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Abstract

In the present work, we study the ovule, seed, and fruit development in six Bulbostylis species in order to characterize the
genus in a comparative approach and to identify the characteristics that can be used in taxonomy and phylogeny. Flowers
and fruits at different developmental stages were analyzed using LM and SEM after processing according to standard tech-
niques. The species studied have the following: anatropous and bitegmic ovules, weak crassinucellar ovules, obturator of
integumentary origin, monosporic embryo sac of the Polygonum type, nuclear endosperm, hypostase formation, seed coat
formed by tanniferous endotegmen and exotesta, and Bulbostylis-type embryo. On the other hand, the pericarp development
constitutes the main variation within Bulbostylis since the cells of the exocarp may or may not present starch grains, and their
inner periclinal walls may be slightly or deeply concave depending on the degree of development of the mesocarp sclereids.
In a taxonomic context, the results herein obtained are in conflict with studies which suggest infrageneric groupings based
on fruit micromorphology, and also with the relationship among the Bulbostylis species based on molecular analysis. This
work contributes to a better understanding of the reproductive anatomy and embryology in Bulbostylis, and reveals the first
insights about the origin of multiple embryos in Cyperaceae. Given the frequent presence of polyembryony in Bulbostylis,
and the poor mention of this condition in the family, this work highlights an aspect in the anatomy of Cyperaceae that must
be re-explored.
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Introduction

Bulbostylis Kunth (tribe Abildgaardieae) has c¢. 220 pan-
tropical to warm temperate species, mainly concentrated
in tropical Africa and South America. These species com-
monly grow in open, sunny habitats on dry or temporarily
wet soils (Goetghebeur 1998; Govaerts et al. 2020). The
high degree of similarity of the vegetative and reproductive
organs among the Bulbostylis species is a great complication
for establishing infrageneric groupings. The Bulbostylis spe-
cies present leaves with long white hairs at the sheath; inflo-
rescences with few-many spikelets (arranged in anthelodium
or cephalodium) or reduced to a single spikelet; and perfect
perianthless flowers, with 1-3 stamens, 3(-2)-fid styles with
their base thickened and persistent (rarely deciduous) on
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the ripe fruit. The fruit in Bulbostylis is a trigonous (rarely
biconvex) achene, about 0.6—1.8 mm long by 0.5-1.4 mm
wide, with exocarp cells vertically elongated, and the mature
embryo is classified as of the Bulbostylis-type embryo (Van
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der Veken 1965; Kral 1971; Goetghebeur 1998; Lopez 2012;
Reutemann et al. 2012).

In general, only exomorphological characters of the
mature achenes allow to distinguish among the species of
this genus (Barros 1947; Svenson 1957; Pedersen 1969;
Kern 1974; Kral 1971; Goetghebeur and Coudijzer 1985;
Goetghebeur 1998; Lopez 2012). In a taxonomic study of
20 Bulbostylis species from the Southern region of South
America, Lopez and Gonzélez (2017) suggest informal
groupings within the genus based on the micromorphology
of the fruit surface. The proposed groups include species
whose fruits have cells of the exocarp without silicophyto-
liths (group 1, eight species), with rounded silicophytoliths,
occupying most of the cell (group 2, four spp.), and with
conical silicophytoliths, located at the center of the cell or
eccentrically (group 3, eight spp.).

However, recent phylogenetic analyses of Bulbostylis,
based on nuclear (ITS region) and plastid sequences (trnL.
intron), have pointed out that these groups are not monophy-
letic (Reutemann et al. 2018). According to Reutemann et al.
(2018), the “micromorphological patterns of the achene sur-
face” are homoplastic and therefore unsuitable to propose
infrageneric groupings within the Bulbostylis. Based on
these data, it is necessary to find new traits that contrib-
ute to clarify the relationships within the genus. The study
of unexplored reproductive structures in Bulbostylis could
provide new characters to support the infra-generic group-
ings suggested by the morphology of the fruits (Lépez and
Gonzalez 2017), to support the relationships indicated by the
molecular phylogeny of the genus (Reutemann et al. 2018),
or to reveal unexpected relationships among the Bulbostylis
species. The establishment of a phylogenetic framework in
a group brings new opportunities for morphological studies
and often helps to find problems in the definition of charac-
ter states (Tobe 1989; Endress et al. 2000).

In many plant groups, anatomical and developmental
studies of reproductive structures are a reliable source of
traits to overcome taxonomic problems (Ornduff 1978;
Endress 2011). For example, embryological findings such
as pollen formation, the fate of the antipodes after fertili-
zation, and the type of embryogeny have questioned the
Cyperaceae-Poaceae closeness sustained by early research
and have supported the closeness between the Cyperaceae
and Juncaceae families (Shah 1967; Singh 1981), which is
currently supported by the recent plastome phylogeny pro-
posed by Givnish et al. (2018), where Cyperaceae is sister
to Juncaceae.

