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and Euphorbiaceae), which appeared in a common ancestor 
of the group and has been lost in Rafflesiaceae.
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Introduction

Pera contains approximately 40 species occurring from 
Cuba to southern Brazil with higher diversity in the Ama-
zon basin (Bigio and Secco 2012; Webster 1994). The 
genus is easily recognised in having a pseudanthium with 
reduced unisexual flowers enclosed in a saclike bract (Bigio 
and Secco 2012). Traditionally, Pera belonged to Euphor-
biaceae and was included in the tribe Pereae together with 
Chaetocarpus, Clutia, Pogonophora, and Trigonopleura 
(Webster 1994). A DNA-based phylogenetic analysis 
placed Pera and its relatives as sister to Rafflesiaceae plus 
Euphorbiaceae, suggesting the elevation of Pereae to a fam-
ily Peraceae, making Euphorbiaceae monophyletic again 
(Wurdack and Davis 2009). Rafflesiaceae are holopara-
sites with extremely reduced vegetative bodies and flow-
ers reaching one meter in diameter (Meijer 1993; Nikolov 
et  al. 2014b), whereas Peraceae and Euphorbiaceae vary 
from herbaceous to arborescent and their flowers are small 
with only one stamen in male flowers and a gynoecium in 
female flowers in taxa that possess pseudanthia, as in Pera 
(Bigio and Secco 2012; Webster 1994) and Euphorbieae 
(Radcliffe-Smith 2001; Webster 1994). Currently, only 
unisexual flowers morphologically support the clade com-
prising Peraceae, Rafflesiaceae, and Euphorbiaceae, but 
it is not exclusive and can be found in other Malpighiales 
families (Endress et al. 2013). Peraceae, Rafflesiaceae, and 
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and reduced flowers. As the embryology of Peraceae was 
poorly known, and embryological processes are conserva-
tive, we studied the embryology of Pera glabrata, search-
ing for similarities between Peraceae, Rafflesiaceae, and 
Euphorbiaceae that could support this grouping. Usual 
methods of light microscopy and scanning electron micros-
copy were utilised. The results show endothecium with 
reversed-T-shaped cells, prismatic crystals in the tapetum, 
and disintegrated aerenchymatous septum in the mature 
fruit as unique features for Peraceae and possibly apomor-
phies for the family. In addition to the unisexual flowers, 
porogamous fertilization is present and one ovule per carpel 
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Euphorbiaceae are currently circumscribed in the euphor-
bioids together with Phyllanthaceae, Picrodendraceae, Lin-
aceae, and Ixonanthaceae (Wurdack and Davis 2009; Xi 
et al. 2012).

Since Schnarf (1931), followed by Davis (1966) 
and Johri et  al. (1992), features of embryology became 
important because of their stability in larger taxonomic 

groups. Despite not ranking species as the main objec-
tive, embryology has been used to solve taxonomic prob-
lems at various hierarchical levels (Cave 1953; Davis and 
Heywood 1963; Palser 1975; Stuessy 2009; Tobe 1989). 
Embryology of Peraceae is poorly understood, and only 
the seed coat was studied by Tokuoka and Tobe (2003). 
Anther development (including microsporogenesis and 
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gametogenesis), ovule (including megasporogenesis and 
gametogenesis), fertilisation, endosperm, and embryo 
development are unknown. The embryology of Euphor-
biaceae has been well studied, patterns for the family 
have been established (Davis 1966; Johri et  al. 1992; 
Kapil and Bhatnagar 1994), and additional features were 
found (De-Paula and Sajo 2011; Tokuoka and Tobe 
1998, 2002, 2003). In Rafflesiaceae, some aspects of 
embryology are known (Bouman and Meijer 1994; Ernst 
and Schmid 1909, 1913; Nikolov et al. 2014b). Accord-
ing to Endress et  al. (2013), there are large gaps in the 
knowledge of Malpighiales embryology, and investiga-
tions on poorly known representatives are needed.

Thus, we studied embryologycal features of Pera 
glabrata, which is the most widely distributed mem-
ber of neotropical Peraceae (Bigio and Secco 2012), to 
expand the data for the family, in which embryological 
features are virtually unknown. The data obtained were 
also compared with previously established patterns for 
Euphorbiaceae, Rafflesiaceae, and other euphorbioids, 
identifying shared features that might corroborate the 
current circumscription of Peraceae (Wurdack and Davis 
2009; Xi et  al. 2012). In addition to classical embryol-
ogy, we studied fruit development and aimed to obtain 
more data that could improve the understanding of Mal-
pighiales relationships.

