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Inflorescence morphology in Poaceae subtribes Hilariinae, Monanthochloinae, Boutelouinae, Scleropogoninae
and Muhlenbergiinae (Cynodonteae, Chloridoideae) has been revisited recently, but inflorescence development
remains largely unexplored. The aim of this study is to contribute additional information on the development of
inflorescences in Cynodonteae by generating data on Distichlis, Bouteloua, Munroa, Erioneuron and Muhlenbergia
and to compare them with results for other grasses. Using scanning electron microscopy images, we identified
common developmental patterns among grasses and described developmental novelties for Bouteloua, Distichlis
and Muhlenbergia. Novel developmental features are: the amphipetal initiation of second-order branches along
the inflorescence of B. curtipendula, the elongation of the internodes of the inflorescence branches before floral
development in M. asperifolius and “Type II’ unisexual flowers in D. acerosa. Variable traits among studied species
are: inflorescence symmetry, direction of branch and spikelet initiation and differentiation, number of developing
stamens, glume developmental patterns and timing of the arrest of gynoecium development during the formation
of unisexual flowers. Our results allow us to postulate that a delicate balance of phytohormones may direct early
development of grass inflorescence branching system by controlling direction of first-order branch differentiation.
The approach used here provides a link between definitive structures and the underlying genetics.

ADDITIONAL KEYWORDS: branching —common patterns —developmental novelties — floret — grasses — spikelet.

INTRODUCTION the tribe, subtribes Hilariinae, Monanthochloinae,
Boutelouinae, Scleropogoninae and Muhlenbergiinae
form a monophyletic clade with most of their species
growing in the Western Hemisphere (Peterson,
Romaschenko & Herrera Arrieta, 2015; Soreng et al.,
2015; Peterson et al., 2016). The species that make up
this lineage show wide variation in their reproductive
structures. One major characteristic feature is the

*Corresponding authors. E-mail: vanesapilatti@hotmail.com, great diversity of spikelets and inflorescences found
rreinheimer@ial.santafe-conicet.gov.ar between and in these subtribes. In particular, spikelets

Tribe Cynodonteae are a diverse group of grasses
made up by 839 species grouped into 96 genera
and 21 subtribes, mainly distributed in Africa,
Asia, Australia and America (Soreng et al., 2015;
Peterson, Romaschenko & Herrera Arrieta, 2016). In
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may be single- or many-flowered and they may enclose
unisexual, bisexual or both types of flowers (Anton,
Anton & Hunziker, 1978; Hunziker & Anton, 1979;
Clayton & Renvoize, 1986; Nicora & Rugolo de Agrasar,
1987; Watson & Dallwitz, 1992; Peterson, Webster &
Valdés-Reyna, 1997; Anton, Connor & Astegiano, 1998;
Negritto et al., 2003; Herrera Arrieta, Peterson & De la
Cerda Lemus, 2004; Peterson, Valdés-Reyna & Herrera
Arrieta, 2007). The inflorescences of this lineage may
be panicles (composed of a main axis bearing ramified
lateral branches) or racemes (in which the main
axis develops non-ramified first-order branches) of
spikelets. Recent studies using a comparative approach
classified the inflorescences of the clade into five groups
based of the branching patterns and the presence/
absent of terminal spikelet (Pilatti & Vegetti, 2014;
Pilatti, 2016; Pilatti et al., 2017): panicle of spikelets
with a terminal spikelet and non-homogenized first-
order branches (unevenly branched, Ria & Weberling,
1998) (Fig. 1A); panicle of spikelets with a terminal
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spikelet and homogenized first-order branches
(evenly branched, Rua & Weberling, 1998) (Fig. 1B);
panicle of spikelets without a terminal spikelet, with
homogenized first-order branches (Fig. 1C); panicle
of spiciform first-order branches without a terminal
spikelet with homogenized first-order branches (Fig.
1D) and racemes of spikelets with a terminal spikelet
and homogenized first-order branches (Fig. 1E).
Comparative studies on inflorescence development
shed light on various ontogenetic patterns that
determine the formation of definitive structures and
add comprehensive knowledge of the morphology of
reproductive structures (Kellogg, 2007). There are
now many studies of the development of reproductive
structures in Poaceae (e.g. Stiir, 1986; Frank, 1998; Le
Roux & Kellogg, 1999; Orr et al., 2002; Doust & Kellogg,
2002; Kellogg, Hiser & Doust, 2004; Bess, Doust &
Kellogg, 2005; Reinheimer, Pozner & Vegetti, 2005a; Liu
et al.,2007; Sajo, Lonhi-Wagner & Rudall, 2007; Kinney,
Columbus & Friar, 2008; Reinheimer et al., 2009, 2010;
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Figure 1. A-E, Simplified diagrams of the different inflorescence types found in the studied group as described in Pilatti &
Vegetti (2014), Pilatti (2016) and Pilatti et al. (2017). A, Panicle of spikelets with terminal spikelet (at arrowhead) and non-
homogenized first-order branches. B, Panicle of spikelets with terminal spikelet (at arrowhead) and homogenized first-order
branches. C, Panicle of spikelets without terminal spikelet and homogenized first-order branches. D, Panicle of spiciform
first-order branches without terminal spikelet and homogenized first-order branches. E, Raceme of spikelets with terminal
spikelet (at arrowhead) and homogenized first-order branches. References and abbreviations for all figures: a = anther;
am = apical meristem; b’ = first-order branch; 6°> = branch of second order; 4° = branch of third order; br = bract; ¢ = carpel;
co = anther connective; dfm = meristem of distal flower; fi = filament; fin = floral meristem; g = gynoecium; / = lemma;
/! = lemma of proximal flower; /> = lemma of distal flower; lgl = lower glume; lo = lodicule; ov = ovary; pa = inflorescence main
axis; pal = palea; pfm = meristem of proximal flower; ra = spikelet rachilla; sp = spikelet; sta = stamen; stam = staminod;
stig = stigma; sty = style; ¢t = theca; ts = terminal spikelet; tsb’ = terminal spikelet of first-order branch; ugl = upper
glume; vl = vegetative leaf. The asterisks represent the aborted main axis. The stars indicate absence of terminal spikelet.
Bars = 100 pym.
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Sajo et al., 2012; Kellogg et al., 2013), but information
relating to the development of the reproductive systems
in grasses is fragmentary, focusing on some species
in particular, and a thorough comparative analysis
has not yet been carried out. The aim of this work is
to provide additional information on the development
of Cynodonteae inflorescences by: (1) understanding
the development patterns involved in the formation
of all five types of inflorescences in the studied group;
(2) identifying changes in the development that may
account for the diversity of inflorescences in the group;
(3) describing and comparing development patterns of
spikelets and flowers and (4) recognizing similarities
with and/or differences from the development patterns
identified in other grasses.

MATERIAL AND METHODS

We investigated the development of inflorescences,
spikelets and flowers of representatives of Distichlis
Raf, Bouteloua Lag., Munroa Torr., Erioneuron Nash
and Muhlenbergia Schreb. (Table 1). Hilaria Kunth,
Blepharidachne Hack., Swallenia Soderstr. & H.F.Decker
and Scleropogon Phil were not included because of
unavailability of material. The plants used were collected
in the field and grown in a greenhouse at the Agronomy
School of the Universidad del Litoral (Argentina).

Table 1. Voucher information for the studied taxa

Samples of inflorescences, spikelets and flowers at
different stages of development were fixed in FAA
solution (formalin: acetic acid: 70% ethanol, 10:5:85,
v/v) for 24 h and then transferred to 70% ethanol. For
scanning electron microscope (SEM) observation,
the reproductive structures were dissected and
classified using a stereoscopic microscope (Nikon
SMZ-10) according to the stage of development.
The samples were dehydrated through ethanol plus
two final changes of 100% acetone. The dehydrated
material was critical point dried using CO, as a
transition fluid and coated with gold palladium
using a Sputter Coater Emitech SC7640 equipment.
All samples were observed and photographed using
a FEI QUANTA 200 SEM at the Microscopy Service
of the Institute of Physics (CONICET-UNR-Rosario,
Argentina).

