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RESUMO
Cyperaceae possui ca. 5500 espécies distribuidas em 87 géneros e divididas em duas

subfamilias: Cyperoideae (76 géneros) e Mapanioideae (11 géneros). Inflorescéncias em
Cyperaceae apresentam uma ampla variagdo em numero de eixos laterais, ordens e
comprimentos que resultam em uma variedade de arquiteturas, levando a muitas
interpretacdes controversas. A familia apresenta inflorescéncias descritas como paniculas
compostas com varios eixos laterais; entretanto, diferente da descri¢do usual de paniculas,
0s eixos laterais ndo terminam em flores e sim, em estruturas reprodutivas que diferem
entre as subfamilias. Em Cyperoideae, 0s eixos laterais terminam em espiguetas contendo
varias flores. Em Mapanioideae, 0s eixos laterais terminam em espigas, que ao invés de
conterem flores em cada bractea, apresentam varias unidades denominadas espicoides.
Os espicoides ja foram previamente interpretados tanto como flores Gnicas, assim como
inflorescéncias reduzidas. Considerando tais particularidades, esta tese teve como
objetivo investigar os caracteres morfoldgicos de espiguetas e espicoides através de uma
abordagem da anatomia, desenvolvimento e aspectos evolutivos. Espiguetas e espicoides
de varias espécies foram analisados através de técnicas de microscopias de luz e eletrdnica
de varredura, testes fisiologicos e reconstrucfes de caracteres ancestrais. Os resultados
mostraram que mudancas no inicio do desenvolvimento, principalmente reguladas por
pressdes mecanicas, parecem influenciar a varia¢cdo no namero e posi¢do dos 6rgaos
florais nas subfamilias. Além disso, caracteres florais (i.e. estilopodio) parecem ter uma
notavel influéncia no sucesso da germinacao e na diversidade de géneros de Cyperoideae.
Para Mapanioideae, os resultados mostraram que processos no desenvolvimento sugerem
ser consistentes na mesma tribo e o desenvolvimento dos espicoides do género
monotipico Diplasia favoreceu sua interpretacdo como uma inflorescéncia reduzida.
Finalmente, enfatiza-se o valor em entender as variagdes morfoldgicas dos espicoides em
Mapanioideae como uma fonte de caracteres informativos para uma subfamilia com
notéveis relagdes filogenéticas inconclusivas. Tais resultados reforca a importancia de
combinar estudos anatdmicos, ontogenéticos e evolutivos com o intuito de elucidar

aspectos sobre diversidade e relacdes em uma familia excepcional como Cyperaceae.

Palavras chave: Cyperaceae, Cyperoideae, Mapanioideae, ontogenia, anatomia.



ABSTRACT

Cyperaceae comprise ca. 5500 species distributed in 87 genera divided in two
subfamilies: Cyperoideae (76 genera) and Mapanioideae (11 genera). Inflorescences in
Cyperaceae exhibits a wide range of variation in number of lateral axes, orders and length
that results in a variety of architectures, leading to many controversy and
misinterpretation. The family exhibits inflorescences described as compound panicles
with several lateral axes; however, different from the usual description of panicles, the
lateral axes do not end in flowers, instead they hold reproductive units that differ between
subfamilies. In Cyperoideae the lateral axes end in spikelets which hold several flowers.
In Mapanioideae the lateral axes end in spikes, but instead of holding flowers in each
bract, they hold several units known as spicoids. The spicoids have been interpreted either
as a single flower or as a reduced inflorescence. Considering such particularities, this
thesis aims to investigate the morphological features of spikelets and spicoids through a
survey of their anatomical, developmental and evolutionary aspects. Spikelets and
spicoids of several species were analyzed through scanning electron and light
microscopy, added to physiological tests and ancestral character reconstruction. The
results showed that changes in the beginning of development, mostly regulated by
mechanical constraints, appears to influence the variation in number and position of floral
organs in both subfamilies. Moreover, floral traits (i.e. stylopodium) seems to have a
notable influence in the germination success and diversity of Cyperoideae genera. For
Mapanioideae, our results show that developmental processes appear to be consistent
within tribes and the development of the spicoid in the monotypic genus Diplasia favours
to interpret it as a reduced inflorescence. At last, we emphasized the value of
understanding the morphological variation of spicoids in Mapanioideae as a source of
informative features to a subfamily with notable inconclusive phylogenetic relations.
Such results reinforce the importance of combining anatomical, developmental and
evolutionary studies in order to elucidate the diversity and relationships in an outstanding

family such as Cyperaceae.