Materials and methods

Fertile branches of Pera glabrata (Schott) Poepp. ex Baill. 
were collected in Uberlândia, Minas Gerais state, Brazil. 
The material was prepared and incorporated into the Her-
barium Uberlandense (HUFU) under the numbers 67,405 
and 67,406 for male and female specimens, respectively.

Inflorescences, fruits, and seeds at several stages of 
development (including mature) were fixed in FAA con-
taining 50% (v/v) ethanol (Johansen 1940) for 48  h and 
stored in 50% ethanol (Berlyn and Miksche 1976).

For SEM analysis, fixed material was dissected, dehy-
drated in an ethanol series and processed in a  CO2 critical 
point drier (EM CPD300, Leica Microsystems, Wetzlar, Ger-
many). The dried samples were fixed on aluminium stubs, 
coated with gold using a sputter coater (EM SCD050, Leica 
Microsystems) and analysed in a scanning electron micro-
scope (EVO MA10, Zeiss, Oberkochen, Germany). The 
most important and representative regions were recorded.

For anatomical studies, the fixed material was also 
dehydrated in an ethanol series and embedded with a His-
toresin Embedding Kit (Leica, Microsystems) according 
to the manufacturer’s instructions. The material was seri-
ally sectioned using a rotatory microtome (RM 2135, Leica 
Microsystems) with thicknesses varying from 4 to 10 µm. 
The produced sections were stained with 0.05% toluidine 
blue in acetate buffer at pH 4.7 (O’Brien et al. 1964 modi-
fied), and the slides were mounted with Entellan mounting 
medium. The slides were analysed with a light microscope 
(BX51, Olympus, Tokyo, Japan), and the most important 
and representative regions were recorded. Additionally, a 
polarising filter was used to highlight crystals and starch.

Results

Anther

The primary parietal layer divides periclinally, forming 
two secondary parietal layers (Fig. 1a). Archesporial cells 
occur in the four anther lobes underlying the parietal layer 
(Fig. 1a, b). The connective has cells with phenolic content 
(Fig. 1a, b). A procambial strand is observed in the centre 
of the connective (Fig. 1b).

Later, the two secondary parietal layers divide pericli-
nally forming four layers (Fig.  1b). The outermost layer 
gives rise to the endothecium, the innermost to the tapetum 
and the two intermediates to the middle layers (Basic type; 
Fig.  1b–d). Endothecium cells accumulate phenolics, and 
some protrude toward the epidermis (Fig. 1d).

In the mature anther, the epidermis is one-layered 
and interrupted by intruding endothecium cells. Its cells 
are ovoid without a lignin cell wall without noticeable 

Fig. 1  Anther and pollen grain development of Pera glabrata. Trans-
verse sections (a–d, g–i, l, m), longitudinal sections (e, f), and SEM 
images (j, k). a Young anther. Note the archesporial cells. b Details 
of a young microsporangium showing the division of the secondary 
parietal layers. c Details of a microsporangium with the formation of 
the anther wall. d Detail of a microsporangium with meiocytes. Note 
the beginning of the accumulation of phenolic compounds in the 
endothecium stained in green and protruding toward the epidermis. 
e Details of the sporogenenous tissue with dyads and tetrads result-
ing from meiosis. Note that there is no cell wall formation among the 
nuclei, which are arranged tetrahedrally. f Details of the sporogenous 
tissue under polarised light. Note the prismatic and styloid crystals 
in the tapetum cells. g Details of an anther at pre-anthesis showing 
merger of the locules and the stomium where the anther will open and 
release pollen grains. The tissue of the connective on the left is torn 
by sectioning. h Details of the mature closed anther wall. Note that 
only the epidermis and endothecium remain. i Details of the mature 
wall in an open anther. Note the epidermis cells are wilting with a 
sinuous external wall. j Pollen grain with reticulated surface and one 
of the colpi. k Pollen grain germinated. l Mature pollen grain show-
ing the generative and vegetative cells. m Pollen grains with pollen 
tubes formed within the closed anther. ac archesporial cell, arrow cell 
division, arrowhead secondary wall thickening, asterisk septa rup-
ture between the locules, cr crystal, en endothecium, ep epidermis, 
gc generative cell, mm microspore mother cell (microsporocyte), ml 
middle layer, mi microspore, nu nucleus, pg pollen grain, pt pollen 
tube, sp septa, st stomium, ta tapetum, te tetrad, ts tapetum secre-
tion, vc vegetative cell. Scale bars are 50 μm in g, 20 μm in a–f, h, i, 
10 μm in l, m, 5 μm j, k