RESULTS

DEVELOPMENT OF THE BRANCHING SYSTEM OF
INFLORESCENCES

During the vegetative growth stage of all the studied
species, the shoot apical meristem was observed
to produce leaf primordia in two ranks, that is, in a
distichous arrangement (Fig. 2A). The moment of
transition from the vegetative state to the flowering

Species

Collection State

Voucher

Distichlis acerosa (Griseb.) H.L.Bell & Columbus

Coérdoba, La Rioja, Catamarca

Pilatti, V. y col., 30, 34, 35,

(Argentina) 147 (SF)
Distichlis humilis Phil. Salta (Argentina) Pilatti, V. y col., 91, 100 (SF)
Distichlis spicata (L.) Greene Santa Fe (Argentina) Vegetti, A.C. 1290 (SF)
Bouteloua aristidoides (Kunth) Griseb. Cordoba (Argentina) Pilatti, V. y col., 26 (SF)
Bouteloua barbata Lag. Jujuy (Argentina) Pilatti, V. y col., 72 (SF)

Bouteloua curtipendula (Michx.) Torr.
Bouteloua megapotamica (Spreng.) Kuntze

Cordoba (Argentina)
Cérdoba, Santa Fe (Argentina)

Pilatti, V. y col., 7 (SF)
Pilatti, V. y col., 13, 89, 160
(SF)

Bouteloua simplex Lag. Jujuy (Argentina) Pilatti, V. y col., 64, 82 (SF)
Erioneuron avenaceum (Kunth) Tateoka Jujuy (Argentina) Pilatti, V. y col., 73, 84 (SF)
Muhlenbergia asperifolia (Nees & Meyen ex Jujuy (Argentina) Pilatti, V. y col., 58 (SF)

Trin.) Parodi
Muhlenbergia bryophilus (D6ll) P.M.Peterson
Muhlenbergia peruviana (P.Beauv.) Steud.

Tucuman (Argentina)
Tucuman (Argentina)

Pilatti, V. y col., 143 (SF)
Pilatti, V. y col., 139 (SF)

Muhlenbergia phalaroides (Kunth) PM.Peterson  Jujuy (Argentina) Pilatti, V. y col., 85 (SF)
Muhlenbergia tenuifolia (Kunth) Kunth Salta (Argentina) Pilatti, V. y col., 112 (SF)
Munroa argentina Griseb. Jujuy (Argentina) Pilatti, V. y col., 74 (SF)
Munroa decumbens Phil. Salta (Argentina) Pilatti, V. y col., 93 (SF)
Munroa mendocina Phil. La Rioja (Argentina) Pilatti, V. y col., 36 (SF)

Abbreviations: SF, Herbario ‘Arturo Ragonese’ de la Universidad Nacional del Litoral.
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state becomes evident when the apical meristem
lengthens over the latest leaf primordium to start
forming the main axis of the inflorescence (Fig. 2B).

Following the transition to flowering, the main
axis of the inflorescence continues developing
by increase in length; the first-order branches
initiate in an acropetal direction (Table 2; Fig. 3A,
B). Once first-order branches have been initiated,
the apical meristem of the main axis develops a
terminal spikelet (Fig. 3C). However, in species of
Bouteloua, D. acerosa (Griseb.) H.L.Bell & Columbus
and M. bryophilus (Do6ll) P.M.Peterson, the apical
meristem arrests its activity before the terminal
spikelet is initiated (Fig. 3D-I).

First-order branches become arranged differently
on the main axis depending on their point of
initiation. Based on this, three different types
of symmetry have been identified: (1) spiral; (2)
strictly distichous and (3) dorsiventral distichous
(Table 2). An inflorescence has a spiral symmetry
when the first-order branch primordia initiate one
by one in more than two ranks on the main axis (Fig.
3C). Inflorescences are distichous when first-order
branches initiate in two opposite ranks separated
from each other by and angle of 180°. In such cases,
the main axis may be round or oval, and front and
back sides lack ramifications (Fig. 3E, F). In the
dorsiventral distichous inflorescence, first-order

branches are initiated in two ranks and develop
towards one side of the main axis; this inflorescence
type has distinct front and back sides. In such cases,
the main axis is triquetrous, and the back side
lacks ramifications (Fig. 3H, I). Disticlis acerosa,
B. simplex Lag., M. argentina Griseb., M. decumbens
Phil. and M. mendocina Phil. have been excluded
from the classification due to the fact that they bear
inflorescences with a single first-order branch.

The differentiation of a first-order branch consists of
its lengthening or flattening, which is associated with
the initiation of second-order branches. In the studied
species, it was observed that first-order branches
initiate secondary branches in three directions along
the inflorescence axis (Table 2): (1) acropetal (Fig.
30C); (2) amphipetal (Fig. 3E) or (3) basipetal (Fig. 3H).
Additionally, second-order branches are initiated on
the first-order branches in an acropetal direction (Fig.
3C,E, H).

The differentiation of a second-order branch is
morphologically determined by the initiation of
third-order branches or the initiation of a terminal
spikelet. Based on these criteria, second-order
branches may differentiate in an acropetal (Fig. 4A)
or a basipetal (Fig. 4B) direction (Table 2). Third-
order branches are initiated in the inflorescence and
on the first-order branches in an acropetal direction
(Fig. 4A).

Figure 2. Vegetative stage in Distichlis acerosa and transition to flowering in Munroa argentina (scanning electron
micrographs). A, Apical meristem producing vegetative leaves during the vegetative stage. B, Elongation of the apical
meristem above the last developed leaf during transition to flowering.
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Table 2. Differences observed during the development of the inflorescence branch system of studied taxa

Species i symmetry Direction of Direction of b? Direction of Direction of Direction of b?
b! initiation differentiation b? initiation b? initiation differentiation
along the 1 along the i along the i on the b! on the b!

Bouteloua Dorsiventral Acropetal Basipetal Basipetal Acropetal Basipetal

aristidoides

Bouteloua barbata  Distichous Acropetal Basipetal Basipetal Acropetal Basipetal

Bouteloua Distichous Acropetal Amphipetal Amphipetal Acropetal Basipetal

curtipendula

Bouteloua Distichous ? Basipetal ? ? Basipetal

megapotamica

Bouteloua simplex - - - - Acropetal Basipetal

Muhlenbergia Spiral ? ? ? ? ?

asperifolia

Muhlenbergia Dorsiventral Acropetal Basipetal Basipetal Acropetal Basipetal

bryophilus

Muhlenbergia Dorsiventral Acropetal Acropetal Acropetal Acropetal Acropetal

peruviana

Muhlenbergia Spiral Acropetal Basipetal ? ? ?

phalaroides

Muhlenbergia Spiral Acropetal Acropetal Acropetal Acropetal Acropetal

tenuifolia

Abbreviations: b, branch of first order; b?, branches of second order; i, inflorescence; (-) non-applicable; (?) missing data.

ELONGATION OF THE INTERNODES

We observed variations in terms of types of
internodes that elongate and in the stage during
which lengthening takes place. The main axis of the
inflorescence comprises: (1) a basal internode, from
the node of flag leaf insertion to the node of insertion
of the most proximal first-order branch and (2) the
internodes that develop between first-order branches.
In most of the studied species, inflorescences emerge
from the flag leaf through the elongation of the basal
internode of the main axis (Fig. 5A). Sometimes, the
basal internode of the main axis never elongates, and
the inflorescence remains partially included within
the vegetative leaves, as the case of Munroa and
D. acerosa (Fig. 5B).

The internodes of the main axis usually elongate, with
the exception of Munroa spp. (Fig. 6A). Lengthening of
the internodes, when it occurs, may be proportional
or differential. When the former occurs, all internodes
will be of similar length at maturity (Fig. 6B). In the
latter case, internodes will vary in length and some
first-order branches will remain close to one another,
thus appearing as whorled, as in the inflorescence of
M. asperifolius (Nees & Meyen ex Trin.) Parodi (Fig. 6C).

The internodes of the first-order branches usually
elongate proportionally (Fig. 6D), but in M. asperifolius
(Fig. 6C) these internodes lengthen differentially. In
most of the studied species, the pedicel that subtends
the spikelet was observed to be shorter than the length

of the developing spikelet (Fig. 6A, B, D, E), but in
M. asperifolius the pedicel is longer (Fig. 6C, F).

In terms of timing of internode elongation, the main
axis internodes increase in length at a late stage,
when spikelets and flowers have fully developed their
organs (Fig. 6E). The elongation of the internodes of
the first-order branches and pedicels takes place when
the floral organs have already differentiated (Fig.
6E). However, in M. asperifolius, the elongation of
the branch internodes occurs before the floral organs
initiate (Fig. 6F).

