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ABSTRACT
The seed coat in Euphorbia rupestris is distinguishable in to testa and tegmen. The testa consists of a single-layered
exotesta, 2-3-layered mesotesta and single-layered endotesta. The tegmen consists of a layer of exotegmen, endotegmen and
mesotegmen. The data confirmed the presence of exotegmic seeds in Euphorbia species. In addition, the data on the absence
of spherocrystals in the testa cells of E. rupestris (Euphorbia subgenus Esula, section Holophyllum from clade I, isolated in
the result of molecular phylogenetic analysis - Riina et al. 2013) confirmed the tendency towards the absence of these bodies
in the testa cells of species of sections from clade I (in contrast to their presence in most of the studied species of sections
from clade II - Geltman et al. 2014, Geltman 2016). However, the presence of spherocrystals was detected in the cells of
the caruncle of E. rupestris. Thereby, attention is drawn to the possibility of the spherocrystal formation in the caruncle of
other Euphorbia species, which is of interest both from the point of view of its taxonomy and the identification of structural
and functional relationships between the developmental features of testa and caruncle (as genealogical continuation of
testa).
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Euphorbia rupestris Ledeb., an endemic in Western
Siberia, is represented by perennial herbs with erect stems and
alternate leaves, as well as with synflorescence - cyathia and a
fruit - capsule characteristic for all species of the genus
Euphorbia L. (Prokhanov 1949). This species belongs to the
section Holophyllum (Prokh.) Prokh. Euphorbia subgenus
Esula Pers., isolated (together with other sections) on the base
of molecular phylogenetic analysis using nuclear (ITS) and
chloroplast (ndhF) markers (Riina et al. 2013). In general, 21
sections are distinguished in the system of the subgenus Esula
(about 480 species), two of which form basal clades - sections
Lathyris Dumort. and Lagascae Lázaro, and the remaining
sections are combined into two large advanced clades: clade I sections Holophyllum (Prokh.) Prokh. and Helioscopia
Dumort., clade II - sections Myrsiniteae (Boiss.) Lojac.,
Pithyusa (Raf.) Lázaro, Paralias Dumort., Esula (Pers.)
Dumort. and others (17 sections in total) (Riina et al. 2013).
A comparative analysis of the seed morphology in
different species of the subgenus Esula showed that the
species of its different clades vary significantly in their color,
which is associated with the presence or absence of
spherocrystals on their surface. In particular, the seeds of the
studied species of clade I mainly have a dark shiny color and
are characterized by the absence of spherocrystals in the testa
cells, while the species of clade II, as a rule, have a light matte
coloration and testa with cells holding a large number of
spherocrystals, localized mainly in the mesotesta, but often
secreting on the seed surface (Geltman et al. 2014, Geltman
2016). In this study, it was concluded that the
presence/absence of spherocrystals in testa cells in the

subgenus Esula (and also the character of their localization)
has a major taxonomic significance. Despite rather large
number of species of the subgenus Esula involved in the
analysis (76 species belonging to 21 sections, Geltman 2016),
a number of its species have not yet been studied in this
respect. These include E. rupestris from the section
Holophyllum of clade I of the subgenus Esula.
The purpose of this work is to reveal the structural features of
the seed coat in Euphorbia rupestris, with a special emphasis
on the structure of testa cells and the presence of
spherocrystals in it.

MATERIAL AND METHODS
Mature seeds of E. rupestris were collected in the
Republic of Altai, Onguday district, the vicinity of Bely Bom
(Altai, Russia) in 2009. The external structure of seeds and
their surfaces were studied using a Stemi-2000 C Zeiss
stereomicroscope (lifetime observations), as well as a JSM6390 LA scanning electron microscope (SEM) (Jeol Ltd,
Japan) of the Core Facility Center (at the Komarov Botanical
Institute of RAS).
The material for the present study was fixed in a FAA and
embedded in paraffin wax (methodology after Pausheva
1980). Sections with a thickness of 12 μm were cut on a
Microm HM 325 microtome (Carl Zeiss, Germany) and
stained with safranin and alcian blue dyes, with subsequent
conclusion in Mowiol 4-88 (Fluka, Germany). Semi-thin
sections (0.5–4.0 µm) were also used to analyze the
anatomical structure of the seed coat. For this purpose,
samples of mature seeds were fixed in a mixture of
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glutaraldehyde-formaldehyde in 0.1 M phosphate buffer with
pH 7.4, washed with phosphate buffer and fixed with 2%
osmium tetroxide; later were dehydrated in a series of
acetones of increasing concentrations (from 30 to 100%) and
poured into a mixture of epon and araldite. Sections were
obtained on an Ultracat E microtome (Reichert-Jung, Vienna)
of the Core Facility Center (at the Komarov Botanical Institute
of RAS) and stained with toluidine blue O.
The spherocrystals in polarized light were observed in
transmitted light on an Axioplan 2 light microscope (Carl
Zeiss, Germany), using two polarizing filters with mutually
perpendicular polarization planes. Analysis of preparations
and obtaining micrographs were carried out on light
microscope (LM) Axioplan 2 with AxioVision software (Carl
Zeiss, Germany).