Keywords: Cyperaceae, Cyperoideae, Mapanioideae, ontogeny, anatomy.
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GENERAL INTRODUCTION

Cyperaceae comprise ca. 5500 species distributed in 87 genera occurring in a wide variety
of environments (Govaerts et al., 2018). The family is recovered in two subfamilies, Cyperoideae
and Mapanioideae (Simpson et al., 2007; Muasya et al., 2009, Hinchliff & Roalson, 2013;
Semmouri et al., 2019). Cyperoideae consist of 76 genera with a pantropical distribution among
which Carex L. (1997 spp.), Cyperus L. (955 spp.) and Rhynchospora Vahl (361 spp.) exhibit the
highest number of species (Goetghebeur, 1998; Simpson et al., 2007; Muasya et al., 2009;
Govaerts et al., 2018). Alternatively, Mapanioideae consist of 11 genera (five monotypic) with a
more restricted distribution (Simpson et al., 2007; Muasya et al., 2009) being Mapania Aubl. (100
species) and Hypolytrum Pers. (61 species) the most species-rich genera (Simpson, 1992; Alves et
al., 2001; Govaerts et al., 2018).

The differences between the subfamilies are not only restricted to species richness, but also
concerning their particular inflorescence and floral features. The general architecture of
Cyperaceae inflorescence consist of a main axis from which the ramifications of successive orders
originate, thus the whole structure is known as a synflorescence. Each ramification of the
synflorescence comprises a group of reproductive units, known as coflorescence (Goetghebeur,
1998; Vegetti, 2003; Guarise & Vegetti, 2008).

Cyperoideae synflorescences are interpreted as compound panicles with several lateral
axes that terminate in spikelets, the smallest unit in the whole inflorescence. The spikelet is
described as an open spike composed of an axis holding several bracts that may or may not subtend
a flower (Eiten, 1976; Bruhl, 1995; Goetghebeur, 1998; Vegetti, 2003). Flowers in Cyperoideae
exhibit a typical Bauplan of two trimerous perianth whorls, one whorl of stamens and a trimerous
gynoecium (Vrijdaghs et al., 2009). In Mapanioideae, a synflorescence with a main axis holding
several lateral axes resembles Cyperoideae architecture. However, in the former the lateral axes

terminate in spikes which instead of holding flowers, it holds several reproductive units named



spicoid (Kern, 1974; Simpson, 1992; Bruhl, 1995; Goetghebeur, 1998). The spicoids have been
described as flowers, because of their structure composed of two bracts, two stamens and a central
gynoecium (Kern, 1974; Eiten, 1976; Goetghebeur, 1998). However, for some species, the
spicoids exhibit bracts between stamens and gynoecium, which raised questions whether it should
be interpreted as a reduced inflorescence where each stamen is considered a unisexual male flower
and the central gynoecium, a female flower (Dahlgren et al., 1985; Simpson, 1992; Bruhl, 1995;
Richards et al., 2006; Prychid & Bruhl, 2013; Monteiro et al., 2016, submitted).

Considering that spikelets (Cyperoideae) and spicoids (Mapanioideae) are the functional
units of the inflorescence (Snell, 1936; Holttum, 1948; Eiten, 1976; Dahlgren et al., 1985;
Simpson, 1992; Vegetti, 2003; Vrijdaghs et al., 2009), it is fundamental to investigate the
morphological variation that undergoes in such structures in order to elucidate the possible factors
influencing such changes and how consistent and informative they are for the relationships in each

subfamily.

SPIKELET AND FLORAL VARIATION IN CYPEROIDEAE

Two main aspects are remarkable in Cyperoideae: 1) the wide diversity of floral
morphology among and within genera and; 2) the high number of species concentrated in few
genera (Eleocharis R.Br., Fimbristylis Vahl, Rhynchospora Vahl, Bulbostylis Kunth, Carex L.,
Cyperus L. and Scleria P.J.Bergius).
Variation on floral morphology in Cyperoideae

The morphological variation in the spikelets is mainly related to the arrangement of the
bracts (glumes) along the axis (phyllotaxis), their fertility and floral sexuality (Dahlgren et al.,
1985). However, interpreting the morphology in mature flowers may hamper their understanding
due to their reduced and complex nature. Therefore, it is fundamental to investigate processes
occurring during the floral development, especially at the organ initiation, that may affect each

floral whorl and consequently the final floral morphology (Ronse De Craene, 2016, 2018). It is



well known that genetic interaction regulates the identity of floral organs, however morphological
factors such as mechanical constraints of surrounding organs (i.e. bracts) are also fundamental in
modulate the final morphology of the flowers (Chandler, 2014; Ronse De Craene, 2018). Such
approach led to the first chapter of this thesis:

1. The effect of spatial constraints on changes in floral development of Cyperoideae spikelets
(Cyperaceae) — This chapter focus on elucidating the influence of spatial constraints, mainly
applied by glumes, on the further development of flower primordia in Cyperoideae species. Floral
development and anatomy were investigated in species varying in phyllotaxis and floral sexuality.
This study was developed in The Royal Botanic Garden, Edinburgh, Scotland (Mobilidade

Internacional Santander) and it is under review in The Botanical Journal of the Linnean Society.