DEVELOPMENT OF THE SPIKELETS

Spikelets begin to form with a change in the apical end
of the branches and/or the main axis, which generally
relates to the initiation of two primordia of alternate,
concave glumes. Table 3 outlines the main differences
found during the development of spikelets.

The spikelet begins developing with the initiation
of the lower glume, followed by the upper glume (Fig.
4A, B), except in D. acerosa, in which glumes are never
initiated (Fig. 7A). Both glumes usually differentiate
and are visible at maturity (Fig. 7B). However, in
M. mendocina, glume primordia are initiated, but
arrest their development at an early stage; therefore,
they are not visible in mature spikelets (Fig. 7C).

The apical meristem of the inflorescence main
axis may end with the development of a terminal
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358 V.PILATTIETAL.

Figure 3. Patterns of main axis and first-order branches development (scanning electron micrographs). A—C, Three
successive developmental stages of Muhlenbergia tenuifolia inflorescence, with acropetal initiation of first-order branches,
terminal spikelet at the tip of the main axis and spiral symmetry. A, Elongation of apical meristem above the last formed
leaf during transition to flowering and initiation of first first-order branch. B, Initiation of new first-order branches from

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 189, 353-377
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INFLORESCENCE DEVELOPMENT IN CYNODONTEAE 359

Figure 4. Differentiation of second-order branches along first-order branches and inflorescence (scanning electron
micrographs). A, Initiation of third-order branches (at white arrowhead) on second-order branches with acropetal direction
along the first-order branches and along the inflorescence of Muhlenbergia peruviana. B, Spikelet initiation on second-order
branches with basipetal direction along the first-order branches and along the inflorescence of Bouteloua barbata.

spikelet. In such cases, the terminal spikelet is the
first spikelet on the entire inflorescence in which the
glume primordia are initiated (Figs 3C, 4A, 6A, 6F).
Alternatively, the apical meristem of the main axis
may end before developing the terminal spikelet, as
observed in D. acerosa, M. bryophilus and Bouteloua
sp. In such cases, the apical meristem may either end
in a sterile prolongation (Fig. 3E, F) or be laterally

displaced by the most distal first-order branch that
takes on the position of the main axis (Figs 31, 4B, 6B,
D, 7A, B).

As in the main axis, the apical meristem of the
first-order branches may end with the development
of a terminal spikelet (Figs 4A, 6A, C, E, F, 7A,
B). Sometimes, first-order branches end their
development before developing a terminal spikelet, as

apical meristem in acropetal direction. C, Differentiation of first-order branches, initiation of second-order branches (at
white arrowhead) in acropetal direction on the inflorescence, initiation of terminal spikelet and spiral symmetry of the
inflorescence. D-F, Three successive developmental stages of Bouteloua curtipendula inflorescence, with acropetal initiation
of first-order branches, without terminal spikelet in the main axis and distichous symmetry. D, Elongation of apical
meristem and initiation of first-order branches in acropetal direction. E, Beginning of differentiation of first-order branches
located in the middle region of the inflorescence with initiation of second-order branches (at white arrowhead), sterile
ending of main axis and distichous symmetry of inflorescence. F, Lateral view of inflorescence displaying the disposition
of first-order branches separated by an angle of 180°. G-I, Three successive developmental stages of the inflorescence of
Bouteloua aristidoides, with acropetal initiation of first-order branches in dorsiventral distichous disposition and without
terminal spikelet at the tip of the main axis. G, Elongation of apical meristem, above scale leaf, initiated during transition
to flowering and initiation of first first-order branches in acropetal direction. H, Front side of inflorescence where first-
order branches differentiate in basipetal direction; initiation of second-order branches in acropetal direction on first-order
branches and basipetal direction along the inflorescence, differentiation of second-order branches in basipetal direction on
first-order branches, absence of terminal spikelet in first-order branches. I, Back side of inflorescence main axis without
branches.
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360 V.PILATTIETAL.

Figure 5. Photographs of mature inflorescences. A, Distichlis spicata with elongated basal internode of the inflorescence
above scale leaf (exerted inflorescence at arrow). B, Non-elongated basal internode of Munroa argentina inflorescence which
stays partially included (at arrow) within vegetative leaves.
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INFLORESCENCE DEVELOPMENT IN CYNODONTEAE 361

Figure 6. Patterns of internode development along inflorescences and first-order branches (scanning electron micrographs).
A, Inflorescence of Munroa decumbens, where the main axis shows no elongation. B, Back side view of Muhlenbergia
bryophilus inflorescence, displaying equally long internodes along the main axis. C, Inflorescence proximal region of
Muhlenbergia asperifolius, displaying irregular internodes along the main axis and first-order branches. D, Lateral view
of Bouteloua simplex inflorescence, displaying a primary branch in terminal position with its internodes proportionally
separated from each other. E, Internode elongation along the main axis and first-order branches after floral organs formation
in Muhlenbergia peruviana. F, Distal portion of an inflorescence of Muhlenbergia asperifolius, in which internode elongation

in first-order branches take place before floral organ formation.

in Bouteloua spp. In such cases, the first-order branch
may end with a sterile prolongation (Fig. 3H, I) or
it may develop glumes that enclose the exhausted
meristem (Figs 6D, 7B).

Three different sequences of spikelet initiation
(here named arbitrarily sequences A, B and C) have
been observed (Fig. 8). In sequence A, the terminal

spikelet of the main axis initiates first followed by the
terminal spikelets of the first-order branches, then
the spikelets on the end of the second-order branches
and, finally, the spikelets of the third-order branches
(Fig. 8A). In sequence B, the terminal spikelet of the
first-order branch initiates first due to the lack of the
terminal spikelet of the main axis followed by the
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Table 3. Differences observed during the spikelet development of the genus Distichlis, Bouteloua, Muhlenbergia and
Munroa

Species Glume ts tsb! Direction  Direction Direction
development development development of spikelet  of spikelet of spikelet
initiation  initiation on the initiation
along thei b!alongthei  on the b?
along the b!
Distichlis acerosa No No Yes - - -
Bouteloua aristidoides Yes No No Pattern C  Basipetal Basipetal
Bouteloua barbata Yes No No Pattern C  Basipetal Basipetal
Bouteloua curtipendula  Yes No No Pattern C  Basipetal Basipetal
Bouteloua megapotamica Yes No No Pattern C  Basipetal Basipetal
Bouteloua simplex Yes No No Pattern C - Basipetal
Muhlenbergia asperifolia  Yes Yes Yes Pattern A ? Basipetal
Muhlenbergia bryophilus Yes No Yes Pattern B Basipetal Basipetal
Muhlenbergia peruviana  Yes Yes Yes Pattern A Basipetal Basipetal
Muhlenbergia phalaroides Yes Yes Yes ? Basipetal Basipetal
Muhlenbergia tenuifolia  Yes Yes Yes Pattern A Basipetal Basipetal
Munroa argentina Yes Yes Yes Pattern A - -
Munroa decumbens Yes Yes Yes Pattern A - -
Munroa mendocina Yes Yes Yes Pattern A - -

Abbreviations: b!, branch of first order; b?, branch of second order; i, inflorescence; ts, terminal spikelet; tsb?, terminal spikelet of the first order
branches. (-) non-applicable; (?) missing data.

R v W, |
A a‘; ~ "lh>
Caid s

Figure 7. Glume initiation and differentiation (scanning electron micrographs). A, Absence of glumes initiation in Distichlis
acerosa. B, Glume initiation and differentiation in Bouteloua barbata. C, Glume initiation and aborted development in
Munroa mendocina.

spikelets on the end of the second-order branches (Fig.
8B). In sequence C, the spikelet of the second-order
branches initiates first due to the lack of the terminal
spikelet both of the main axis and of the first-order
branches (Fig. 8C). Initiation of spikelets on the end
of the second-order branches begins in the last formed
first-order branch of the inflorescence and proceeds

basipetally along the inflorescences and over the first-
order branches (Figs 4A, 6E, F, 8).