Several taxa of Cyperaceae have been characterized
embryologically and share some characters, such as fol-
lows: anatropous, bitegmic and crassinucellated ovule,
hypostase and funicular obturator, Polygonum embryo sac
with ephemeral antipodes, nuclear endosperm, embryogeny
of the Onagrad-type, Juncus-variation, and albuminous seed
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with seed coat formed by exotesta and endotegmen (Khanna
1965; Shah 1965; Murty and Kumar 1967; Padhye 1968,
1971; Nijalingappa 1976, 1977, 1986; Padhye and Makde
1982; Makde and Bhuskute 1987; Johri et al. 1992; Nijalin-
gappa and Palakshaiah 1998; Rudall 1997; Coan et al. 2008;
Kellogg 2015; Rocha et al. 2015).

The available knowledge on the embryological aspects of
Cyperaceae is too fragmentary for some genera (Coan et al.
2008). The anatomy and development of the seed and fruit,
the organs from which they derive (i.e., the ovule and ovary,
respectively), and the processes that take place within them
have not been compared among the Bulbostylis species.
Gonzalez and Lépez (2010) studied the anatomy and devel-
opment of the gynoecium and fruit in only two Bulbostylis
species: B. communis M.G. Lopez & D. Simpson, and B.
sphaerolepis (Boeck) Beetle; however, these authors focused
on characterizing the components of the pericarp that deter-
mine the differences in the achenes surface between these
two species, without analyzing their embryology.

This article aims to provide a detailed description of the
ovule morphology, megasporogenesis, megagametogenesis,
and seed and fruit development in six Bulbostylis species
belonging to groups 1 and 3 as proposed by L6pez and Gon-
zalez (2017), and one species not characterized by these
authors in order to characterize the genus in a comparative
approach and to identify new traits which could support such
groupings and thus contribute to the taxonomy of the genus.

Materials and methods
Plant material

Six Bulbostylis species were included in this study: Bulbo-
stylis brevifolia Palla (A.G.Reutemann 186 [SF]); Bulbosty-
lis communis M.G.L6pez & D.A.Simpson (A.G.Reutemann
2, 189 [SF]); Bulbostylis conifera (Kunth) C.B.Clarke (AAI
26 [HRCBY]); Bulbostylis hirtella (Schrad. Ex Schult.) Nees
ex Urb. (M.G.Lépez 363 [CTES]); Bulbostylis juncoides
(Vahl) Kiik. Ex Herter (A.G.Reutemann 7 [SF]); and Bul-
bostylis wanderleyana Prata & M.G.L6pez (A.G.Reutemann
159 [SF]). For the scanning electron microscopy studies,
only B. communis, B. conifera, and B. juncoides were ana-
lyzed. Bulbostylis brevifolia and B. communis belong to
group 1 sensu Lépez and Gonzalez (2017), while B. hirtella,
B. juncoides, and B. wanderleyana belong to group 3; B.
conifera was not studied by these authors.

Samples were collected from wild populations in Argen-
tina and Brazil. Voucher specimens were deposited in the
Herbarium of Facultad de Ciencias Agrarias, Universi-
dad Nacional del Litoral, Santa Fe (SF), and Instituto de
Botanica del Nordeste, Corrientes (CTES) in Argentina, and
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also in the Rioclarense Herbarium (HRCB) of the Instituto
de Biociéncias, Universidade Estadual Paulista in Brazil.

Scanning electron microscopy

Spikelets from at least four individuals of each species fixed
in FAA were dissected in 70% ethanol under a Nikon SMZ-
10 stereomicroscope, and dehydrated in an ethanol series up
to absolute ethanol. The material was then transferred for
2 h to pure acetone. The dehydrated samples were critical-
point dried (EMITECH K850 Critical Point Dryer) with
CO2 as intermediate fluid. The dried material was coated
with gold—palladium and observed and photographed using
a PHILIPS XL 30 scanning electron microscope.

Light microscopy

Spikelets containing flowers at different development stages
from at least four individuals of each species were fixed
in FAA (formalin:acetic acid:70% ethanol, 10:5:85, v/v;
Johansen (1940)) for 48 h and preserved in 70% ethanol
(Johansen 1940). Spikelets were soaked in 5% hydrofluoric
acid for 24 h to dissolve the silica (Metcalfe 1971). The
material was dehydrated in an ethanol series, embedded in
paraffin (Ruzin 1999), and sectioned at 10—-12 pm on a rotary
microtome (Reichert, Austria). The anatomical sections were
stained with either safranin, fast green, Mayer’s hematoxy-
lin, or safranin-astra blue combinations (Johansen 1940;
Luque et al. 1996), and mounted with synthetic Canada bal-
sam (Biopack). The results were documented by photomi-
crographs obtained with a Leica DM 1000 microscope fitted
with a Canon EOS REBEL T2i capturing device and digital
imaging software (EOS Utility).