RESULTS
Mature seeds of Euphorbia rupestris are oval, dark
brown, with a slightly shiny surface and light-colored
caruncle, about 3.5 mm long and about 2.5 mm wide. The
seeds are flattened in the dorzoventral plane and have an
asymmetric structure in the lateral projection; on the ventral
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(raphal) side of the seed, a conductive bundle of raphe and a
hilum are clearly visible (Fig. 1, 1a, b).
The surface of the seed is slightly uneven, with small,
barely expressed folds (Fig. 1, 1b). The primary surface
sculpture is platy; testa cells are 6-7-edged, sometimes slightly
concave (Fig. 1,2a); secondary sculpture - reticulatewrinkled; on the epidermis surface, in the corners between the
cells, pores are occasionally revealed, in which, however,
there are no excretions (Fig. 1, 2b).
Mature seeds contain a large embryo surrounded by a
massive endosperm. The seed coat consists of parenchymal
testa and hard tegmen, in the structure of which exotegmen
prevails, consisting of a layer of macrosclereids and
performing the main mechanical function (exotegmic seeds).
In the narrow micropylar part of the seed, a zigzag micropyle
canal is traced, consisting of an exostome and an endostome.
The exostome (with sclerified cells) penetrates the caruncle
(the apical part of the inner integument spread during the seed
development) and faces the placenta, and the endostome
adjoins to the epistase (remnants of nucellar beak cells with
thickened walls and without cellular content). In the expanded
chalazal part of the seed, there are compressed hypostase cells,
to which the endings of a massive raphe conducting bundle

Fig. 1. Structure of mature seed in Euphorbia rupestris 1a, b – external view of mature seed (1a - frontal, 1b - lateral projection), 2a – structure of
testa surface, 2b - pore between exotesta cells (1a - lifetime observations, 1b-2b – SEM); c – caruncle, hl – hilum, p – pore, c b – conductive bundle.
Scale bar: 1а - 1 sm; 1b - 500 μm; 2а - 20, 2b - 5 μm.
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Fig. 2. Structure of seed coat in Euphorbia rupestris 1 – structure of the mature seed (schematized), 2a-d – structure of seed coat (2a – common
view, 2b-2d – fragments of testa (2b) and endotegmen (2c, 2d), enlarged), 3-4 – structure of the testa (3) and endotegmen cell with ring-like
thickenings (6) at its cracks (1 – longitudinal sections of seed, 2a-d – its cross sections; 2a-d – LM, 3-4 - SEM); c – caruncle, c b – conductive
bundle,em – embryo, en – endosperm, entg – endotegmen, ents– endotesta, extg – exotegmen, exts – exotesta, h – hypostase, m – micropyle, mts
– mesotesta, r t – round thickenings of endotegmen, ts – testa. Scale bar:1 - 100; 2a- 50; 2b-2d - 10, 4 - 5 μm.