Muhlenbergia peruviana (P.Beauv.) Steud.,
M. tenuifolia (Kunth) Kunth and M. asperifolius have
inflorescences with higher than second-order degree
of branching. In these cases, spikelets develop on the
end of the third-order branches following an acropetal
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Figure 8. Three different developmental sequences of spikelet and floral initiation along the inflorescences. A, Sequence
A: the terminal spikelet initiates first, followed by consecutive spikelets and flowers, e.g. Muhlenbergia tenuifolia (scanning
electron micrographs). B, Sequence B: the spikelet and flowers at the tip of the first-order branch initiate first due to
the absence of terminal spikelet, e.g. Muhlenbergia bryophilus (scanning electron micrographs). C, Sequence C: the distal
spikelet and flowers in the first-order branch initiate first, due to the absence of the terminal spikelet at the end of main
axis and first-order branches, e.g. Bouteloua barbata (scanning electron micrographs).

sequence of initiation on the second-order branches
and in the whole inflorescence (Fig. 8A).

DEVELOPMENT OF THE FLOWERS

Flower formation within the spikelets begins after
glumes have been initiated. The different patterns and
directions of initiation of flowers in the inflorescence
and on the second- and third-order branches match
those of the spikelets (Fig. 8). Tables 4 and 5 outline
the most important variations observed during the
development of floral organs.

In many-flowered spikelets, flowers initiate in an
acropetal direction (Fig. 7A). Mulenbergia asperifolius
usually has single-flowered spikelets, although it
may occasionally develop two or three flowers. When
this happens, the initiation sequence of floral organs
follows the previously described pattern (Fig. 9A).

Erioneuron avenaceum (Kunth) Tateoka and
all studied species of Bouteloua, Munroa and
Muhlenbergia have spikelets with bisexual

flowers. Additionally, the studied Distichlis spp.
and M. mendocina Phil. show unisexual flowers.
In particular, Distichlis is a dioecious genus with
spikelets having staminate and pistillate flowers
in separate individuals. Munroa mendocina is a
gynomonoecious species, which develops pistillate
flowers (basal flower) and bisexual flowers (distal
flower) within the same spikelet.

Development of floral organs in bisexual flowers
was found to be similar in all the species studied. After
glumes have been developed, the lemma initiates
followed by a palea primordium borne in an alternate
position, opposite the lemma (Fig. 9B). Both these
structures enclose the remaining floral meristem
that will give rise to the other floral organs (Fig. 9C).
Then, stamen primordia initiate simultaneously.
The number of stamen primordia per flower may be:
three (two lateral and one abaxial), as in species of
Bouteloua and Muhlenbergia (Fig. 9C); two lateral
only, as in Munroa (Fig. 9D); or one abaxial only, as
in E. avenaceum (Fig. 9E). Subsequently, two lodicules
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Table 4. Differences observed during the flower development of the genus Distichlis, Bouteloua, Muhlenbergia and

Munroa
Species Direction of Direction of Flowers per spikelet Direction of
flower initiation flower initiation flower initiation
along the i on the b! within spikelet
Distichlis spicata (staminate) ? ? Multi-flowered Acropetal
Distichlis spicata (pistillate) ? ? Multi-flowered Acropetal
Distichlis acerosa (staminate) - - Multi-flowered Acropetal
Distichlis acerosa (pistillate) - - Multi-flowered Acropetal
Distichlis humilis (pistillate) ? ? Multi-flowered Acropetal
Bouteloua aristidoides Pattern C Basipetal Multi-flowered Acropetal
Bouteloua barbata Pattern C Basipetal Multi-flowered Acropetal
Bouteloua curtipendula Pattern C Basipetal Multi-flowered Acropetal
Bouteloua megapotamica Pattern C Basipetal Multi-flowered Acropetal
Bouteloua simplex Pattern C Basipetal Multi-flowered Acropetal
Erioneuron avenaceum ? ? Multi-flowered Acropetal
Muhlenbergia asperifolia Pattern A Basipetal Uni-flowered [Acropetal]
[Two- three flowered]
Muhlenbergia bryophilus Pattern B Basipetal Uni-flowered -
Muhlenbergia peruviana Pattern A Basipetal Uni-flowered -
Muhlenbergia tenuifolia Pattern A Basipetal Uni-flowered -
Munroa argentina Pattern A - Multi-flowered Acropetal
Munroa decumbens Pattern A - Multi-flowered Acropetal
Munroa mendocina Pattern A - Multi-flowered Acropetal

pistillate flower

Abbreviations: b, branch of first order; i, inflorescence; (-) non-applicable; (?) missing data; [] sometimes observed.

initiate forming a whorl outside the stamen primordia
and, finally, the gynoecium primordium initiates from
the remaining floral meristem (Fig. 9C). The lemma
and palea continue growing, enclosing the sexual
organs and lodicules. The lemma always shows a more
advanced degree of development compared to the palea
(Fig. 9C, D). Once all the floral organs are initiated, the
gynoecium begins to differentiate with the initiation of
carpels, delimiting the meristem that will give origin to
one single ovule. At the same time, stamen primordia
expand to form the thecae and develop the connective
tissue (Fig. 9F). Stamen, lodicule and gynoecium
differentiation continues within the lemma and
palea. At this stage, styles initiate their development,
lodicules gradually take on their final form and thecae
continue expanding and lengthening (Fig. 9G). By
the time floral development ends, the carpels cover
the ovule completely, the styles begin to lengthen and
the stigmatic branches initiate on their distal ends.
Simultaneously, stamen filaments elongate, lodicules
complete their development and glumes, lemmas and
paleas continue developing until they reach their final
form, size and ornamentation (Fig. 9H, I).

Based on the sequence of floral development
described above, some differences have been identified
in the initiation and differentiation of floral organs
that determine the formation of unisexual flowers. In

D. acerosa, the floral meristem aborts after initiating
the three stamen primordia and before initiating
the carpels (Fig. 10A-C). In D. spicata (L.) Greene,
the gynoecium arrests its development later, after
initiating the stigmas on the distal ends of the styles
(Fig. 10D-F). In both species, the stamens initiate the
formation of the thecae and the connective tissue and
continue developing in a normal fashion (Fig. 10B, E).
Finally, both species show three developed stamens.
In D. acerosa, lodicules stop developing before the
elongation of filaments and anthers, which means
they are not visible in the mature spikelets (Fig.
10C). In D. spicata, lodicules continue their normal
development and can be seen at maturity (Fig. 10F).
In D. acerosa and D. spicata, two stamen primordia
located on the sides of the floral meristem initiate
first, followed by the abaxial stamen (Fig. 11A, B, F,
G). In D. humilis Phil. and M. mendocina, all stamen
primordia initiate at the same time (Fig. 11J, N). In
D. spicata and D. humilis, the two lodicules initiate,
forming a whorl outside the stamen primordia (Fig.
11K). All species initiate carpels, which continue
their normal development (Figs 11C, D, G, H, K, L,
O, P). In D. acerosa, the stamen primordia remain
undifferentiated and arrest their development at
the time of style initiation in the gynoecium (Fig.
11D). Meanwhile, in D. spicata and D. humilis,
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Table 5. Differences observed during flower development in Distichlis, Bouteloua, Muhlenbergia and Munroa

Species Sexuality Initiation  Initiation Stamen Initiation of  Gynoecium Sterile

of flowers of lodicules of stamen development  gynoecium development  flower
primordia primordium development

Distichlis spicata  Unisexual  Yes 3 Yes No No

(staminate)

Distichlis spicata  Unisexual  Yes 3 Yes Yes No

(pistillate)

Distichlis acerosa Unisexual  Yes 3 No No No

(staminate)

Distichlis acerosa Unisexual  No 3 Yes Yes No

(pistillate)

Distichlis humilis Unisexual  Yes 3 Yes Yes No

(pistillate)

Bouteloua Bisexual Yes 3 Yes Yes Yes

aristidoides

Bouteloua barbata Bisexual Yes 3 Yes Yes Yes

Bouteloua Bisexual Yes 3 Yes Yes Yes

curtipendula

Bouteloua Bisexual Yes 3 Yes Yes Yes

megapotamica

Bouteloua simplex Bisexual Yes 3 Yes Yes Yes

Erioneuron Bisexual Yes 1 Yes Yes No

avenaceum

Muhlenbergia Bisexual Yes 3 Yes Yes No

asperifolia

Muhlenbergia Bisexual Yes 3 Yes Yes No

bryophilus

Muhlenbergia Bisexual Yes 3 Yes Yes No

peruviana

Muhlenbergia Bisexual Yes 3 Yes Yes No

tenuifolia

Munroa argentina Bisexual Yes 2 Yes Yes No

Munroa decumbens Bisexual Yes 2 Yes Yes No

Munroa mendocina Unisexual  No 2 Yes Yes No

(pistillate)

Abbreviations: (-) non-applicable.

differentiated stamens stop developing after initiating
the formation of the thecae and the connective tissue
and before the elongation of the filaments (Figs 111,
L). In M. mendocina, the stamens stop developing after
the elongation of the filaments (Fig. 11P, Q). Finally,
all species show a developed gynoecium and two or
three staminodia (Fig. 11E, I, M, Q). In D. spicata and
D. humilis, lodicules continue their normal growth and
can be seen at maturity (Fig. 111, M).