Morphological traits on the most diverse genera of Cyperoideae

It is notable that despite the diversity of genera in Cyperoideae, the highest species number
are concentrated in about seven genera: Carex (1997 spp.), Cyperus (955 spp), Rhynchospora (361
spp.), Fimbristylis (321 spp.), Eleocharis (295 spp.), Scleria (258 spp.) and Bulbostylis (220 spp.)
comprising together ca. 80% of the total number of species in the family (Escudero & Hipp, 2013).
The major radiation of these genera occurred when the climate was becoming drier (Escudero &
Hipp, 2013) which may be associated with the acquisition of some morphological traits that in the
right ecological or genetic condition, may have improved their reproductive success (Ronse de
Craene et al., 2003; Endress, 2010a, 2011; Escudero & Hipp, 2013). Curiously, for these seven
genera, except for Carex and Cyperus, a noticeable reproductive feature is shared: a thickening at
the base of style right on top of the ovary apex, known as “stylopodium”. Such structure occurs in
non-phylogenetic related genera (Muasya et al., 2009; Hinchliff & Roalson, 2013; Semmouri et
al., 2019). It becomes distinct in the mature flower and may be persistent (as a beak) in the mature
nutlet (Cyperaceae fruit) or detach from the nutlet with the rest of the style (Vrijdaghs et al., 2004,

2009; Gonzalez & Lopez, 2010; Reutemann et al., 2012; Monteiro et al., 2017). The origin of the



stylopodium is unclear and its function has been a matter of debate, mainly associated with a
possible role in facilitating water entrance for seed germination, but never tested before. Such
questions led to the second chapter of this thesis:

2. Development and function of the stylopodium in Cyperoideae (Cyperaceae): a potential
adaptative innovation — This chapter aimed to analyze the stylopodium of five Cyperoideae
species to assess the ontogenetic origin, identify the mechanism of detachment and any structure
related to water supply. Moreover, we investigate the physiological influence of the stylopodium

in seed germination. We intend to submit this study to International Journal of Plant Sciences.

SPICOID AND FLORAL VARIATION IN MAPANIOIDEAE

Mapanioideae exhibit a considerably lower number of genera and species compared to
Cyperoideae (Goetghebeur, 1998; Govaerts et al., 2018) and the latter comprises the vast majority
of studies in terms of development of flower, inflorescence and phylogenetic relationship (i.e.
Vrijdaghs et al., 2004, 2005a, 2005b, 2007, 2009, 2010, 2011; Muasya et al., 2009; Reutemann et
al., 2012; Hinchliff & Roalson, 2013; Monteiro et al., 2017; Semmouri et al., 2019). Therefore,
many gaps remain towards the knowledge of Mapanioideae considering the nature and
morphological variation of the spicoids. Some aspects in this matter are remarkable such as: 1) It
is unclear if a pattern of development is shared among Mapaniodeae spicoids. 2) Little is known
about the morphological variation of the spicoids among genera and their significance in an
evolutionary perspective.
Development patterns on Mapanioideae spicoids

Considering the patterns on floral development, in Cyperoideae despite the wide diversity
in floral morphology, the floral development was reported as following a general scirpoid
ontogenetic pattern, in which the first organs to appear are the stamen primordia, followed by
gynoecium primordium and later on, if present, perianth parts (Vrijdaghs et al., 2009). For

Mapanioideae, developmental studies mainly focus on the debated nature of the spicoids as flowers



or inflorescences (Richards et al., 2006; Prychid & Bruhl, 2013; Monteiro et al., 2016), lacking a

comparative approach among the development processes in such species. Taking that in account,

it led to the third chapter of the thesis:

3. Spicoid ontogeny in Diplasia (Cyperaceae): an approach on the developmental processes
operating in Mapanioideae spicoids — This chapter has a complete ontogenetic analysis of the
spicoid of the monotypic genus Diplasia and compare these data with other developmental studies
for Mapanioideae (Richards et al., 2006; Prychid & Bruhl, 2013; Monteiro et al., 2016) in order to
elucidate the variability of developmental features and their influence in the final morphology of
Mapanioideae spicoids. Furthermore, we discuss evidence that may help to interpret Diplasia
spicoid as a flower or inflorescence. This is study was developed in The Royal Botanic Gardens,
Kew (Doutorado sanduiche — PDSE/ CAPES) and is under review in Plant Systematics and

Evolution.