◂
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amounts of cytoplasm. The endothecium cells are volu-
minous at the base and narrower towards the apex; the 
cell wall has longitudinal bands of lignin (fibrous), and 
the cytoplasm is filled with phenolic compounds (Fig. 1g, 
h). Internal to the endothecium, the middle layers disin-
tegrate with the growth of the other layers, leaving rem-
nants in mature anthers (Fig.  1d–g). The tapetum has 
cuboidal and juxtaposed cells with a dense cytoplasm 
(secretory tapetum) containing styloid and prismatic 
crystals and one or two nuclei with nucleoli (Fig. 1e, f).

The primary sporogenous cells (archesporial cells; 
Fig. 1a) divide, forming the secondary sporogenous cells 
(Fig.  1b). The secondary sporogenous cells differenti-
ate into the microsporocytes (microspore mother cells; 
Fig.  1c). The microsporocytes undergo meiosis, result-
ing in microspores. Initially, a cell wall is not formed 
between stages I and II of meiosis between the daughter 
nuclei (simultaneous cytokinesis) (Fig. 1e). The configu-
ration of the nuclei originating from meiosis is tetrahe-
dral (Fig. 1e). Pollen grains are spheroidal and tricolpo-
rate, with a reticulate surface (Fig. 1i, j). The microspores 
divide unequally to give rise to a larger vegetative cell 
and a smaller generative cell (Fig. 1l). There are no fur-
ther divisions, and the pollen grains are bicellular. Pol-
len is tricolporate (Fig.  1j–m). Some germinated pollen 
grains are observed inside the anther (Fig. 1k, m).

At the end of maturation, the septa among the sporan-
gia disintegrate, uniting the two locules of the same theca 
(Fig. 1g) and each theca opens longitudinally.

Ovary

Pistillate flowers are tricarpellate and trilocular with a single 
ovule per carpel (Fig. 2a). The outer epidermis is one-layered 
with cuboid and juxtaposed cells and cytoplasm containing 
phenolic compounds (Fig. 2b). The mesophyll is parenchym-
atous with approximately 15 layers with two distinct regions. 
In the outer region the cells are larger and contain phenolics, 
in the inner region they are smaller, and only some contain 
phenolics (Fig. 2b). The inner ovary epidermis has one layer 
of anticlinally elongate cells (Fig. 2c). The septum tissue is 
similar to the ovary wall with a row of phenolic cells delimit-
ing the prospective dehiscence line of each carpel (Fig. 2a).

Ovule

The ovule is anatropous, bitegmic and has an axile pla-
centation and short funiculus (Fig. 3a). The outer integ-
ument has four to six cell layers, the innermost with 
phenolic compounds (Fig.  3a–c). The inner integument 
has four to six layers of parenchymatous cells. The 
micropyle is formed by both integuments, but the exos-
tomes and endostomes are not at the same level (zig-
zag micropyle; Fig. 3a, c). The ovule is vascularized by 
a procambial strand along the raphe and ending at the 
chalaza (Fig.  3a–b). The nucellus is approximately six 
cells in diameter, and the innermost layer is consumed 
by the developing megagametophyte (Fig. 3a–b). During 

Fig. 2  Ovary of Pera glabrata. Transverse sections (a, b) and a lon-
gitudinal section (c). a General view. b, c Details of the ovary wall 
showing phenolic compounds (stained in green) in the outer epider-
mis, mesophyll, and inner epidermis. arrow prospective dehiscence 

line, ie inner ovary epidermis, me ovary mesophyll, oe outer ovary 
epidermis, ov ovule, ow ovary wall. Scale bars are 200 μm in a, and 
20 μm in b, c
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integument differentiation, placental cells elongate radi-
ally, forming an obturator (Fig. 3c).

Between the megaspore mother cell and nucellus epi-
dermis, there are two to four cell layers (crassinucel-
late ovule; Fig.  3d). The megaspore mother cell under-
goes meiosis, generating a linear tetrad of megaspores 
(Fig.  3e). From this tetrad, only the chalazal megaspore 
remains functional (Fig. 3f). The megagametophyte con-
tains two synergids and an egg cell in the micropylar 
region, a binucleate central cell in the central portion, 
and three antipodals in the chalazal region (Polygonum 
type; Fig. 3g).

