W) plants

Article

Adnate Leaf-Base and the Origin of Ribs in Succulent Stems of

Euphorbia L.

Gustavo Arévalo-Rodrigues !, Fernanda Hurbath 2, Erika Prado 3, Isabella Galvao 3, Inés Cordeiro ! and

Diego Demarco 3*

check for
updates

Citation: Arévalo-Rodrigues, G.;
Hurbath, E; Prado, E.; Galvao, L;
Cordeiro, I.; Demarco, D. Adnate
Leaf-Base and the Origin of Ribs in
Succulent Stems of Euphorbia

L. Plants 2022, 11, 1076. https://
doi.org/10.3390/plants11081076

Academic Editors: Milan
S. Stankovic, Paula Baptista and

Petronia Carillo

Received: 5 March 2022
Accepted: 11 April 2022
Published: 15 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Nucleo de Conservagao da Biodiversidade, Instituto de Pesquisas Ambientais-PEFI, Sao Paulo 04301-902,
SP, Brazil; arevalogustavo92@gmail.com (G.A.-R.); inescordeiro@sp.gov.br (I1.C.)

2 Unidade Passos, Universidade do Estado de Minas Gerais, Passos 37900-106, MG, Brazil; fhurbath@gmail.com
Departamento de Botanica, Instituto de Biociéncias, Universidade de Sdo Paulo, Sao Paulo 05508-090,

SP, Brazil; erikapradomaximo@usp.br (E.P.); isabellagalvao97@gmail.com (1.G.)

Correspondence: diegodemarco@usp.br

Abstract: Stem succulence evolved independently in many plant lineages as an adaptation to arid
environments. One of the most interesting cases is the convergence between Cactaceae and Euphorbia,
which have anatomical adaptations mostly to increase photosynthetic capability and water storage.
Our goal was to describe the shoot development in two succulent species of Euphorbia using light
microscopy coupled with high-resolution X-ray-computed tomography. Collateral cortical bundles
were observed associated with the stem ribs in both species. The analysis of vasculature demonstrated
that these bundles are, in fact, leaf traces that run axially along a portion of the internode. That
structural pattern is due to an ontogenetic alteration. During shoot development, the leaf-bases
remain adnate to the stem near the SAM, forming an axial component. When the internode elongates,
the leaf bundles stretch as cortical bundles. The meristematic activity associated with the bundles
forms the stem ribs, as leaf veins near the node, and induce rib formation along the entire internode
even in the portion where the leaf traces join the stele. In addition, heterochronic shifts are also
involved in the evolution of the shoot system in these Euphorbia, being related to early deciduous
reduced leaves and the transference of the main photosynthetic function to the stem. This study
demonstrates for the first time the influence of leaf developmental shifts and stem rib formation in
Euphorbia and sheds new light on the evolution of stem succulence.
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1. Introduction

Among the numerous adaptive strategies found in arid environments, stem succulence
plays a pivotal role in plant survival. This evolutionary innovation probably occurred in
more than 30 families [1-5], as an important convergence which favored the occupation
of environments lacking water by distinct angiosperm lineages [6]. This strategy involves
organ thickening by means of the expansion of parenchyma (chlorophyll and water or starch
storage tissues) in the cortex or pith [6-9]. A most remarkable convergence case is observed
comparing cactiform species of Euphorbia (Euphorbiaceae) and cacti (Cactaceae) [10-14],
but it is not restricted to these two families. Stem succulence based on parenchyma
expansion has also been reported for several unrelated genera, such as Caralluma, Duvalia,
Echidnopsis, Hoodia, Huernia, Larryleachia, Pachypodium, Plumeria, Pseudolithos, and Stapelia in
Apocynaceae, Othonna and Senecio in Asteraceae, Tylecodon in Crassulaceae, Pelargonium and
Sarcocaulon in Geraniaceae, Dorstenia in Moraceae, and Cissus in Vitaceae [1,2,4,5,9,15-17].

Despite the fact that many valuable data on the origin and structure of the succulence
are available for leaves of some families [18-20] and stems of Cactaceae [9,21-24], little
is known about the succulent stems of Euphorbia (Euphorbiaceae). Even though some
xeromorphic characters related to succulence are apparently of the same morphological
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nature, their development and evolutionary shifts are practically unexplored, particularly
in groups with non-succulent ancestors [14], such as Euphorbia [25]. The need for further
studies to determine the origin of succulence in different lineages is reinforced by a study
of Mauseth [9], who reported the lack of many features typically considered xeromorphic
in succulent stems of 28 species from seven families other than Cactaceae.

Euphorbia L. is the largest genus of Euphorbiaceae and one of the largest within
angiosperms [26], with about 2000 species occurring worldwide, especially in arid and
semi-arid environments in the Tropics [27]. The genus has many life forms, such as herbs,
geophytes, trees and shrubs, which encompass the major diversity of succulent species
of the genus and are morphologically characterized as xerophytic cactiform species and
pencil-stem species [25]. The cactiform species usually have organs modified into thorns
and succulent and/or ribbed stems which are photosynthetic, at least in the young parts.
The pencil-stem species have similar features, but the stems are thinner and permanently
photosynthetic along the entire shoot system [25]. Remarkably, species of Euphorbia with
those morphologies usually have highly reduced leaves but some other species retained
large foliage leaves, decreasing the dependence on the stem photosynthesis, a trait much
rarer in Cactaceae [25,28,29].