Developmental sequences of each studied spe-
cies are shown in Electronic Supplementary Materials
(ESM1-ESM10).

Results
Aspect of flower development

In all the species studied, the androecium is the earliest
whorl that initiates from an undifferentiated flower primor-
dium (Fig. 1a). Subsequently, an annular ovary wall pri-
mordium and a central ovule primordium emerge (Fig. 1b,
c). As development progresses, three stigma primordia
appear on the top of the ovary wall, being the abaxial one
somewhat delayed (Fig. 1d). The annular/cylindrical ovary
wall grows up from its base until it completely encloses the
ovule (Fig. le, f). Later, the lengthening of the stigmatic
branches occurs, and the style originates (Fig. 1g); a superior

ovary with a single ovule in basal position is thus formed
(Figs. la—g and 2a—c).

Ovule development

The ovule primordium presents a dermal layer and the arche-
sporial cell, which is larger than the other cells and has a
subdermal origin (Fig. 2a—d). The initiation of the inner
integument occurs by periclinal divisions of dermal cells
located in a lateral position (Fig. 2c—d, white arrows). The
subdermal archesporial cell divides asymmetrically, origi-
nating a large megasporocyte and a small parietal cell that
undergoes anticlinal divisions (Fig. 2e—f); simultaneously,
the outer integument initiation occurs (Fig. 2e, black arrow).

Afterwards, the ovule primordium grows and becomes
curved (Fig. 2e—i). The curvature of the ovule progresses
until it reaches 180° by growth of the nucellus and integu-
ments (Fig. 2j). The inner integument grows more rapidly
than the outer integument, completely surrounding the
nucellus and delimiting the micropyle (Fig. 2j).

The anti-raphe region of the outer integument is left
behind in its development, and its edges do not close to form
the exostome (Fig. 2j). The inner portion of the outer integu-
ment remains in contact with the endostome; the further
development of this portion results in a mass of thin-walled
cells with dense cytoplasm that covers the endostome, con-
stituting an integumentary obturator (Fig. 2j-1).

In the mature ovule, both the inner and outer integuments
are two-layered (Fig. 21 shows these layers at the anti-raphe
region), although the inner integument at the endostome
presents 4-5 layers (Fig. 2k-1). The cells of the obturator
acquire glandular characteristics with dense cytoplasm
(Fig. 21).

The vascular bundle runs through the funiculus and
reaches the chalaza without branching (Fig. 2k). When the
embryo sac is fully formed, the nucellus remains composed
of several layers of cells and with a discernible uni-layered
epidermis at the micropylar region (Fig. 2k-1).

Megasporogenesis and megagametogenesis

At the beginning of the inner integument formation, the
archesporial cell increases in size and divides to form the
megasporocyte and a parietal cell; the megasporocyte pre-
sents a dense and granular content and the nucleus occupies
most of the cell volume, showing clear nucleoplasm and a
large nucleolus (Fig. 2f—i; Fig. 3a).

Before the ovule becomes completely anatropous, and
before the closing of the inner integument delimiting the
endostome, the megasporocyte undergoes meiosis. Meio-
sis I is transverse and leads to the formation of dyad cells,
of which the chalazal cell is slightly elongated (Fig. 3b).
Meiosis Il is also transverse and originates a linear tetrad of
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Fig.1 SEM images of flower development in Bulbostylis. a—c, e B.
juncoides. d, g B. communis. £ B. conifera. a Apical view of a spikelet
showing two early stages of flower development: an undifferentiated
flower primordium, and another more developed flower primordium
with stamen primordia and yet undifferentiated floral apex. b and ¢
Flower primordium with an ovary wall primordium and an ovule pri-
mordium at the floral apex. d Next step in the differentiation of the
flower primordium with a cylindrical ovary wall primordium and
three stigma primordium, where the abaxial one is somewhat delayed;

megaspores (Fig. 3c). The chalazal megaspore of the tetrad
enlarges and becomes functional, while the remaining three
megaspores degenerate (Fig. 3c—d).

The functional megaspore undergoes three successive
mitoses, forming an eight-nucleate Polygonum-type embryo
sac (Fig. 3e-h). The egg apparatus at the micropylar pole
is formed by a central egg cell and two lateral synergids.
The filiform apparatus is well developed and visible in the
histological sections due to its pecto-cellulosic composition
(Fig. 3f, j-1). Three antipodal cells lie at the chalazal end
(Fig. 3f-h). The two polar nuclei fuse to form the secondary
nucleus before fertilization of the egg cell (Fig. 3i—j). At that
time, the antipodes are already degenerating. Subsequently,
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notice the single ovule primordium positioned in the center-basal
region of the ovary. e and f Developing gynoecium with the ovary
wall primordium completely enclosing the ovule, and with three dis-
tal stigma branches. g Gynoecium with differentiated stigma and style
are differentiated. a anther, fa flower apex, fp flower primordium, G
glume, o ovule (primordium), ov ovary wall (primordium), sg stigma
(primordium), sp stamen (primordium), st style, * rachilla apex. Scale
bars=10 um

double fertilization occurs, resulting in the formation of the
zygote and endosperm mother cell (Fig. 3k—1). The filiform
apparatus is still visible as a remnant of the degenerated
synergid cells.