Fig. 3. Localization of spherical bodies in caruncle in Euphorbia rupestris 1a – surface cell layers of caruncle, 1b - the same cell layers when viewed
in polarized light (without double refraction of spherical bodies), 2a-2c - cell layers of caruncle in the region of exostome (visible refraction of
spherical bodies - spherocrystals, at 2b and 2c – enlarged); exs – exostome cells, s b - spherical bodies. Scale bar:1а-b, 2a- 50; 2b-2c - 10 μm.
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approach (hypostase cells with thickened membranes and
filled with tannins) (Fig. 2, 1).
The testa is 4-5-layered, consisting of exotesta, mesotesta
and endotesta. The cells of the one-layered exotesta
(derivatives of the outer epidermis of the outer integument) are
slightly convex, have a thickened outer membrane, with tiny
folds on the surface, causing a reticulate-wrinkled secondary
sculpture of the seed surface. The inner anticlinal walls of
exotesta cells are also unevenly thickened, while the inner
periclinal walls are relatively thin; cell cavities are filled with
remnants of cellular contents. The cells of the one-layered
endotesta (derivatives of the inner epidermis of the outer
integument) are uncompressed, with thickened inner
periclinal and anticlinal walls, also with almost no content; the
anticlinal walls are twisted in their upper part.The mesotesta is
two-layered (three-layered in some places) and is a derivative
of the intermediate layers of the outer integument, are highly
compressed, thin-walled and empty (Fig. 2, 2a, b). The
absence of any spherical inclusions in the cells of the
mesotesta was also confirmed by the analysis of their structure
on the cracks of the seed coat using the SEM method (Fig. 2,3).
At the same time, on the cracks of testa can be seen that the
endotesta cells appear to be filled with a crystal-like substance
that is unevenly deposited on their inner and outer periclinal
cell walls (Fig. 2, 3).
The tegmen is represented by exo-, meso- and
endotegmen. Exotegmen (a derivative of the outer epidermis
of the seed inner integument), as noted above, is formed by a
layer of macrosclereids with strongly thickened sclerified
porous walls (Fig. 2, 2a). Macrosclereids (wide in the apical
part and narrow in the basal part) are located obliquely to the
longitudinal axis of the seed (at an angle of approximately 45)
and are oriented apically towards the chalaza (Fig. 2, 1, 3).
Endotegmen (a derivative of the inner epidermis of the inner
integument) consists of empty flattened cells with irregular
ring-like thickenings on the cell walls (Fig. 2, 2a, c, d, 4). The
mesotegmen is represented by highly compressed obliterating
cells of the intermediate layers of the tegmen (Fig. 2, 2a, c),
which is known to be multilayered in Euphorbia species at
early stages of development (Singh 1969, Corner 1976,
Tokuoka and Tobe 1995, 2002, Johri et al. 1992). It should also
be noted that E. rupestris is also characterized by a slight
irregularity in the length of macrosclereids (data not
illustrated), which, together with the uneven thickness of the
testa (4-5-layed), causes some irregularity to the surface of the
seed of this species.
In connection with the main purpose of this study - to
check for the presence of spherocrystals in the cells of the E.
rupestris seed testa, we also analyzed the structure of the
caruncle, which, like the testa, is a derivative of the outer
integument. It was observed that all the cells of caruncle
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contain spherical inclusions, larger and more numerous in its
inner layers (closer to the exostome), and less numerous in the
surface layers, including the epidermis (Fig. 3, 1a). When
viewed in polarized light, these spherical inclusions showed
the double refraction property - in the form of the so-called
“Maltese cross”, specific for typical spherocrystals (Koltova
2011), and in particular, for spherocrystals of some species of
Euphorbia studied in this respect (E. lathyris L. - Titova et al.
2019a,b). It is characteristic, however, that this property was
mainly manifested by inclusionsin the cells of the caruncle,
localized near the exostome, but to a much lesser extent in the
cells of its peripheral layers (Fig. 3, 1b, 2a-2c). At the same
time, the use of polarized light also did not reveal any traces of
spherocrystals in the testa cells.