Many-flowered spikelets of Bouteloua comprise
a proximal bisexual flower and one to several distal
sterile flowers that do not develop sexual organs
(Fig. 12). In the studied Bouteloua spp., whereas
the bisexual flower initiates and develops the floral
organs, the apical flowers initiate only the lemma,
which differentiates into three awns that vary in

length (Fig. 12C, D). In general, Bouteloua spp.
develop one single sterile flower (Fig. 12E), except for
B. megapotamica (Spreng.) Kuntze, which shows two
or three rudimentary flowers (Fig. 12F).

DISCUSSION

CHANGES IN THE APICAL MERISTEM RELATED TO THE
TRANSITION TO FLOWERING

The transition from vegetative to reproductive
state occurs when the apical meristem receives an
endogenous signal (e.g. hormonal) or an exogenous
stimulus (e.g. light, heat) and acquires the capacity
to produce an inflorescence (Colasanti & Coneva,
2009; Wellmer & Riechmann, 2010). Morphologically
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Figure 9. Development of floral organs in bisexual flower (scanning electron micrographs). A-B, Development of spikelet
and flowers in Muhlenbergia asperifolius. A, Glume and lemma initiation in the proximal and distal flower, in acropetal
direction. B, Palea initiation in the proximal flower. C, Primordium initiation of three stamen and lodicules in Bouteloua
barbata. D, Primordium initiation of two lateral stamen and lodicules in Munroa argentina. E, Primordium initiation of
abaxial stamen and lodicules in Erioneuron avenaceum. F-I. Flower development of Munroa decumbens. F, Theca and
stamen connective tissue initiation. Developing carpels limits the meristem that will originate the unique ovule. G, Stamen
and style elongation and lodicule expansion. H, Stigma initiation in the distal portion of styles. I, Gynoecium differentiation,
lodicule expansion and stamen filament elongation.
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Figure 10. Development of floral organs in staminate flowers (scanning electron micrographs). A-C. Development of the
staminate flower of Distichlis acerosa. A, Primordium initiation of stamens, lemma and palea differentiation; no carpel
initiation is observed. B, Theca and stamen connective tissue initiation, lodicule initiation and palea expansion over the
stamens. C, Anther and stamen filament elongation, lodicules remain reduced, gynoecium is absent. D-F, Development of
the staminate flower of Distichlis spicata. D, Primordium initiation of three stamens around the floral meristem, lodicule
initiation. E, Theca, stamen connective tissues and carpel differentiation. F, After stigma initiation in the distal portion of
styles the gynoecium arrests its development. Stamen filaments, anther and lodicules continue to grow.

speaking, the transition to flowering in the studied
species becomes evident when the apical meristem
elongates above the latest formed primordium, just as
it has been observed in other members of Poaceae (Orr
& Sundberg, 1994; Doust & Kellogg, 2002; Reinheimer
et al., 2005a, 2009; Liu et al., 2007; Zanotti, Pozner &
Morrone, 2010; Kellogg et al., 2013; Hodge & Kellogg,
2014). Indeed, the vegetative apical meristem is
shorter and broader and becomes taller and narrow
after transition to flowering (reviewed in Kellogg et al.,
2013; Kellogg, 2015).

DEVELOPMENT OF THE BRANCHING SYSTEM OF THE
INFLORESCENCE

The acropetal direction of initiation of the first-order
branches seen in the studied species is in line with the
most common pattern among grasses (Moncur, 1981;
Fraser & Kokko, 1993; Sundberg & Orr, 1996; Doust

& Kellogg, 2002; Tkeda, Sunohara & Nagato, 2004;
Kellogg et al., 2004; Bess et al., 2005; Reinheimer
et al., 2005a, 2010; Hodge & Kellogg, 2014). The first
primordium of the first-order branch originates in the
axil of the most proximal bract primordium that does
not develop completely and is almost unnoticeable
when the inflorescence is mature. Indeed, most of the
grasses have the ability to suppress bracts development
in their inflorescences, except for the ones that form
the spikelet. Bract suppression is a common theme in
grasses, but why this happens is still an open question.
It has been reported that mutants that show well-
developed bracts have reduced inflorescence branching
suggesting that there is a connection between bract
growth and meristem determinacy (Chuck et al., 2010;
Whipple et al., 2010; Whipple, 2017). Additionally, even
when bracts are imperceptible under the microscope,
the corresponding cells have started the molecular
program that inhibits bract outgrowth (Wang et al.,
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stam

Figure 11. Development of floral organs in pistillate flowers (scanning electron micrographs). A-E, Development of the
pistillate flower of Distichlis acerosa. A, Lemma, palea and stamen primordium initiation. B, Stamen development, no
lodicule primordium observed. C, Palea expansion and developing carpels delimiting the meristem that will give rise to the
only ovule. D, Initiation of two-style primordium; stamen primordium remains undifferentiated. E, Style elongation and
stigma initiation in the distal portion of styles. F-I, Development of the pistillate flower of Distichlis spicata. F, Lemma and
palea initiation delimiting floral meristem; in the basal flower, initiation of the lateral stamen primordium is observed. G,
Developing carpels delimits the meristem that will give rise to the ovule, initiation of the abaxial stamen primordium and
palea expansion. H, Theca and stamen connective tissue initiation, style elongation. I, Gynoecium and lodicules continue
to growth, but the stamens stop developing before filament elongation, becoming staminoids. J-M, Development of the
pistillate flower of Distichlis humilis. J, Initiation of lemma, palea and three stamen primordia. K, Initiation of lodicules
and carpels limiting the meristem that will give rise to the only ovule. L, Ovary, style and stigma differentiation, theca and
stamen initiation and expansion of lodicules. M, Stamens stop developing before filament elongation, becoming staminoids,
gynoecium and lodicules continue to expand. N-Q, Development of the pistillate flower of Munroa mendocina. N, Initiation
of lemma, palea and two stamen primordia. O, Theca and stamen connective tissue initiation, developing carpels limit
the meristem that will give rise to the only ovule. P, Style and stamens filament elongation, stigma initiation in the distal
portion of styles. Q, Pistillate flower surrounded by two staminoids (altered anthers).
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Figure 12. Development of sterile flowers (scanning electron micrographs). A-E, Development of bisexual and sterile flower
of Bouteloua barbata. A, Glume differentiation and lemma initiation in the proximal flower and acropetal development of
floral meristems. B, Initiation of stamen primordia and palea in the proximal flower; initiation of the three lemma awns
in the distal flower. C, Lemma, stamens and carpel differentiation in the proximal flower; retarded development of the
distal flower. D, Palea differentiation and styles primordium initiation in the proximal flower; elongation of lemma awns
in the sterile distal flower. E, Advanced developmental state of the bisexual proximal flower and sterile distal flower. F,
Development of the bisexual proximal flower and the sterile distal flowers of Bouteloua megapotamica.

2009; Chuck et al., 2010; Whipple et al., 2010; Houston
et al., 2012). In line with this, bract suppression has
been recently thought as novel and localized signaling
center that regulates the performance of the adjacent
meristem; however, the molecular basis of how the
proposed signaling center operates is still unknown
(Whipple, 2017).

In Cynodonteae, after the initiation of the first-order
branches, the apical meristem of the inflorescence
may end with the development of a terminal spikelet,
as it has been observed in other grasses [e.g. Avena
sativa L., Brachypodium distachyon (L.) P.Beauv.,
Hyparrhenia hirta (L.) Stapf, Melinis repens (Willd.)
Zizka, Phalaris arundinacea L., Sorghum bicolor (L.)
Moench and Triticum aestivum L.; Moncur, 1981; Le
Roux & Kellogg, 1999; Reinheimer et al., 2005b, 2009;
Kellogg et al., 2013). Alternatively, the apical meristem
may arrest its activity before initiating the terminal

spikelet. The lack of a terminal spikelet has also been
observed in Chloris barbata Sw., Eleusine coracana
(L.) Gaertn., Hordeum vulgare L., Oryza sativa L., Zea
mays L. and species of Cenchrus L., Eriochloa Kunth
and Setaria P.Beauv., among others (Bonnett, 1940;
Doust & Kellogg, 2002; Ikeda et al., 2004; Reinheimer
et al.,2005b; 2009; Liu et al., 2007; Kellogg et al., 2013).
The fate of the apical meristem of the inflorescence
often varies among closely related species, genera and
subtribes. This suggests that it may be a relatively
labile character in evolutionary time (Kellogg et al.,
2013; Kellogg, 2015).