Seed development

Endosperm

After fertilization takes place, the endosperm mother cell
divides before the division of the zygote, thus initiating

the formation of the endosperm (Fig. 4a). In all the species
studied, the endosperm is of the nuclear type. Successive
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Fig.2 Longitudinal sections of the ovule in Bulbostylis at different
developmental stages (LM). a, b, h, i, k, 1 B. communis. ¢, d, g B.
hirtella. e, f B. brevifolia. j B. conifera. a-d Ovule primordium with
a dermal layer and a large subdermal archesporial cell; note in ¢ and
d the origin of the inner integument by periclinal division of dermal
cells (white arrows). e Subsequent stage of ovule development, in
which a parietal layer and a megasporocyte can be recognized under
the dermal layer; note the outer integument initiation on the funicular
side (black arrow). f Detail of e showing cells resulting from anticli-
nal divisions of the parietal cell. g—i Early stages of ovule curvature,
where the initiation of the obturator is observed, and the internal and

karyokinesis originate a set of nuclei, which are located
towards the periphery of the cell due to the presence of a
central vacuole (Fig. 4a). It is common to note numerous
collapsed pollen tubes in the obturator (Fig. 4b).

Tannic substances are deposited in the cells of the
endotegmen, and the same occurs in the cells of the nucel-
lus near the chalaza, constituting a hypostasis (Fig. 4b—d).

external integuments continue their differentiation. j Advanced stage
of ovule curvature, in which the endostome and the obturator are rec-
ognizable in the micropylar region. k Mature ovule with embryo sac,
the integuments covering the nucellus, the vascular bundle running
through the funiculus, reaching the chalaza. 1 Detail of k correspond-
ing to micropylar region and obturator. ac archesporial cell, ¢ car-
pel, ch chalaza, d dermal layer, ep nucellar epidermis, f funiculus, fs
funicular side, ii inner integument, m micropyle, mc megasporocyte,
n nucellus, o ovule (primordium), ob obturator, oi outer integument,
ov ovary wall, pc parietal cell, s embryo sac, vb vascular bundle.
Scale bars: a-h, j=10 pm; i, k, 1=50 pm

Subsequently, cells of the exotesta also become tanninifer-
ous (Fig. 4e).

Each endosperm nucleus is surrounded by a mass
of cytoplasm, delimited by a dense cortical array of
microtubules and forming a nucleocytoplasmic domain
(Fig. 4e—g). At this stage, the cells in the nucellus are
progressively consumed and crushed except for the cells of
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Fig.3 LM images of embryo
sac development in Bulbostylis,
in longitudinal sections. a B.
hirtella. b—e, g, i, j B. com-
munis. f, h, k, 1 B. juncoides.
a—c Megasporogenesis. d—j
Megagametogenesis. k and 1
Newly fertilized embryo sac.
an antipodal cell, cc central
cell, ch chalaza, chp chalazal
pole, da degenerate antipo-

dal cell, dc dyad cells, dm
degenerate megaspores, e egg
cell, ea egg apparatus, em
endosperm mother cell, ep
nucellar epidermis, f funiculus,
fa filiform apparatus, ii inner
integument, m micropyle, mc
megasporocyte, mp micropylar
pole, n nucellus, n/ nucleolus,
nu nucleus, ob obturator, oi
outer integument, ov ovary wall,
pe pericarp, pn polar nucleus,
s embryo sac, sn secondary
nucleus, sy synergid cell, fe
megaspores tetrad, 7g tegmen,
ts testa, z zygote. The arrows in
¢ and d indicate the functional
megaspore before and after the
first mitotic division, respec-
tively. Scale bars=10 um

the nucellar epidermis in the micropylar zone surrounding
the embryo (Fig. 4f-h).

After numerous nuclear divisions, cytokinesis occurs
in the endosperm by progressing from the chalazal to the
micropylar region until the endosperm becomes completely
cellular (Fig. 41).

At seed maturity, the cells of the endosperm are polygo-
nal, arranged very compactly and storing food materials,
mainly starch grains. Surrounding the endosperm, a layer
of nucellar epidermis is preserved (Fig. 4j-1); this layer,
on the sides of the embryo, has large, elongated cells in
a radial direction with thin walls, and it also accumulates
small starch grains (Fig. 41).