DISCUSSION
The data obtained on the structure of the E. rupestris seed
are generally consistent with the data on the structure of seeds
in other Euphorbia species, which, as is known, are
exotegmic, have a caruncle, contain a developed embryo and
massive endosperm with abundant reserve nutrients (Corner
1976, Komar 1987, Tokuoka and Tobe 1995, 2002, Johri et al.
1992). The zigzag micropyle in the E. rupestris seed is
represented by exo- and endostomes located at an angle to
each other, and the exostome is directed towards the raphe
(before the separation of the seed - to the placental obturator).
It is known that the structure of the micropyle in the ovule of
different Euphorbia species can vary: by the time of
fertilization, it can be represented only by an exostome, or
exo- and endostome, or formed after fertilization, which
correlates in these species with different degrees of
development of the placental obturator (see Singh 1969).
However, after fertilization, all Euphorbia species are
apparently characterized by the formation of a zigzag
micropyle (E. esula, Carmichael and Selbo 1999; E. graminea
Jacq. ,E. heterophylla L., Gagliardi et al. 2012; E. palustris
L.,Titova et al. 2015; E. iberica Boiss., Geltman 2016; E.
condylocarpa M. Bieb., E. virgata Waldst. et Kit, Titova et al.
2018), which is also confirmed by the data on E. rupestris. In
this regard, the curvature of the micropyle axis in E. rupestris,
together with the curvature of the axis of its embryo, obviously
allows us to consider the seed of this species as
campylotropous. A similar pattern was described by us in a
number of other Euphorbia species from the subgenus Esula
(Titova et al. 2018, 2019a, b).
Like other species of Euphorbia (see Corner 1976, Komar
1987, Tokuoka and Tobe 2002, 2000), the seed coat in E.
rupestris is represented by testa and tegmen. The testa in this
species is 4-5-layered, consists of 1 layer of exotesta cells, 2-3
layers of mesotesta cells and 1 layer of endotesta. The tegmen
is differentiated into exo-, meso- and endotegmen: exotegmen
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consist of a single layer of macrosclereids, endotegmen - of a
layer of cells with ring-like thickenings on the walls, the
mesotegmen is represented by obliterating cells of
intermediate layers. It should be noted that in the papers
published in the 50-60-es of the 20th century, about the species
of the genus Euphorbia and, in particular, its subgenus Esula,
different data are given for the number of testa cell layers in a
mature seed (1 - in E. dracunculoides Lamk., E. stricta L., E.
platyphyllos L., E. villosa Waldst. et Kit. ex Willd. and E.
volhynica Besser ex Racib. - Mukherjee 1961; Railjan 1973;
3-4 - in E. helioscopia L. - Singh 1969; 2 - in E. lucida Waldst.
et Kit., E. esula L., E. virgata, E peplus L. and E. falcata L.Railjan 1973). At the same time, the authors reported that at
the early stages of development, the testa of their seed is 3-4layered, but then, part of these layers, including the epidermis,
can undergo destruction (collapsing, after Corner 1976). The
use of more accurate microscopic methods at a later time
showed that all layers of testa cells, including the outer
epidermis, are preserved during the development of the seed,
with the acquisition of various specializations and
differentiation into exo-, meso- and endotesta (E. esula,
Carmichael and Selbo 1999; E. depauperata Hochst. ex A.
Rich, E. schimperiana Scheele – Tokuoka and Tobe 2002; E.
cyparissias L., E. palustris, E. iberica, E. condylocarpa, E.
komaroviana Prokh. - Titova et al. 2015, 2018, 2019a). In
some species of the subgenus Esula from its different sections,
a slight increase in the number of its layers was also noted (up
to 5-6 in E, squamosa Willd., E. myrsinites L., E. lathyris Titova et al. 2018, 2019a, b). However, due to the insufficient
number of studied species, it is still difficult to conclude that
this character is confined to any particular clades and sections
of this subgenus.
The tegmen structure of most Euphorbia species
(including species of the subgenus Esula) is usually described
as homogeneous, consisting of a single layer of
macrosclereids, sometimes with compressed and destroyed
remnants of cells of the inner layers (Corner 1976, Tokuoka
and Tobe 1995, 2002). However, in some species of
Euphorbia, as well as in E. rupestris studied by us, there was a
variation in the length of macrosclereids (E. helioscopia,
Singh 1969; E milii Des Moul; Bor and Bouman 1974 and
some others), as well as preservation in the tegmen
composition of the layer of cells of the inner epidermis, on the
cell walls of which the different thickenings are formed (
“striated cells” in E. dentata Michx. and E. geniculata Orteg.
from subgenus Chamaesyce - Landes 1946, Singh 1959;
reticular and ring-like thickenings in E. palustris, E.
komaroviana, E. lathyris, E. myrsinites - different sections of
the subgenus Esula - Titova et al. 2015, 2019a, b). The
conclusion about belonging of this character to certain clades
and sections of the Euphorbia subgenus Esula is also difficult
to make. However, according to preliminary data, this