Three different patterns of arrangement of first-
order branches have been identified in the studied
species: (1) spiral; (2) strictly distichous and (3)
dorsiventral distichous (Endress 2006; also named
as ‘biased distichous’ by Ikeda, Nagasawa & Nagato,
2005; ‘two-ranked non-symmetrical’ by Kellogg,
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2015; ‘pendulum symmetry’ by Charlton, 1997). The
arrangement of first-order branches determines the
symmetry of the inflorescence, which is a consistent
character in each species studied. However, species
in each genus may exhibit different types of
symmetry, as observed in other grasses (Le Roux
& Kellogg, 1999; Liu et al., 2007; Reinheimer et al.,
2009; Kellogg et al., 2013). It has been postulated
that the ancestor of grasses may have had a spiral
inflorescence and strictly distichous and dorsiventral
distichous inflorescences may be derived states
(Kellogg et al., 2013). Based on previous phylogenetic
reconstructions of Cynodonteae (Soreng et al., 2015;
Peterson et al., 2015, 2016), we suggest that the
dorsiventral distichous inflorescences appear at
least twice independently in Cynodonteae (one in
Boutelouinae and one in Muhlenbergiinae) and may
be derived from ancestors with distichous or spiral
inflorescence.

In grasses, the spiral and dorsiventral distichous
inflorescence phyllotaxis requires a change in the
phyllotactic pattern of the apical meristem that
was producing leaves in strictly distichous manner
before transition to flowering. Previous reports on
early inflorescence development of non-grass species
postulate that the shape and size of the apical meristem
after transition to flowering limits the type, disposition
and number of organs that the meristem will initiate
(Bull-Herenu & ClaBen-Bockhoff; 2011a, b; Clalen-
Bockhoff & Kester Bull-Herefiu, 2013). Nonetheless,
it is unclear whether this trend applies for grasses.
In addition, it is uncertain if this parameter will be
informative alone, without accurate measurements of
the size/shape of the lateral organs that the meristem
will develop (Jean, 1994; Doust, 2001). Unfortunately,
based in our data, we are far to test this hypothesis
given that we investigated only a relatively small
number of species and we did not measure the apical
and lateral meristems accurately.

v @B E %

A B

A combined analysis of the first-order branches of
initiation and the three directions of differentiation
(initiation of second-order branches) along the
inflorescence main axis leads to recognize three paths
of development of the first-order branches (Fig. 13A, B):
(1) acropetal initiation and differentiation, as observed
in some Paniceae (Doust & Kellogg, 2002; Bess et al.,
2005; Reinheimer et al., 2005a, 2009) and Pooideae [in
Diarrhena obovata (Gleason) Brandenburg, Kellogg
et al., 2013]; (2) acropetal initiation and amphipetal
differentiation as reported here for B. curtipendula,
with no other records in grasses and (3) acropetal
initiation and basipetal differentiation, as observed in
some species of Paniceae (Doust & Kellogg, 2002; Bess
et al., 2005; Reinheimer et al., 2009). The presence
of such developmental events in disparate lineages
suggest that they may have arisen independently more
than once during grass evolution. When the mature
architecture and the developmental patterns of first-
order branches were analysed together, we found that
similarly mature inflorescences from disparate grasses
develop following similar developmental patterns
of first-order branch initiation and differentiation.
Indeed, a panicle of spikelets with terminal spikelet
and non-homogenized branching (as shown in Fig. 1A)
exhibits an acropetal initiation and differentiation of
first-order branches, as shown here and previously
in other Pooideae and Paniceae (Doust & Kellogg,
2002; Bess et al., 2005; Reinheimer et al., 2005a, 2009;
Kellogg et al., 2013). In contrast, we observed that in
those inflorescences where the terminal spikelet at the
end of the main axis does not develop (as shown in Fig.
1C, D), the direction of differentiation of first-order
branches may be amphipetal or basipetal along the
inflorescence. Recently, it has been demonstrated that a
delicate homeostasis among three principal hormones
(auxin, cytokinin and gibberellin) controls the
acropetal formation of barley inflorescence branching
(Youssef et al., 2017). Then, it is possible that a loss of

C D

Figure 13. Schematic diagram summarizing the main results relating to the direction of initiation and differentiation of
inflorescence branching. A, Acropetal initiation of first-order branches. B, Three distinct directions of first-order branch
differentiation (from left to right, acropetal, amphipetal, basipetal). C, Acropetal initiation of second-order branches on
the first-order branch. D, Two distinct directions of second-order branch differentiation on first-order branches (above,
acropetal; bellow, basipetal).
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apical dominance by the premature arrest of the apical
meristem generates a hormonal imbalance making the
restoration of the acropetal pattern impossible. This
hypothesis opens a new developmental dimension
controlled by hormone homoeostasis that requires
further exploration.

In the studied group, second-order branches initiate
along first-order branches in an acropetal direction
as in most of grasses studied so far (e.g. Doust &
Kellogg, 2002; Bess et al., 2005; Reinheimer et al.,
2005a, 2009; Liu et al., 2007) (Fig. 13C). Nonetheless,
in some species of Melinidinae direction of initiation
of second-order branches may be amphipetal, e.g. in
Urochloa plantaginea (Link) R.D.Webster [=Brachiaria
plantaginea (Link) Hitche.], or basipetal, e.g. in
U. panicoides P.Beauv. (Reinheimer et al., 2005a, 2009).
Additionally, second-order branches may show an
acropetal or basipetal differentiation depending on the
species studied (Fig. 13D). Acropetal differentiation was
observed here, in inflorescences where their second-
order branches will differentiate into third-order
branches. In contrast, basipetal differentiation happens
in inflorescences where second-order branches will end
with the formation of a spikelet. Based on these findings,
we suggest that the direction in which second-order
branches differentiate on the first-order branches might
be related to the final fate of the meristem of second-
order branches. In other words, if apical meristem of
second-order branches is determinate, differentiation is
basipetal, whereas it is acropetal when the meristem
will continue producing new branches. This observation
suggests that the direction of differentiation of second-
order branches on subtending ones may not depend on
the presence/absence of the apical dominance as first-
order branches probably do.

ELONGATION OF THE INTERNODES

Elongation of the internodes of main axis and of first-
order branches may take place in either a proportional
or a differential way, generating, in the latter case,
occasional whorled branches (close proximity of a set
of first-order branches). Generally speaking, in most
of the studied species, the elongation of inflorescence
internodes and pedicels occurs when flowers have
developed. The elongation of the internodes during late
stages of inflorescence development has been proved
for many grass species (Doust & Kellogg, 2002; Kellogg
et al., 2004; Bess et al., 2005; Reinheimer et al., 2005a,
2009; Malcomber et al., 2006). This time lapse that
separates the initiation and differentiation of branch
primordia with the elongation of internodes suggests
that both developmental events are under independent
and distinct genetic controls, as previously postulated
(Doust & Kellogg, 2002). We have observed that the
elongation of internodes of first-order branches and

pedicel in the inflorescence of M. asperifolius takes
place before the initiation of floral organs. This
observation is the first record for Chloridoideae and
for Poaceae in general. Nonetheless, the biological
meaning of the premature internodes and pedicels
elongation is unknown.

DEVELOPMENT OF THE SPIKELETS

We observed that glumes develop acropetally in most
of the species. Our study proved the absence of glumes
in D. acerosa, which is consistent with Villamil’s
descriptions (1969). In contrast, in M. mendocina it
was observed that glume primordia initiate but arrest
their development at an early stage and, therefore,
glumes are not visible in mature spikelets. This
observation is largely consistent with the descriptions
of mature spikelets by Anton et al. (1978).

Spikelet initiation follows a basipetal direction along
the inflorescence and proceeds from the lower-order
spikelet to the higher-order spikelets. This trend has
been observed in most grasses studied so far (Doust
& Kellogg, 2002; Bess et al., 2005; Reinheimer et al.,
2005a; Liu et al., 2007; Reinheimer, 2007). However,
it has been observed in some species of Melinidinae
that initiation of the terminal spikelets of first-order
branches may occur alternatively in an amphipetal
direction (Reinheimer, 2007).