Embryo

Embryogenesis begins in all species with the transverse divi-
sion of the zygote, which results in a two-celled embryo
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consisting of an apical cell (towards the chalaza) and a basal
cell (towards the micropyle) (Fig. 4f, g).

The mature embryo is widely turbinate and has the single
cotyledon in terminal position. The embryonic axis is totally
recurved, so both the radicle and plumule are in basal posi-
tion. The plumule is surrounded by the cotyledonary sheath
(Fig. 41).

Polyembryony was recorded in some specimens of B.
brevifolia, B. communis, B. juncoides, and B. wanderley-
ana (Fig. 5), where several (2—7) additional embryos are
formed in the micropillar region. These apomictic embryos
are started at the same time as the sexual embryo in B. brevi-
folia, B. juncoides, and B. wanderleyana; and their origin
could be observed from cells in the nucellar region close
to the sexual embryo (Fig. Sa—e, arrows). In B. communis,
although we also observed two embryos formed inside the
embryo sac, their origin could not be determined (image
not shown). In all species, multiple embryos develop until
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Fig.4 LM images of endosper-
mogenesis and embryogenesis
in Bulbostylis, in longitudinal
sections. a—d, h-k B. commu-
nis. e-g, 1 B. hirtella. a and b
Early states of endosperm divi-
sion. ¢ Detail of b, showing the
young seed coat derived from
outer and inner ovule integu-
ments. d-h Initial stages of
embryo and endosperm devel-
opment. i Later stage of embryo
development, with endosperm
in the process of cellulariza-
tion. j Mature seed, surrounded
by the fruit pericarp. k Detail
of mature endosperm and the
persistent hypostasis at the
chalazal pole. 1 Detail of mature
Bulbostylis embryo. ap apical
cell, b basal cell, co cotyledon,
ch chalaza, cs cotyledonary
sheath, e embryo, ec endosperm
cell, en endosperm nucleus, ep
nucellar epidermis, iy hyposta-
sis, n nucellus, ob obturator,

p collapsed pollen tubes, pe
pericarp, pl plumule, r radicle,
t tanniferous cells, 7g tegmen, s
testa, v vacuole, z zygote. Scale
bars: a, d—f, h-1=50 um; b, c,
g=10 um

the globular state (Fig. 5f—k); however, only one embryo
reaches the adult stage, while the remaining embryos degen-
erate (Fig. 51).

Seed coat

The seed coat in the mature seed is constituted of both the
endotegmen and the exotesta, both layers showing tannic
content. The remaining layers derived from the ovule integu-
ments are flattened during the development of the seed. The
hypostasis remains recognizable with tannic substances in
the mature seed, without increasing in size (Figs. 4j-1, 51).

Fruit development
In the early stages of the gynoecium development, the ovary

wall consists of an outer epidermis, a 2—4 cell-layered meso-
phyll, and an inner epidermis (Fig. 6a—b). At the anthesis

and during the development of the fruit, the number of these
wall layers does not increase, but their cells undergo differ-
entiation. The outer epidermis originates the exocarp, the
mesophyll originates the mesocarp, and the inner epidermis
originates the endocarp. The cells of the outer epidermis
increase in size, and their outer periclinal walls become
thicker but cellulosic; the cells of the inner epidermis elon-
gate transversely and become spindle-shaped (Fig. 6¢—d).
Meanwhile, the cells of the middle layers become scleren-
chymatous (Fig. 6d—n), and consequently, the mechanical
layer is represented by the mesocarp.

The main differences among the species studied occur in
the development of pericarp after fertilization and during
the differentiation of the achene. In B. brevifolia, B. commu-
nis, and B. hirtella, the exocarp cells accumulate a discrete
amount of starch grains, and their inner periclinal walls are
slightly concave (Fig. 6f—j). On the other hand, in Bulbosty-
lis conifera, B. juncoides, and B. wanderleyana, the exocarp
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Fig.5 LM images of poly-
embryony development in
Bulbostylis, in longitudinal
sections. a, b, 1 B. brevifolia.

¢, g-j B. juncoides. d—f, k B.
wanderleyana. a—e Apomictic
embryos initiation from nucellar
cells at the micropylar pole.
f-k Early stages of multiple
embryos development. 1 Mature
achene containing a seed with
only one embryo. e embryo, ec
endosperm cell, ed endosperm,
em endosperm mother cell, en
endosperm nucleus, f funiculus,
m micropyle, mp micropylar
pole, n nucellus, ob obturator,
pe pericarp, s embryo sac, su
suspensor, sy synergid cell,

tg tegmen, s testa, z zygote;
arrows indicate the emergence
of apomictic embryos from
nucellar cells. Scale bars: a, e,
k, 1=50 um; b—d, f~j=10 um

\s N
R )
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cells do not develop starch grains, and their inner periclinal
walls are deeply concave to adjust their shape to the protrud-
ing sclereids of the mesocarp (Fig. 6k—n).

