leptochloa (Perreta
& Vegetti, 1998), and Digitaria (Camara Herndndez,
2001), in most of the species of Paspalum (Rua, 1996), in
Andropogoneae (Vegetti, 1999), Eriochloa, Thuarea invo-
luta, in certain species of Brachiaria and Urochloa (Rein-
heimer & Vegetti, 2008), Spartina (Kem et al., 2008), and
Bouteloua (Pilatti & Vegetti, 2014). However, the studied
species of Hilaria, Munroa, Erioneuron, S. brevifolius, B.
benthamiana, and some species of Distichlis, and Muhlen-
bergia show an asymmetric relation between homogeniza-
tion and truncation processes, given that inflorescences are
homogenized and show no signs of truncation. This corre-
lation has also been observed in members of Panicoid
grasses (for example, Brachiaria, Urochloa, Chaetium, and
Panicum phanopyrum) (Reinheimer & Vegetti, 2008; Rein-
heimer et al., 2013a).

Generally speaking, the total number and the ramifica-
tion pattern of first-order branches is a polymorphic char-
acter amongst individuals of one species. Studies that
include comparative data on the number and ramification
of first-order branches show that these traits vary widely
amongst grass species and genera (Doust & Kellogg,
2002; Kern et al., 2008; Perreta & Vegetti, 2004; Pilatti &
Vegetti, 2014; Reinheimer & Vegetti, 2008; Reinheimer,
Astegiano, & Vegetti, 2005b; Reinheimer, Pozner, &
Vegetti, 2005a; Tivano & Vegetti, 2004).

The first-order branches of the studied species are
arranged in an alternate fashion along the inflorescence
main axis. However, some species of Muhlenbergia show
a differential lengthening of internodes on the inflores-
cence main axis, forming pseudoverticils that appear
interspersed with alternate first-order branches. This

characteristic has been observed in species of Leptochloa
(Perreta & Vegetti, 1998), Eleusine (Gasser & Vegetti,
1997), Chloris, and Cynodon (Camara Hernandez & Rua,
1991; Vegetti, 1986), Megathyrsus, and Melinis (Rein-
heimer et al., 2005a Reinheimer & Vegetti, 2008; Rein-
heimer, Zuloaga, Vegetti, & Pozner, 2009).

Types of inflorescence

Through the PCoA we identified five out of the 36 puta-
tive inflorescence types, of which highly branched
panicles, non-truncated, and non-homogenized are most
frequently observed in the lineage. These results demon-
strate that not all theoretical combinatorial patterns of
inflorescence character states are found in Cynodonteae.
Similar observations were made for the Panicoideae
grasses (Reinheimer et al., 2013a). When the incidence of
a given inflorescence type is analysed considering each
subtribe separately, we found that each has preferentially
adopted one type of inflorescence over others. Interest-
ingly, inflorescence types that are present in one subtribe
are not well represented in the others. For instance, Muh-
lenbergia and Boutelouinae bears exclusively types 1 and
4, respectively. Similar results have been found when the
occurrence of character states are analysed separately. It
would be interesting to investigate whether similar types
can be found in other grass lineages. Such investigations
would reveal to what extent the inflorescence types
described here can be comprehensive to other groups.

Evolution of inflorescences

The phylogeny obtained in this work shows results that
are consistent with those published by Peterson et al.
(2012, 2012, 2015) and Snow et al. (2013). All the sub-
tribes were retrieved as monophyletic groups. Our results
suggest that the ancestor of the most derived lineage of
Cynodonteae may have had a raceme of spikelets, with
terminal spikelet and non-ramified first-order branches. In
particular, the ancestral reconstruction of the inflorescence
form suggests that inflorescences may have evolved from
simpler (raceme of spikelets with non-ramified first-order
branches) to more complex (panicle of spikelets with ram-
ified first-order branches). Interestingly, the inflorescence
form of a panicle of spiciform primary branches evolved
exclusively from a raceme of spikelets in the Bouteloui-
nae subtribe and is thus a synapomorphy of the group.

The terminal spikelet has disappeared from the top of
the inflorescence main axis many independent times dur-
ing the diversification of the studied lineage. This charac-
ter state has been acquired by most species that compose
clade B (D. acerosa and at the base of the Boutelouinae
subtribe) and by some species of Muhlenbergia of clade
II. The evolutionary tendency towards truncated
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inflorescences has also been observed in other grasses
such as in Panicoideae (Reinheimer et al., 2013a, 2013Db).

The reconstruction of homogenization showed two con-
trasting evolutionary tendencies in the analysed group. In
clade I, most species showed no changes in their homoge-
nized inflorescences, except for D. spicata, which shifted
from homogenized to non-homogenized. Conversely, in
clade II the inflorescences have evolved several times
from non-homogenized to homogenized. Reports in other
grass lineages indicate that the most frequent transition
happened from non- to homogenized inflorescences and
the inverse transition was rarely observed (Reinheimer
et al., 2013a, 2013b; Salariato et al., 2010).

The analysis of inflorescence evolution also docu-
mented that reversion to ancestral character states in traits
such as form of inflorescence, presence/absence of a ter-
minal spikelet and maximum degree of ramification is
unlikely in the studied group. Interestingly, transition
rates counts suggested that clade I and clade II have inher-
ited different abilities to change the morphology of their
inflorescences. Clade I has been more liable to change in
its inflorescences in terms of form and branching, while
clade II had more capacity to modify its homogenization
condition and the development of the terminal spikelet of
the inflorescence.

In conclusion, this work explores inflorescence diver-
sity within a set of grass subtribes in an evolutionary con-
text. The methods used allowed us to analyse and
compare the morphological diversity of adult inflorescen-
ces, determine the types of inflorescences occurring most
frequently, identify inflorescence characters with system-
atic value, and hypothesize on the evolutionary tendencies
of the inflorescence characters in the lineage. Our results
are in concordance with those published for the disparate
Panicoids grasses, suggesting that similar macroevolu-
tionary trends created the grass inflorescence diversity
shown today. It would be interesting to extrapolate this
type of comparative study to other groups of grasses in
order to uncover new insight into the evolutionary tenden-
cies that resulted in inflorescence diversity.
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