Fruit

The outer ovary epidermis gives rise to the exocarp, the 
ovary mesophyll produces the mesocarp, and the inner 
ovary epidermis the endocarp. The exocarp and outer 
mesocarp do not change during early fruit development 
(Fig.  4a, b). The middle mesocarp cells elongate radially, 
and the inner mesocarp periclinally, and both accumulate 
phenolic compounds (Fig.  4b). The septa become more 
voluminous in comparison to the ovary (compare with 
Fig.  2a) mainly because the intercellular spaces increase 
(Fig. 4a, b).

Fig. 3  Ovule and megagametophyte development of Pera glabrata. 
A transverse section (b) and longitudinal sections (a, c–g). a, b 
General view of the ovule, showing phenolic compounds (stained 
in green) in the outer integument. Note that the vascular bundle is 
restricted to the raphe ending in the chalaza. c Details of the micropy-
lar region of the ovule, showing that the endostome and exostome do 
not match (zigzag). Note that the endostome is blocked by a placental 
obturator. d–f Details of the ovule showing the development of the 
megaspores. d Megaspore mother cell. Note that there are four cells 

between the epidermis and previously mentioned cell (crassinucellate 
ovule). e Tetrad of megaspores arranged linearly. f Functional mega-
spore. g Megagametophyte Polygonum-type. an antipodal, arrow 
megaspore, ch chalaza, cc central cell, dm degenerating megaspores, 
fm functional megaspore, ii inner integument, mm megaspore mother 
cell, nd endostome, nu nucellus, ob obturator, oi outer integument, oo 
oosphere, rb raphal bundle, sy synergid, xo exostome. Scale bars are 
50 μm in a–c, and 20 μm in d–g
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At the end of maturation, the exocarp has thick-walled 
cells (Fig.  4c). Some cells of the outermost mesocarp 
increase their volume. The middle region of the mesocarp 
has lignified and radially elongated cells, and the innermost 
mesocarp has periclinally elongate lignified cells (Fig. 4c). 
The endocarp cells are not lignified (Fig.  4c). The meso-
carp in the septa has a conspicuous aerenchyma (Fig. 4c). 
In the fruit at dehiscence, the septa disintegrate, connecting 
the three locules.

Seed

After fertilisation, cellular divisions occur in both integu-
ments only in the micropylar region. Idioblasts containing 
druses occur mainly in the outer integument (Fig.  5b, c). 
The endotegmen cells accumulate phenolic compounds 

(Fig.  5a–c). In the distal portion of the testa and tegmen, 
cellular divisions later result in the formation of a caruncle 
in the micropylar portion (Fig. 5c). The nucellus grows by 
cell divisions (Fig. 5a, b), accumulating starch in the micro-
pylar portion (Fig. 5c) and crystals near the megagameto-
phyte (Fig. 5d). The megagametophyte shows several vesi-
cles in the cytoplasm (Fig. 5d).

At an intermediate stage, the caruncle develops in 
the seed coat (Fig. 5e). The seed coat increases the num-
bers of cell layers mainly in the most distal portion. The 
exotesta shows radial cell elongation (Fig. 5f, g). The teg-
men and nucellus cells accumulate crystals (Fig.  5f). The 
endotegmen cells also periclinally elongate (Fig. 5f, g). The 
endosperm still divides without wall formation (free nuclei; 
Fig. 5f). There are no embryos in the studied seeds.

Fig. 4  Fruit development of Pera glabrata. Transverse sections (a–
c). a Postanthetic ovary. b Detail of a, showing the inner mesocarp 
cell elongation and intercellular spaces in the septal tissue. c Fruit at 
dehiscence. Note that the elongated layers of the young fruit form a 
sclerenchyma disposed perpendicularly to each other in the mature 