Discussion

In Bulbostylis, floral development takes place according to
the general pattern observed in Cyperoideae (Vrijdaghs et al.
2009; Reynders et al. 2012).

The ovule and seed development are shared among the
Bulbostylis species studied here, such as follows: (1) ana-
tropous and bitegmic ovules, as it has been pointed out
by Gonzalez and Loépez (2010) for B. communis and B.
sphaerolepis, and as it has also been reported in many other
taxa within Cyperaceae (Khanna 1965; Murty and Kumar
1967; Padhye 1968; 1971; Nijalingappa 1976, 1986; Makde
and Bhuskute 1987; Johri et al. 1992; Goetghebeur 1998;
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Nijalingappa and Palakshaiah 1998; Coan et al. 2008); (2)
weakly crassinucellar ovules, following the classification of
Endress (2011); (3) obturator of integumentary origin; (4)
monosporic embryo sac of the Polygonum type; (5) nuclear
endosperm; (6) hypostase formation; (7) seed coat consisting
of tanniferous endotegmen and exotesta; and (8) Bulbostylis-
type embryo. Therefore, according to the development of
the ovules and seeds, no characters have been observed to
support the infrageneric groupings proposed by Lépez and
Gonzalez (2017) based on pericarp morphology, and no
characters have been found to support interspecific relation-
ships observed in molecular phylogenetic analysis presented
by Reutemann et al. (2018).

Pericarp development constitutes the main variation
among the Bulbostylis species found in this study. Accord-
ing to Gonzalez and Lépez (2010), the role of mechanical
protection is transferred from the seed coat to the pericarp
and, in particular, to the mesocarp, which is in agreement
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Fig.6 LM images of pericarp
development in Bulbostylis, in
longitudinal sections (a, ¢, e—n)
and in cross-sections (b, d). a,
¢, f, g B. communis. b, h—j B.
brevifolia. d B. juncoides. e B.
hirtella. k—n B. wanderleyana.
Ovary wall during megasporo-
genesis (a) and megagame-
togenesis (b), consisting of two
epidermis and 2—4 layers of
parenchyma. ¢ Ovary wall at
the anthesis, when epidermis
and mesophyll have progressed
in their differentiation; observe
in b and ¢ both integuments of
the ovule formed by two cell
layers. d and e Pericarp at early
stages of fruit development;
note that in d, the seed coat is
constituted only by two cell lay-
ers. f—j Pericarp differentiation
in B. brevifolia, B. communis,
and B. hirtella. k—n Pericarp
differentiation in B. conifera, B.
Jjuncoides, and B. wanderleyana.
end endocarp, ex exocarp, gr
starch grain, ii inner epidermis,
ii inner integument, me meso-
phyll, ms mesocarp, n nucellus,
o ovule primordium, oe outer
epidermis, oi outer integument,
ov ovary wall, s embryo sac, scl
sclereids, se seed, tg tegmen,

ts testa. Scale bars: a, b, d-g,
j=10 pm; ¢, h, k-m=50 um; i,
n=100 um

with the results presented in this work. Two conditions are
observed in the species studied in relation to the anatomy
of the pericarp: (1) exocarp cells with starch grains and
slightly concave inner periclinal walls; or (2) exocarp cells
without starch grains and deeply concave inner periclinal
walls. These conditions could be taxonomically useful at
level of species. However, species groupings based on these
characteristics agree neither with those observed based on

the micromorphology of fruits (L6pez and Gonzalez 2017),
nor with those suggested by molecular phylogenetic analysis
(Reutemann et al. 2018).

Even though this work does not provide new characters
to contribute to the infrageneric classification of the genus,
it constitutes the most complete embryological research on
Bulbostylis. In addition to providing basic data about the
reproductive anatomy of the genus, it contributes to a better
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understanding of the embryological aspects in Cyperaceae,
revealing in addition the first insights about the origin of
multiple embryos in this family.

At the beginning of the ovule formation, a single arche-
sporial cell is recognized: these results had been reported
in Cyperaceae even though some authors have occasion-
ally detected more than one archesporial cell in Eleocharis
geniculata (L.) Roem. & Schult. (Padhye 1968), and E.
atropurpurea (Retz.) J .Presl & C.Presl (Nijalingappa 1976).
Before the meiosis of the megasporocyte, the young ovule in
Bulbostylis shows a single subdermal parietal layer; accord-
ing to Endress (2011), the ovules with just one hypodermal
cell layer between the megasporocyte and nucellus apex
are called “weakly crassinucellar ovules.” The formation of
two layers of parietal cells, i.e., two subdermic parietal lay-
ers, has been frequently mentioned in Cyperaceae (Padhye
1968), but variations have been observed in different taxa: 3
layers of parietal cells in Eleocharis geniculata; more than
3 layers in Fimbristylis quinquangularis (Vahl) Kunth and
F. dichotoma (L.) Vahl (Padhye 1968, and citations therein);
5-6 layers in Scleria foliosa Hochst. ex A.Rich. (Nijalin-
gappa 1986); 2-3 layers in Rhynchospora wightiana (Ness)
Steud. (Nijalingappa and Palakshaiah 1998); 3—4 layers in R.
consanguinea (Kunth) Boeckeler and R. rugosa (Vahl) Gale;
and 5-8 layers in Hypolytrum bullatum C.B.Clarke and H.
schraderianum Nees (Coan et al. 2008).