When first-order branches were considered, it was
observed that in all the studied species, spikelets
initiate in a basipetal direction, regardless of whether
the terminal spikelet of the first-order branch develops
or not. This is the most common pattern among grasses
(Le Roux & Kellogg, 1999; Reinheimer et al., 2005a;
Liu et al., 2007; Reinheimer, 2007; Hodge & Kellogg,
2014). Nevertheless, there have been records of grass
spikelets that initiate in an acropetal [Heteropogon
contortus (L.) P.Beauv. ex Roem. & Schult. and Zea
mays, Sundberg & Orr 1990; Le Roux & Kellogg, 1999]
or an amphipetal direction on the first-order branches
(species of Cynodon Rich., Dactyloctenium Willd. and
Urochloa, Liu et al., 2007; Reinheimer, 2007).

The wide variation in the direction of spikelet
initiation and differentiation among grasses and the
lack of correlation with presence/absence of apical
dominance and direction of initiation of inflorescence
branches may suggest that this stage of development is
controlled by a mechanism that works independently
of the one that controls branching. The testing of
such a hypothesis will require more focused sampling
across grasses.

DEVELOPMENT OF FLOWERS

Flower development was analysed considering
patterns of initiation and differentiation: (1) along
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the whole inflorescence and primary branches and (2)
within the spikelet. Flowers along the inflorescence
and on first-order branches follow a basipetal pattern
of initiation, just like spikelets. This is the most
common direction of flower initiation among grasses
(Doust & Kellogg, 2002; Bess et al., 2005; Reinheimer
et al., 2005a; Reinheimer, 2007). However, there have
been records of species where flowers initiate in an
acropetal direction (e.g. species of Andropogoneae,
Sundberg & Orr 1990; Le Roux & Kellogg, 1999) or in
an amphipetal direction on first-order branches (e.g.
species of Paniceae and Cynodonteae, Liu et al., 2007;
Reinheimer, 2007). Indeed, in most cases studied so far,
direction of flower initiation on first-order branches
matches that of the spikelet suggesting a direct
link between the initiation of spikelets and flowers.
Then, both traits may be regulated by overlapping
molecular controls. Still, the biological meaning of this
developmental trait is unclear.

Spikelets of the studied group may be single- or
many-flowered. In the latter case, direction of flower
initiation inside the spikelet is acropetal, as in most of
the grasses bearing more than two flowers per spikelet
(Kellogg, 2015).

Bisexual flowers initiate the lemma first, followed
by the palea, stamens, lodicules and, finally, carpels.
This sequence of initiation of floral organs coincides
with that observed in other grass genera, including
Moorochloa, Eleusine Gaertn., Eriochloa, Melinis,
Oryzopsis Michx., Panicum, Pennisetum Rich., Setaria
and Urochloa (Clifford, 1987, Reinheimer et al.,
2005a, 2010). However, another six patterns of floral
organ initiation have been found in Poaceae, which
differ from that observed in the species studied here
(Clifford, 1987). For example, in Avena L., Bambusa
Schreb., Hordeum L., Lolium L., Zea L. and Zizania
L., the palea is the first floral organ to be initiated,
followed by lodicules, stamens and gynoecium; in the
flowers of Triticum L. and Oryza L., the palea initiates
first, then stamens, gynoecium and, last, lodicules;
in flowers of Bromus L., stamens initiate first, then,
lodicules, followed by the palea and gynoecium, or vice
versa; in Dactylis L. and Phalaris L., stamens initiate
first, next the palea, then lodicules and the gynoecium
or vice versa. So far, the functional relevance of such
diverse sequences of grass floral organs initiation is
unknown.

Stamen primordia initiate between lodicules and the
gynoecium. Flowers may develop: two lateral stamen
primordia and an abaxial one; only two lateral ones;
or an abaxial one. Most grasses have an androecium
made up by three stamens (Rudall & Bateman, 2004,
Kellogg, 2015). However, the most likely ancestral
state in the grasses is six stamens, a condition that
remains in species of subfamilies Anomochlooideae,
Oryzoideae, Pharoideae and Puelioideae and in some

Bambusoideae (Zaitchik, Le Roux & Kellogg, 2000;
Sajo et al., 2007; Kellogg, 2015). The reduction of the
number of stamens to four has occurred independently
in Anomochloa Nakai and in some species of Ehrharta
Thunb. (Kellogg, 2015). In some genera, number of
stamens has been further reduced to two stamens (e.g.
in species of Steirachne Ekman, Peterson et al., 1997)
or one stamen (e.g. in species of Bothriochloa Kuntze,
Watson & Dallwitz, 1992).

We observed differences in the direction of initiation
of stamen primordia. In most of the studied species,
stamen primordia always initiate simultaneously, as
in other species of Chloridoideae (Liu et al., 2007).
However, in the pistillate flowers of D. acerosa and
D. spicata, the two stamen primordia located on sides
of the floral meristem initiate first with respect to the
abaxial stamen. This pattern has also been observed
in Eriochloa, Moorochloa eruciformis (Sm.) Veldkamp
and some Urochloa spp. (Reinheimer, 2007).

Most grasses have bisexual flowers, although 20-30%
of the species exhibit unisexual flowers, in which
only stamens or carpels are functional (Yampolsky
& Yampolsky, 1922). The transition between bisexual
and unisexual (staminate or pistillate) flowers has
occurred many times during grass diversification; at
present, the ancestral state of Poaceae is unknown
(Malcomber & Kellogg, 2006). It is generally believed
that unisexual flowers have evolved as a mechanism to
promote outcrossing (Charlesworth & Charlesworth,
1978; Thomson & Barrett, 1981) and/or allow for sexual
resource allocation and specialization (Charlesworth
& Charlesworth, 1978; Brunet & Charlesworth, 1995).
Studies that link changes in the patterns of flower
development to sex determination are numerous
for Panicoideae (Cheng, Greyson & Walden, 1983;
Sundberg & Orr, 1990, 1996; Orr & Sundberg, 1994; Le
Roux & Kellogg 1999; Kellogg et al., 2004; Bess et al.,
2005; Reinheimer et al., 2005a, 2010; Hodge & Kellogg,
2014). However, few studies have been carried out on
the Oryzoideae (Zaitchik et al., 2000), Chloridoideae
(Liu et al., 2007; Kinney et al., 2008) and Pharoideae
(Sajo et al., 2007). Unisexual flowers of Cynondonteae
may develop by two distinct paths (‘Type I’ and “Type
IT’) that has been previously identified in angiosperms
(Mitchell & Diggle, 2005; Diggle et al., 2011). ‘Type
I’ flowers are bisexual at initiation and then become
unisexual with the completion of the development of
either the androecium or the gynoecium. In contrast,
in ‘Type IT’ flowers sexual differentiation takes place
before the initiation of the carpels or stamens. Then
‘Type II’ flowers are unisexual from the beginning. In
the staminate flower of D. spicata, both stamens and
gynoecium initiate, but only stamens reach functional
maturity, since the growth of the gynoecium is arrested.
Then, the pattern of flower development seen in
D. spicata coincides with ‘Type I’ unisexual flowers. This
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type of development has been described for numerous
grass species (Cheng et al., 1983; Le Roux & Kellogg,
1999; Zaitchik et al., 2000; Reinheimer et al., 2005a,
2009; Sajo et al., 2007; Kinney et al., 2008); however,
some variation has been observed among grasses in
terms of the timing at which the development of the
gynoecium is arrested. For instance, in staminate
flowers of Panicoideae and Pharoideae studied so
far, development of the gynoecium is arrested when
the nucellus is visible and carpel walls form a ridge
that surrounds it. In these species, the arrest of the
development of the gynoecium may entail a process
of cell vacuolization and/or cell death, or it may just
occur with no evidence of cell breakdown (Cheng et al.,
1983; Le Roux & Kellogg, 1999; Reinheimer et al.,
2005a; Sajo et al., 2007). In contrast, the development
of the staminate flower in Bouteloua dimorpha
Columbus (Chloridoideae) is histologically similar
to that of species of Panicoideae and Pharoideae, but
the abortion of the gynoecium takes place when the
styles initiate (Kinney et al., 2008). Meanwhile, in the
staminate flower of Zizania aquatica L. (Oryzoideae),
the development of the gynoecium is arrested at a more
advanced stage, when the stigmas have initiated, with
no evidence of cell vacuolization or cell death (Zaitchik
et al., 2000). Based on our records, the moment when
gynoecium arrests its development in D. spicata may
be similar to that observed in Z. aquatica. In these
species, the retention of the sterile reproductive
structures might be due to intrinsic factors, such as
underlying genetic correlations between both sexes
(Diggle et al., 2011).