pericarp and that the intercellular spaces found in the young fruit sep-
tum are now more conspicuous, forming an aerenchyma in the mature 
fruit. asterisk intercellular space, er endocarp, ex exocarp, lo locule, 
mc mesocarp, pe pericarp, se seed, sp septum. Scale bars are 500 μm 
in a, 200 μm in c, and 100 μm in b
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The mature seed is ovate (Fig.  6a–c) with an evident 
raphe (Fig.  6b) and has lateral constrictions close to the 
micropyle (Fig.  6c). The caruncle is fleshy and bifurcate 
(Fig. 6a) and originated from the testa near the micropyle 
(Fig.  6b, c). Some cells accumulate phenolic compounds 
in the chalaza, constituting the hypostase (Fig.  6e). The 
exotesta is elongated and lignified functioning as a mechan-
ical layer of the seed coat (Fig. 6d, e). The mesotesta and 
endotesta do not show changes compared with young 
seeds. In the mesotegmen the cells and intercellular spaces 
increase, while the endotegmen has cells periclinally elon-
gated with a phenolic content (Fig.  6d). The nucellus is 
partially consumed by endosperm development (Fig. 6e, f). 
The endosperm is concentrated in the chalazal and micro-
pylar regions. A small part of the endosperm forms cell 
walls in small micropylar portions and the rest remains 
with free nuclei (Fig. 6e–g).

Discussion

Comparative embryology of Peraceae and related 
families

Peraceae is circumscribed within the euphorbioids together 
with Euphorbiaceae, Ixonanthaceae, Linaceae, Phyllan-
thaceae, Picrodendraceae and Rafflesiaceae. These families 
are organised into two clades. One consists of Peraceae, 
Rafflesiaceae and Euphorbiaceae. The other clade contains 
two additional subclades, the phyllanthoids with Phyllan-
thaceae and Picrodendraceae and linoids with Linaceae and 
Ixonanthaceae (Fig. 7; Xi et al. 2012). In this discussion we 
compare the embryological features of Pera with the other 
representatives of euphorbioids, highlighting the similari-
ties and differences between them. We added some data 
available for Picrodendraceae and include the family in 
the list of Malpighiales (Caryocaraceae, Centroplacaceae, 
Euphroniaceae, Goupiaceae, Ixonanthaceae, Lacistemata-
ceae, Lophopyxidaceae, Malesherbiaceae, Medusagy-
naceae, Pandaceae, and Quiinaceae) with embryology 
widely unknown as mentioned by Endress et al. (2013).

The anther of Pera shares persistent epidermis at matu-
rity; ephemeral middle layers, secretory tapetum, and tet-
rahedral tetrads with all euphorbioids (Ixonanthaceae, 
Linaceae, Phyllanthaceae, Picrodendraceae, Peraceae, 
Rafflesiaceae and Euphorbiaceae). Pera also shares tet-
rasporangiate anther with two thecae, binucleate tape-
tum, simultaneous cytokinesis, tetrahedral tetrads, pollen 
grain dispersal by longitudinal slits, and tricolporate pol-
len grains with Ixonanthaceae (Rao and Narayana 1965), 
Linaceae (Narayana 1964; Rao and Narayana 1965), Phyl-
lanthaceae (Mukherjee and Padhye 1964), and most of 
Euphorbiaceae (Bhanwra 1987; Davis 1966; De-Paula and 

Sajo 2011; Johri et  al. 1992; Kapil and Bhatnagar 1994; 
Liu et al. 2007; Mukherjee 1961; Nair and Maitreyi 1962; 
Nowicke 1994; Nowicke et  al. 1998, 1999; Nowicke and 
Takahashi 2002; Rao 1964; Rao and Rao 1976; Takahashi 
et  al. 2000). The anther of Rafflesiaceae differs in sev-
eral aspects from all other euphorbioids. Polysporangiate 
anthers without a thecal organisation (Endress and Stumpf 
1990; Nikolov et al. 2014a), tapetum with three to four lay-
ers (Nikolov et al. 2014a) and successive cytokinesis (Ernst 
and Schmid 1913) are unique character states of Rafflesi-
aceae. Endothecium without thickened cell walls occur 
in Rafflesiaceae (Ernst and Schmid 1913; Furness 2007; 
Nikolov et  al. 2014a; Takhtajan et  al. 1979) and Chro-
zophora rottleri, Euphorbiacecae (Sharma 1956). Inapertu-
rate pollen grains occur in Rafflesiaceae (Ernst and Schmid 
1913; Furness 2007; Nikolov et al. 2014a; Takhtajan et al. 
1979) and in crotonoids, a monophyletic group within 
Euphorbiaceae (Nowicke 1994).