The meiotic division of the megasporocyte produces a
linear tetrad of megaspores, with the functional megaspore
located at the chalazal region. The Polygonum embryo sac
in Bulbostylis is finally constituted by seven cells and eight
nuclei, as is common in most angiosperms (Maheshwari
1950). The antipodes degenerate early, and the polar nuclei
fuse before the fertilization of the egg cell. Both the moment
of the degeneration of the antipodes and the moment of the
polar nuclei fusion seem to show certain variations within
the family. The degeneration of antipodes has been cited
before (Rhynchospora colorata (L.) H.Pfeiff.; Makde and
Bhuskute (1987)) and after (Eleocharis atropurpurea, E.
congesta D.Don, Fimbristylis tetragona R.Br., Fuirena tri-
lobites C.B.Clarke, Schoenoplectiella lateriflora (J.F.Gmel.)
Lye, Nijalingappa (1976); Scleria foliosa, Nijalingappa
(1986); R. rugosa, R. consanguinea, Hypolytrum bullatum,
H. schraderianum; Coan et al. (2008)) fertilization in differ-
ent species of Cyperaceae.

Differences in the starting moment of the obturator
have been reported within the family. In Cyperus brevi-
folius (Rottb.) Hassk., the obturator is already completely
developed at the megaspores tetrad stage (Padhye 1971),
unlike the C. dubius Rottb. (Padhye 1960), C. flavidus
Retz. (Padhye and Kasture 1970), C. sanguinolentus Vahl
(Tiwari 1969), and C. iria L. (Padhye 1971), where the
obturator is organized at the mature embryo sac stage. On
the other hand, there are differences in the behavior of the
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obturator post-fertilization: the obturator can degenerate
(Padhye 1971; Makde and Bhuskute 1987; Nijalingappa
and Palakshaiah 1998), or lignificate and persist at seed
maturity (Gonzalez and Lépez 2010), as was reported in
the species studied in this work. However, regardless of the
moment of initiation or duration of the obturator, its funicu-
lar origin is constant in the family (Khanna 1965; Padhye
1968; 1971; Nijalingappa 1976, 1986; Makde and Bhuskute
1987; Johri et al. 1992; Goetghebeur 1998; Nijalingappa and
Palakshaiah 1998; Coan et al. 2008; Reynders et al. 2012).
Only in two Bulbostylis species studied by Gonzalez and
Lépez (2010) was an integumentary origin for this struc-
ture identified. Based on such background and given the
integumentary origin of the obturator in the six Bulbostylis
species studied in our work, it is considered here that the
origin of the obturator differs in Bulbostylis from the rest of
Cyperaceae. Within the tribe Abildgaardieae, Padhye et al.
(1970) mentioned that the obturator is scarcely developed
in Fimbristylis.

In other angiosperm groups, the obturator and the sub-
stances secreted by this tissue apparently guide the growth
of the pollen tubes to the micropylar region of the ovules
through chemotropism (Maheshwari 1950; Oriani and Scat-
ena 2012). We found several collapsed pollen tubes in the
obturator, probably indicating a common function of the
obturator in Bulbostylis. According to Cortez et al. (2012)
and Caetano et al. (2013), in Melastomataceae, the apom-
ictic species show commonly high levels of pollen inviabil-
ity, making sexual reproduction in these species less likely.
However, sporophytic apomixis frequently occurs associ-
ated with sexual reproduction, where normal double fertili-
zation stimulates the development of adventitious embryos
(Caetano and Cortez 2014). This could be occurring in the
species of Bulbostylis that develop apomictic embryos.

The nuclear endosperm of Bulbostylis has complete
endosperm cellularization as in most Cyperaceae, progress-
ing from chalazal to micropylar region in the species stud-
ied here. Such direction of cellularization differs from the
centripetal cellularization reported for B. communis and
B. sphaerolepis by Gonzalez and Lépez (2010), and from
the other Cyperaceae in which the endosperm cytogenesis
starts at the micropylar region (Nijalingappa 1977), or is
simultaneous along the sac periphery (Nagaraj and Nijalin-
gappa 1973; Nijalingappa 1977), or starts around the embryo
(Nijalingappa 1986; Nijalingappa and Palakshaiah 1998).
No chalazal haustoria or micropillars were observed in Bul-
bostylis, as reported in some species of Scleria and Rhyn-
chospora (Nijalingappa 1986; Nijalingappa and Palakshaiah
1998; and citations therein).