structural character is more typical to the species of the
sections lying at the base of the subgenus Esula tree - sections
Lathyris (E. lathyris), Myrsiniteae (E. myrsinites) and
Holophyllum (E. komaroviana, E. rupestris) (Titova et al.
2019a; present study). It should also be noted that the different
lengths of macrosclereids in E. rupestris, as well as in some
other species of the subgenus Esula (E. lathyris, E. myrsinites;
Titova et al. 2019a), in combination with a regular increase in
the number of layers of their testa, causes different patterns of
seed surface sculpture. This aspect of research is of special
interest from a systematic point of view, since in the species of
Euphorbia, including its subgenus Esula, various patterns of
seed surface sculpture have been revealed (Pahlevani et al.
2015, Can and Küçüker 2015).
Comparison of the cell structure of E. rupestris testa with
those of other species of Euphorbia subgenus Esula is also
limited (due to the lack of similar data using semi-thin
sections). In the above-mentioned papers on the seed coat of
the species of the subgenus Esula (Geltman et al. 2014;
Geltman 2016), the greatest attention was paid to the presence
/ absence of spherocrystals in testa cells. In these works,
carried out by SEM and light microscopy using semi-thin and
ultra-thin sections, in particular, it was found that all the
studied species of clade I (sections Holophyllum and
Helioscopia) are characterized by the absence of
spherocrystals in the cells; the only exception was E. sintenisii
Boiss. ex Freyn from the section Helioscopia. Most of the
studied clade II species (section Esula, Myrsiniteae, Paralias,
etc.) are characterized by presence of spherocrystals in testa
cells. Spherocrystals in these species, as a rule, are localized in
mesotesta cells (E. retusa Forssk., E. virgata, Geltman 2016),
or in some species they are found both in exo- and mesotesta
cells (E. falcata, E. paralias L., Geltman 2016). In addition, it
was found that in species of many sections of clade II,
spherocrystals in the mesotesta cells are abundant and are
released to the surface of the testa through the system of
“special surface intercellular spaces” (“pores”). The species of
basal sections showed heterogeneity in this trait: the presence
of spherocrystals in the mesotesta in E. lathyris (from the
section Lathyris), in the exo- and mesotesta in E.
phymatosperma Boiss. et Gaill. (from the section Lagascae),
but their absence in the E. lagascae (from the same section).
At the same time, our additional study of the seed coat
structure in E. lathyris using polarized light showed that
spherocrystals in this species are also localized in exotesta
(Titova et al. 2019b). It should also be noted that the presence
of granular elements (“spherical particles”) on the surface of
the seed in a number of Euphorbia subgenus Esula species
was also revealed by other authors who studied it by the SEM
method, but the exact nature of these particles has not been
established (Pahlevani et. al. 2015, Can and Küçüker 2015).
Our study on E. rupestris of the section Holophyllum
confirmed the revealed earlier tendency towards the absence
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of spherocrystals in the testa cells in the species of this section,
as well as in the species of clade I of the Euphorbia subgenus
Esula in general including the section Helioscopia (Geltman
et al. 2014, Geltman 2016). Analysis of testa cell structure in
E. rupestris using the methods of light and scanning electron
microscopy, as well as polarized light, did not reveal their
formation either on the surface or inside the cells of any testa
layers. We found specific crystal-like deposits only in E.
rupestris endotesta cells, but these deposits differed
significantly in structure from spherocrystals. At the same
time, spherocrystals with typical features (fluorescence in
polarized light, with the formation of the “Maltese cross”)
were revealed by us in the cells of the caruncle of E. rupestris
seed. Their greatest number was observed near the exostome
formed by the caruncle, which in the species of the genus
Euphorbia is an extension of the apical part of the outer
integument, which is, the genealogical continuation of the
testa. Further research is needed to explain this fact (first noted
for the Euphorbia caruncle). However, it can be assumed that
spherical bodies, which have an unclear chemical nature, but
serve as attractants for possible dissemination agents (ants and
other insects, see Geltman 2016) accumulate in the caruncle
during the development of the seed (through their synthesis
and transport across testa cells) and then, after dehydration,
are transformed into spherocrystals. However, further studies
are needed to confirm this hypothesis, since the structure and
chemical composition of the caruncle in Euphorbia species, as
well as the relationship of these characters with the specificity
of the testa structure, have not yet been given adequate
attention.

CONCLUSIONS
Based on the results of present investigation it is
concluded that :
1. The seed coat of E. rupestris is represented by a 4-5layed parenchymal testa and a 3-layed tegmen. The testa
consists of a 1-layed exotesta, a 3-layed mesotesta and a
1-layed endotesta. The tegmen consists of a 1-layed
exotegmen (sclereid layer), a mesotegmen (from
obliterating cells) and a 1-layed endotegmen (from cells
with ring-like thickening of the cell walls). This generally
confirms the concept of the presence of exotegmic
seeds in Euphorbia species, as well as the possibility of
endotegmen entering into their seed coat (in some
species).
2. Testa cells in E. rupestris are practically devoid of cellular
content (with the exception of exotesta cells) and are
characterized by the presence of various thickenings external periclinal walls of exotesta cells, internal
periclinal and anticlinal walls of endotesta cells.
3.

Cells of neither exo- nor mesotesta of E. rupestris contain

4.
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spherocrystals, which is confirmed by the analysis of their
structure using a combination of methods (SEM, light
microscopy using semi-thin sections and polarized light).
However, the presence of spherocrystals is characteristic
to the caruncle, especially in the exostome area.
The data on the absence of spherocrystals in the testa cells
of E. rupestris of section Holophyllum from clade I of the
Euphorbia subgenus Esula confirms the tendency of the
absence of these bodies in testa cells in species of sections
of this clade, in contrast to their presence in most species
of clade II sections and thus, the important systematic
significance of this feature (Geltman et al. 2014, Geltman
2016). At the same time, the relationships of this
phenomenon with the structural peculiarities of the
caruncle (genealogical continuation testa) is of
considerable interest for further analysis.
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