The only exclusive features of Pera anthers are the endo-
thecium with reversed-T-shaped cells and tapetum with 
prismatic crystals. Styloid crystals also occur in Pera as 
in Croton and Astraea (Euphorbiaceae, De-Paula and Sajo 
2011). The tapetal crystals may have been underestimated 
in Malpighiales and should be further studied to evalu-
ate their occurrence. Other features of the anther such as 
its wall development and the number of the cells of pollen 
grains do not provide a clear pattern for the euphorbioids, 
varying even within some families (Bhanwra 1987; De-
Paula and Sajo 2011; Ernst and Schmid 1913; Johri and 
Kapil 1953; Johri et  al. 1992; Kapil and Bhatnagar 1994; 
Liu et  al. 2007; Mukherjee and Padhye 1964; Nair and 
Maitreyi 1962; Narayana 1964; Rao and Narayana 1965).

The ovary of Pera is superior as in other Peraceae (Rad-
cliffe-Smith 2001), Ixonanthaceae (Kubitzki 2014), Lin-
aceae (Dressler et al. 2014), Picrodendraceae (Sutter et al. 
2006), Phyllanthaceae (Radcliffe-Smith 2001), and Euphor-
biaceae (Radcliffe-Smith 2001). Only Rafflesiaceae has an 
inferior ovary without carpel formation, and the ovules 
are formed in the schizogenous slits of a massive, mor-
phologically undifferentiated gynoecium (Nikolov et  al. 
2014a). The number of ovules per carpel defined two major 
clades among families related to Peraceae. A group with 
two ovules per carpel comprising Ixonanthaceae (Kubitzki 
2014), Linaceae (Dressler et  al. 2014), Picrodendraceae 
(Sutter et  al. 2006), and Phyllanthaceae (Radcliffe-Smith 
2001). One ovule per carpel appeared in a common ances-
tor of Peraceae–Euphorbiaceae–Rafflesiaceae and changed 
in Rafflesiaceae to many ovules without carpel formation 
(Nikolov et al. 2014a).

In Pera, the ovule is anatropous, the megaspore tet-
rads are linear, the functional megaspore is chalazal, and 
the megagametophyte is monosporic and of the Polygo-
num type as in Ixonanthaceae (Rao and Narayana 1965), 
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Linaceae (Narayana 1964; Rao and Narayana 1965), Pic-
rodendraceae (Sutter et al. 2006), Phyllanthaceae (Mukher-
jee and Padhye 1964), Rafflesiaceae (Bouman and Meijer 
1994; Ernst and Schmid 1909, 1913; Nikolov et al. 2014a), 
and most Euphorbiaceae (Davis 1966; De-Paula and Sajo 
2011; Johri et  al. 1992; Kapil and Bhatnagar 1994). The 
ovule is bitegmic in Pera and all related families (Davis 
1966; De-Paula and Sajo 2011; Johri et al. 1992; Kapil and 
Bhatnagar 1994; Mukherjee and Padhye 1964; Narayana 
1964; Rao and Narayana 1965; Sutter et  al. 2006) except 
in Rafflesiaceae which is unitegmic (Bouman and Meijer 
1994; Ernst and Schmid 1913; Nikolov et al. 2014a). The 
ovule vascular supply, nucellus, nucellar beak, and the 
micropyle does not provide a clear pattern for the euphor-
bioids, varying even within some families (Bouman and 
Meijer 1994; Corner 1976; Davis 1966; Gopinath and 
Gopalkrishnan 1949; Johri et  al. 1992; Kapil and Bhat-
nagar 1994; Kool 1988; Mukherjee and Padhye 1964; 
Narayana 1964; Radcliffe-Smith 2001; Rao and Narayana 
1965; Sutter et  al. 2006; Tokuoka and Tobe 2001, 2002, 
2003). Only in Rafflesiaceae, the ovules are not vascular-
ized (Bouman and Meijer 1994; Igersheim and Endress 
1998). An endothelium occurs in Linaceae and Ixonan-
thaceae (Narayana 1964; Rao and Narayana 1965) and may 
appear as a synapomorphy for the linoids (Ixonanthaceae 
and Linaceae).

The obturator of Pera has a placental origin as in Ixo-
nanthaceae (Rao and Narayana 1965), Linaceae (Narayana 
1964; Rao and Narayana 1965), Picrodendraceae (Sutter 
et  al. 2006), Euphorbiaceae (Bhanwra 1987; Davis 1966; 
De-Paula and Sajo 2011; Johri et  al. 1992; Landes 1946) 
and Phyllanthaceae (Sutter and Endress 1995). In Rafflesi-
aceae, there is no obturator (Bouman and Meijer 1994).