Morphological variation on Mapanioideae spicoids: an evolutionary perspective

It is notable the importance of understanding the morphological features of spicoids for
each Mapanioideae genera, for which most of the information are restrict to taxonomic
descriptions (i.e. Holttum, 1948; Kern, 1974; Eiten, 1976; Bruhl, 1995; Simpson, 1992;
Goetghebeur, 1998; Alves et al., 2001). The lack of an evolutionary perspective towards variation
in the spicoid morphology also reflects in the high level of uncertainty in the phylogeny of
Mapanioideae (Simpson et al., 2007; Muasya et al., 2009; Hinchliff & Roalson, 2013; Spanlik et
al., 2016; Semmouiri et al., 2019). The value of reproductive traits to establish relationships led to
the fourth chapter of this thesis:
4. Spicoid morphology of Mapanioideae (Cyperaceae): an evolutionary perspective — In this
chapter we analyzed 49 species from the 11 genera of Mapanioideae, corresponding to ca. 27% of
the total number of species from the subfamily. We focused on stable and variable features of the

spicoids and mapped such features in the molecular phylogeny (Semmouri et al., 2019), through



a character reconstruction. Thus, we could infer about the ancestral spicoid morphology and their
significance in an evolutionary perspective. This is study was developed at The Royal Botanic
Gardens, Kew (Doutorado sanduiche — PDSE/ CAPES) and we intend to submit it to American

Journal of Botany.
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General Conclusions




GENERAL CONCLUSIONS

The results obtained in this thesis brings a new perspective towards the
understanding of floral traits in Cyperaceae, as well as their evolutionary significance.
Furthermore, it raised new questions to impulse the knowledge of such fascinating family.
Changes at the beginning of floral development showed to be fundamental in regulating
variations in each floral whorl and this remarkable matter was reinforced by our results
where we showed a relation between the arrangement of the glumes as a fundamental
constraint operating in the flower primordium geometry of Cyperoideae species. This
seems to affect the available space for organs emergence, and together with genetic and
biochemical interactions, influencing the variation towards the number and position of
organs in each floral whorl.

Moreover, the influence of floral traits in the reproductive success and diversity
of Cyperoideae genera was approached concerning the stylopodium, which was
recovered as a homologous structure, evolving several times during Cyperoideae
evolution. The results shed light in a notable relationship between the presence of a
stylopodium as a structure possibly increasing the germination fitness of the species. The
presence of stylopodium in some of the most diverse genera of Cyperaceae raise questions
whether the acquisition of such structure should be investigated as a possible key
innovation, possibly promoting the germination success of such species to a variety of
environmental conditions and contributing to their wide diversification.

Developmental studies showed to be fundamental to understanding the processes
regulating the floral variety in both subfamilies. For Mapanioideae, based on a
comparative study on the development of the spicoids, we showed that developmental
patterns appear to be consistent within tribe. Features such as the sequence of organ

appearance, the size and shape of the spicoid primordium are the main developmental



variations among the species, influencing the spicoid’s morphological variation in
Mapanioideae. Furthermore, developmental features such as the sequence of bracts
emerging alternate with the stamens and the presence of two lateral bracts arising as
separate structures, allowed us to argue in favour of interpreting the spicoids of Diplasia
as reduced inflorescences.

At last, we emphasized the value of understanding the morphological variation of
spicoids in Mapanioideae as a source of informative features to a subfamily with notable
inconclusive phylogenetic relations. The morphological features of the spicoids were
considered informative at generic level since some genera with more than one species
share a stable spicoid architecture. However, similarities in the spicoid morphology of
different genera were observed, reinforcing the need of reinvestigate their phylogenetic
boundaries combining molecular and morphological data. The ancestral character
reconstruction allowed us to infer that the hypothetical ancestral morphology of the
spicoid is composed of two lateral keeled bracts, two lateral stamens and a dimerous pistil,
which resembles the morphology of Hypolytrum spicoids. Moreover, based on the most
recurrent changes for each variable morphological character, we infer that evolutionary
changes in the subfamily were mostly driven by the acquisition of structures.

Such results highlight the importance of morphological studies in elucidating gaps
throughout the evolutionary story of Cyperaceae genera, especially concerning the wide
range of morphological variation of the reproductive units found in the family. Therefore,
further developmental, anatomical and evolutionary studies are crucial to push forward

the knowledge towards such a rich and extraordinary family.