The endosperm as well as the embryo is surrounded by
the nucellar epidermis, which is persistent to seed matu-
rity. The nucellar epidermis is constituted by cells of dif-
ferent morphology, according to their location: (1) radially
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elongated in the micropylar area, adjacent to the embryo;
and (2) flat in the contact region with the endosperm. Coan
et al. (2008) also refer to a persistent nucellar layer which
stores oil globules in the ripe seed of the Hypolytrum and
Rhynchospora species. Khanna (1965) identifies in Cyperus
rotundus L. the persistence of nucellus until the advanced
globular embryo stage, in 1-2 (3 in the micropylar region)
layers, but the author mentions that it is later consumed and
replaced by endosperm. Makde and Bhuskute (1987) in R.
colorata, as well as Nijalingappa and Palakshaiah (1998) in
R. wightiana, mention the presence of an endosperm epi-
dermis whose cells contain oil globules and form an “oil
sheath.” It is possible that such an oil sheath corresponds
to the persistent nucellar epidermis observed by Coan et al.
(2008) in Hypolytrum and Rhynchospora, and to the nucellar
epidermis detected here for Bulbostylis. However, no histo-
chemical tests for oils in particular were performed in this
study.

A hypostase of tannic cells starts forming after fecunda-
tion, remaining at seed maturity in all the studied species of
Bulbostylis. This structure is widely represented in the fam-
ily and constitutes a typical character of Cyperaceae (Johri
et al. 1992). According to Boesewinkel and Bouman (1995),
the hypostase is involved in closing the opening of the cha-
lazal in mature seeds, but these, as most additional functions
attributed to this structure (e.g., participating in hormone
secretion during the growth of the embryo sac, taking part in
the flow of nutrients from the chalazal bundle to the embryo
sac, constituting a histological barrier to prevent the exces-
sive growth of the embryo and endosperm), are speculations.

The morphology of the mature embryo of the Bulbostylis
species studied here represents a Bulbostylis-type embryo
(according to Van der Veken 1965), since the embryo has a
totally recurved embryonic axis so that both the radicle and
plumule are in basal position. Within the tribe Abildgaar-
dieae, the Bulbostylis-type embryo is a synapomorphy of the
Bulbostylis-Nemum clade (Semmouri et al. 2019). Ancestral
state reconstruction studies suggest that the Bulbostylis-type
embryo derives from the Fimbristylis-type embryo (Sem-
mouri et al. 2019). The Fimbristylis-type embryo also has
the plumule in a basal position but, unlike the Bulbostylis-
type embryo, it shows the radicle in lateral position (Van
der Veken 1965).

Polyembryony in the early stages of embryogeny seems
to be a frequent phenomenon in Bulbostylis, since it has
been detected in four out of the six species studied here.
The occurrence of additional embryos was not constant
in all the individuals from the same species, which is
frequently observed in species with embryos originated
by nucellar or integumentary cells (Maheshwari 1950).
Recently, Gonzalez and Lépez (2010) have observed more
than one embryo at the globular stage in B. communis,
but their origin has not been determined. We have found

evidence of the nucellar origin of apomictic embryos in
Bulbostylis. However, additional embryos that seemed to
be located within the embryo sac were observed in some
preparations. Further study will be needed to clarify
whether the apomictic embryos are only derived from
nucellar cells in Bulbostylis, or whether there is a forma-
tion of embryos by cells of the embryo sac other than the
egg. Another likely situation regarding additional embryos
originated outside the embryo sac is that these come to lie
inside the embryo sac and are nourished by the endosperm
(Maheshwari 1950).

Few studies mention the presence of multiple embryos
in Cyperaceae. Only in two seeds of Cyperus articulatus
L. has Shah (1965) observed an embryo sac with twin
embryos. The author mentioned that the additional embryo
seemed to have originated from a synergid cell (in the
illustration, two embryos are seen at the globular stage).
Shah (1965) also refers to the work by Braun (1860, work
not seen), where twin embryos in Carex pendula Huds are
reported. Juguet (1967) observed the formation of a double
embryo sac in Carex myosuroides Vill. and C. arenaria L.
There are no studies in the family that explore and docu-
ment the origin and development of apomictic embryos,
nor studies that explore their frequency and evolution in
a phylogenetic context. Therefore, additional studies are
needed to investigate the occurrence of polyembryony in
other genera in order to explore how widespread it is in
Cyperaceae, to characterize the origin and development of
apomictic embryos in different clades within the family,
and to study the evolutionary importance of polyembryony
in Cyperaceae.
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