There are large gaps in the knowledge of fruit anatomy 
and development of the families related to Peraceae mak-
ing it difficult to compare the groups. The absence of 
septa in the fruits is reported for other genera of Peraceae 

(Radcliffe-Smith 2001), but it was unclear how the septum 
disappears during development. In this study, we observed 
that the septum is aerenchymatic and their intercellular 
spaces increase during development culminating in its dis-
integration in mature fruits. The loss of the septum is an 
exclusive feature for Peraceae and not reported for any 
related family. Only in Rafflesiaceae, fruits are a kind of 
berry (Bouman and Meijer 1994) and it is also a unique 
feature for the family.

Pera has porogamous fertilisation, which also occurs in 
Euphorbiaceae (Mukherjee 1961; Rao 1964) and Raffle-
siaceae (Ernst and Schmid 1909, 1913). This feature sup-
ports Peraceae–Rafflesiaceae–Euphorbiaceae clade, but 
this character is unknown in all other euphorbioids and 
must be studied in phyllanthoids (Phyllanthaceae and Pic-
rodendraceae) and linoids (Ixonanthaceae and Linaceae) to 
evaluate its evolution in Malpighiales.

The seed coat in Linaceae (Corner 1976), Rafflesiaceae 
(Bouman and Meijer 1994), Euphorbiaceae is exotegmic 
(Bhatnagar 1994; Corner 1976; Davis 1966; Johri et  al. 
1992; Kapil and Bhatnagar 1994; Tokuoka and Tobe 1998, 
2002, 2003). Phyllanthaceae has exotegmic, rarely endoteg-
mic or endotestal seeds (Tokuoka and Tobe 2001). Ixonan-
thaceae has exotestal and exotegmic seeds (Boesewinkel 
1988; Corner 1976). In Picrodendraceae, the seed coat is 
unknown. Exotegmic seeds are a plesiomorphic charac-
ter state in euphorbioids and would have been modified to 
endotegmic or endotestal in Phyllanthaceae. Only Ixonan-
thaceae have exotestal and exotegmic seeds (Boesewinkel 
1988; Corner 1976) and also can represent an apomorphy 
for the family. Rafflesiaceae has exotesta with u-shaped 
thickening (Bouman and Meijer 1994), also a possible 
apomorphy.

In Peraceae, Pera, Clutia and Chaetocarpus have exotes-
tal seeds, Pogonophora is exotegmic and in Trigonopleura 
the seed coat is unknown (Tokuoka and Tobe 2003). In a 
phylogenetic analysis proposed by Wurkack et  al. (2005), 
Pogonophora is the sister genus of Pera, Clutia and Chae-
tocarpus, and Trigonopleura was not included in their anal-
ysis. Therefore exotestal seeds would have emerged as a 
synapomorphy in Pera–Clutia–Chaetocarpus clade.

The seeds of Pera share nuclear and persistent 
endosperm in the mature seed (albuminous seed) with all 
other euphorbioids (Berg 1975; Bouman and Meijer 1994; 
Davis 1966; Ernst and Schmid 1913; Johri et  al. 1992; 
Kapil and Bhatnagar 1994; Mukherjee and Padhye 1964; 
Narayana 1964) except with Picrodendraceae, which is 
unknown. Besides, these character states also occur in other 
Malpighiales as Salicaceae, Passifloraceae, and Violaceae 
(Johri et  al. 1992) and cannot be a synapomorphy for the 
euphorbioids.

Fig. 5  Seed development of Pera glabrata. Longitudinal sections 
(a–g). a–d Post-anthesis. a Overview. Note the early development of 
a caruncle. b Details of the chalazal region of Fig. 5a, showing the 
cellular divisions of the nucellus. c Details of the micropylar region 
of Fig. 5a. Note the cellular divisions on the testa and tegmen, pres-
ence of pollen tube in endostome and starch accumulation in the 
micropylar portion of the nucellus. d Details of the central region of 
figure a showing crystals in the nucellus near the megagametophyte, 
nuclear endosperm, antipodals, synergids, and zygote. e–g Young 
seed. e Overview. f Details of the antiraphal portion. g Details of the 
seed coat. Note the radial elongation of exotesta and exotegmen. an 
antipodal, ap amyloplast, arrow cell division, arrowhead crystals, ca 
caruncle, ch chalaza, ed endosperm, eg exotegmen, em endotegmen, 
es endotesta, et exotesta, mg mesotegmen, mt mesotesta, nu nucel-
lus, pt pollen tube, sc seed coat, sy synergid, te testa, tg tegmen, zy 
zygote. Scale bars are 200 μm in e, 100 μm in a and f, 50 μm in b–d, 
and 25 μm in g