In staminate flower of D. acerosa, the floral
meristem aborts after initiating the three stamen
primordia and before initiating carpels. Therefore,
flowers appear to be unisexual from the beginning.
This pattern of development coincides with ‘Type
I’ development of unisexual flowers, which means
that sexual differentiation in flowers takes place
before the initiation of the carpels and stamens
(Mitchell & Diggle, 2005; Diggle et al., 2011). ‘Type
IT’ development observed in D. acerosa is the first
record for grasses. In other Poales and monocots,
‘Type I’ development of unisexual flowers may
prevail (Mitchell & Diggle, 2005), but there has been
records of ‘Type I’ flowers in Ischyrolepis Steud.
(Restionaceae; Mitchell & Diggle, 2005). ‘Type I’ has
been documented for eudicots including Mercurialis
annua L. (Euphorbiaceae, Durand & Durand, 1991),
Spinacia oleracea L. (Amaranthaceae; Sherry,
Eckard & Lord, 1993) and Thalictrum dioicum
L. (Ranunculaceae, Di Stilio, Kramer & Baum, 2005).
Flowers of dioecious species of Austrobaileyales, an
early-diverging angiosperm group, has been reported
as ‘Type II’ (Mitchell & Diggle, 2005). The initiation
of organs of only one sex in flowers might be related

to resource optimization. This means that resources
are exclusively allocated to the production of male
gametes (Diggle et al., 2011).

The development patterns of staminate flowers of
D. acerosa and D. spicata described here are the first
record for Chloridoideae. In any case, findings obtained
in terms of development should be complemented
with anatomical studies focused on determining the
histological processes involved in the developmental
arrest of the gynoecium in D. acerosa and D. spicata.
This might help identify whether mechanisms
involved are divergent to those found in Panicoideae,
Pharoideae, Chloridoideae and Oryzoideae.

Pistillate flowers exhibit a ‘Type I’ pattern of
development, in which the organs of both sexes initiate,
but only the gynoecium develops completely and the
stamens are reduced to staminodia. The timing when
the stamens arrest their development varies among
grasses. For instance, in D. acerosa, the stamens arrest
their development before the anthers differentiate
and at the same time the styles initiate. Stamens of
pistillate flowers of Zea mays, Bouteloua dimorpha
and Heteropogon contortus arrest their development
after anther differentiation (Chenget al., 1983; Kinney
et al., 2008). In Z. mays, the stamens stop developing
because of cell vacuolization and loss of cytoplasmic
organelles in the anther lobes (Cheng et al., 1983).
Conversely,in stamens of B. dimorpha and H. contortus,
there is no evidence of loss of cellular content or
breakdown of nuclei (Le Roux & Kellogg, 1999;
Kinney et al., 2008). In pistillate flowers of D. humilis
and D. spicata, stamens arrest their development
after the formation of thecae and connective tissue
and before the elongation of filaments. Moreover, in
M. mendocina, stamens arrest their development
after the elongation of the filaments. Developmental
data should be complemented with anatomical studies
to help determine the underlying mechanisms that
may be involved in the arrest of stamens in pistillate
flowers.

On the other hand, pistillate flowers of D. acerosa and
M. mendocina lack lodicules. It is generally thought
that lodicules in grasses play the role of promoting
flower opening, which allows stamens to emerge
(Soreng & Davis, 1998). Therefore, large lodicules in
staminate flowers might promote pollen dispersal,
whereas tiny lodicules in pistillate flowers might
have no specific function. This theory might account
for the absence of lodicules in flowers of D. acerosa,
M. mendocina, Pharus P. Browne and Anomochloa
and reduced size of lodicules in the pistillate flowers
of B. dimorpha (Rudall et al., 2005; Kinney et al.,
2008). Nonetheless, this explanation would not be
valid for D. spicata and D. humilis, since their mature
pistillate flowers have large, fleshy lodicules. Based on
the differences observed in the development patterns

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 189, 353-377

6102 UoIB\ 6Z UO Jasn Ateiqi Ausioaiun ofsping Aq €€9027S/€SE/Y/68 L /19E11Sqe-a[dILE/UEaUUINOG/WOD" dNO"dlWaPEdE//:Sd)Y Wolj papeojumoq



374 V.PILATTIETAL.

that determine flower sexuality, it can be suggested
that the mechanisms involved in the production of a
staminate unisexual flower and a pistillate unisexual
flower should be under different genetic controls as
previously postulated (Malcomber et al., 2006).

HIGHLIGHTS OF THE DEVELOPMENT OF
REPRODUCTIVE BRANCHES AND FLORAL ORGANS IN
CYNODONTEAE AND OTHER GRASSES

Comparative studieson developmenthavebeenvaluable
for the analysis of reproductive structures taking into
consideration changes that occur along the ontogeny
of the inflorescence, the spikelet and the flower. Based
on our findings and, consistently with previous studies
(Reinheimer et al., 2005a, 2009, 2010; Sajo et al., 2007,
2012; Liu et al., 2007; Kinney et al., 2008), it may be
concluded that the inflorescence of disparate grasses
with similar structural plan develops following the
same model. This becomes evident when the direction
of initiation and differentiation of branches is included
in the morphological analysis. In line with this, we
found four important aspects of grass inflorescence
development: (1) direction of differentiation of second
order branches on subtending ones may not depend
on the presence/absence of the apical dominance as
the first-order branches probably do; (2) branching
development and internode elongation events may
be under independent and distinct genetic controls
as previously postulated (Doust & Kellogg, 2002); (3)
direction of spikelet initiation and differentiation may
be regulated by a mechanism that works independently
of the one that controls branching and and (4) spikelet
and flower initiation on primary branches may be
regulated by overlapping molecular controls.

Apart from the time dimension, studies on
development add a micromorphological aspect, by
incorporating data on the structure of organs at
different stages of development. The latter has been
particularly important in order to identify sterile axes
and floral organs that are considered absent in mature
state. Studies on the morphogenesis of reproductive
systems of grasses reveal a complex morphological
dimension, which increases differences among species.

To date, data on the development of branches and
floral organs of grasses have been fragmentary and
focused on some groups. However, after a comparison
of the descriptions on development presented in our
work with current knowledge on other grasses, common
patterns in grasses may be identified, such as: (1) the
elongation of the apical meristem above the latest-
formed leaf primordium marks the transition of the
apical meristem from vegetative to reproductive; (2) the
acropetal direction of initiation of first-order branches
prevails; (3) the direction of differentiation of the second-
order branches on the first-order branches correlates

with the final fate of the apical meristem of the second-
order branches; (4) the elongation of the internodes of
the inflorescence branches occurs when flowers have
differentiated and (5) the direction of initiation of
spikelets and flowers along the inflorescence is always
basipetal on the axis that holds them.

Additionally, this work reports developmental
patterns that are unique to some species of
Cynodonteae and represent first reports for grasses,
e.g. (1) the amphipetal initiation of second-order
branches along the inflorescence observed in the
B. curtipendula species, (2) the elongation of the
internodes of the inflorescence branches before floral
development, as observed in M. asperifolius and (3)
‘Type II” unisexual flowers of D. acerosa.

In conclusion, the current work presents a comparative
inflorescence development in Cynodonteae analysed
in the context of what we already know from other
grasses. The approach used here provides a link between
definitive structures and the underlying genetics. In this
sense, our results allow us to postulate new hypothesis
on grass inflorescence development and evolution.
Indeed, by observing and comparing micrographs that
document the beginning of inflorescence development
in many grasses, we postulate that a delicate balance of
phytohormones may command the early development
of grass inflorescence branching system by controlling
the direction of differentiation of first-order branches.
We also think that at some stages of development (more
likely those that are under overlapping control), events
that occur earlier may generate pleiotropic effects on
developmental traits that occur after. It would be of
interest to test these hypotheses using a species-level
phylogenetictree as abackbone to further explore whether
these aspects are also true on a macroevolutionary scale.
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