◂
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Implications of Pera embryology in systematics 
and evolution of Malpighiales

Based on the comparative data, the embryological features 
were placed in the current phylogenetic tree (Wurdack and 
Davis 2009; Xi et al. 2012), proposing morphological sup-
port for clades and hypotheses of how embryology evolved 
in this group.

An endothecium with reversed-T-shaped cells, prismatic 
crystals in the tapetum and disintegrated aerenchymatous 
septum in the mature fruit, were character state found in 
Pera but not in other euphorbioids. All of the listed features 

Fig. 6  Mature seed of Pera glabrata. Transverse section (d), longi-
tudinal sections (e–g), and SEM (a–c). a–c General view. a Raphal 
view. b Raphal view without the caruncle. c Antiraphal view. d 
Details of the median region, showing the elongation of the exotesta. 
Note that there is no increase of the number of layers in relation to 
the ovule integument (compare with Fig. 3). e Details of the chalazal 
region. Note the presence of cells with a phenolic content constitut-
ing the hypostase. f Details of the micropylar region. Note the cel-
lularized endosperm part and the part that remains nuclear. g Details 
of the nuclear endosperm. ca caruncle, ch chalaza, ed endosperm, eg 
exotegmen, em endotegmen, es endotesta, et exotesta, mg mesoteg-
men, mt mesotesta, nu nucellus, ra raphe, te testa, tg tegmen. Scale 
bars are 1 mm in a–c, 100 μm in e, 50 μm in d and f, and 25 μm in g

◂

Fig. 7  Phylogenetic tree of Peraceae and related families (modified from Xi et al. 2012), showing possible (syn-)apomorphies indicated by solid 
rectangles and data requiring further studies are followed by question marks



720 J Plant Res (2017) 130:709–721

1 3

are potential autapomorphies for Peraceae; however, most 
species of Pera and more Peraceae should be studied to 
confirm this. An aerenchymatic septum is a character states 
previously described for other species of Pera and other 
genera of Peraceae (Radcliffe-Smith 2001), supporting its 
autapomorphy status for Peraceae (Fig. 7).

The results show that Peraceae and Euphorbiaceae have 
more features in common compared to Rafflesiaceae. In 
addition to the unisexual flowers, chosen as a morphologi-
cal feature supporting the Peraceae–Rafflesiaceae–Euphor-
biaceae clade by Xi et al. (2012), we raised the porogamous 
fertilisation and one ovule per carpel supporting the clade. 
However, the porogamous fertilisation is very common in 
the angiosperms and should be studied in other euphor-
bioids to confirm its presence and to evaluate its evolution 
in Malpighiales. The presence of an ovule per carpel would 
have appeared in the Peraceae–Rafflesiaceae–Euphorbi-
aceae ancestor, and changed in Rafflesiaceae, which has 
many ovules and has no carpel. Furthermore, Rafflesiaceae, 
has several apomorphies as polysporangiate and poricidal 
anther, nonfibrous endothecium, multilayered tapetum, suc-
cessive cytokinesis, inaperturate pollen, greatly modified 
gynoecium, inferior ovary, many ovules, unitegmic ovules, 
ovules without vascularization, loss of obturator, berry, 
U-shaped exotegmic cells, and lacking embryo differentia-
tion appear as possible apomorphies for the family (Fig. 7).

Our comparative approach shows some possible syna-
pomorphies such as Solanad embryogenesis and two 
ovules per carpel for the phyllanthoids and linoids, and the 
endothelium for linoids. Moreover, some apomorphies such 
as exotestal and endotestal seed for Ixonanthaceae, and 
Onagrad embryogenesis for Euphorbiaceae (Fig. 7).

The presence of placental obturator previously unknown 
in Peraceae reinforces the status of synapomorphy for 
euphorbioids mentioned by Xi et  al. (2012) being lost in 
Rafflesiaceae (Fig. 7).
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