The subgenus Euphorbia is recognized by the most intricate evolution of xeromorphic
growth form with five independent origins in the genus [25] and a wide diversity of
species found in Africa and Madagascar. Fifteen species occur in the Neotropics [30],
whose main monophyletic section is Euphorbia sect. Brasilienses V.W. Steinm. & Dorsey
with five succulent pencil-stem species: E. attastoma var. attastoma Rizzini, E. attastoma
var. xanthochlora Rizzini, E. holochlorina Rizzini, E. phosphorea Mart., E. sipolisii N.E.Br.
and E. tetrangularis Hurbath & Cordeiro. These five species are shrubs, usually ramified,
with succulent photosynthetic stems with 4-8 ribs, bearing reduced, early deciduous
leaves. They are endemic to Brazil, occurring in environments with sandy soils such as
“caatinga” (shrubland vegetation common to the arid climate of northeast Brazil) and rocky
uplands [31].

Succulent stems usually have abundant water-storage tissue and chlorenchyma [6-8,32-35]
and may have vascular modifications since the succulence is recurrently associated with
anatomical changes in the vascular tissues [19,20,36—40]. Although the xeromorphic fea-
tures of the cactiform Euphorbia are widely known, anatomical investigations of their stems
and early deciduous leaves are lacking.

Among the few anatomical studies performed in the genus, the presence of cor-
tical vascular bundles stands out as one of the striking unexpected features found in
some species [9,30,32,41,42], also reported for some Cactaceae [9,43—47]. The main func-
tion assigned to these bundles is to improve the transport of photo-assimilates from the
chlorenchyma to secondary vascular system and to provide mechanical support to the
shoot [30,46,48]. Additionally, Solereder [32] and Metcalfe & Chalk [33] reported a high de-
velopment of the cortex in succulent stems, mainly due to the activity of marginal meristem.
However, its action mechanism remains unclear.

Our study aimed to investigate the development and vascular architecture of pencil
stems and reduced leaves in Euphorbia in order to provide a model to understand the origin
of some xeromorphic features in succulent stems of the genus.

2. Results

Euphorbia attastoma and E. tetrangularis are candelabriform shrubs with succulent
branches of pencil-stem type. The leaves are reduced and restricted to the apex with
early abscission (Figure 1A). Both species have ribbed stems, showing six ribs and spiral
phyllotaxis in E. attastoma (Figure 1B) and four ribs and alternate, distichous leaves in
E. tetrangularis (Figure 1C). The ribs are found only in the internodes, arranged in alternate
groups of three projections, which coincide with the base of the leaves, which are simple
and sessile.
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Figure 1. Stem morphology and anatomy of Euphorbia attastoma (A,B,D,E) and E. tetrangularis (C,F-I).
Cross sections (D,E,F-I). (A) Stem ribs in frontal view (arrows) with leaves restricted to the shoot
apex. (B,C) Note the spiral leaves in (B) and alternate, distichous leaves with stipules in the leaf
base (dashed circle) in (C). (D) Detail of a rib showing many layers of chlorenchyma and a papillate
epidermis. (EF) Stem with a prominent vascular bundle in the eustele in each radius of the ribs,
numbering six in E. attastoma (E) and four in E. tetrangularis (F). Note the numerous branched laticifers
(arrowhead in (F)). (G) Detail of a vascular bundle of the eustele. (H) Median portion of the leaf with
chlorenchyma and vascular bundles. (I) Detail of the leaf axil with colleters (asterisk) and one of the
glomeriform stipules (arrow).

2.1. Anatomy

The stem of both species has a uniseriate papillate epidermis with stomata and a
cortex particularly thicker in the ribbed region due to the presence of dozens of layers of
parenchyma (Figure 1D). The cortex is divided in two regions: an outer cortex formed
by chlorenchyma with elongate cells near the epidermis and an inner cortex containing
several layers of parenchyma with starch grains. The vascular system is arranged in an
eustele of irregular shape (polygonal), whose angles vary according to the number of ribs
(Figure 1E,F). Each angle has a large bundle, which is considerably larger than the other
bundles (Figure 1G). In addition to the stele, vascular bundles are observed in the cortex,
opposite to the ribs, whose number varies according to the number of ribs (Figure 2A-F).
Branched laticifers occur throughout parenchyma and vascular bundles (Figure 1F).
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Figure 2. Ontogeny and vasculature of the shoot in Euphorbia attastoma (A,C,D,F) and E. tetrangularis
(B,E,G). (A) Origin of the leaf primordium (LP) in the flank of the shoot apical meristem (SAM).
(B) Leaves from distinct nodes in different developmental stages. Note the parenchymatic expansion
of the midrib of the leaf (dashed square). (C) Nodal region showing three leaf traces associated with
their respective ribs and the leaf gap (arrowhead). (D) Reduced leaf with three bundles and the
ribbed stem. (E) Detail of the anticlinal and periclinal division of the ground meristem cells during
rib development. (F) Divergence of leaf traces from the eustele, evidencing their relationship with the
stem ribs (arrows). Note the profuse multiplication of parenchyma in front of each trace, forming
the ribs (dashed squares). (G) Leaf terminal venation with areoles composed of tracheids (dashed
square). VB = vascular bundle.

The leaves are relatively small, varying from 6.7-11 x 2.2-3 mm and have a uniseriate
epidermis with stomata and chlorenchyma (Figure 1H). They have three vascular bundles
in the base, which subsequently branch in five to nine in the median portion (Figure 1H).
Laterally to the base of the leaf blade, a pair of glanduliform stipules with papillate epi-
dermis are formed together with a profusion of sessile colleters, which extend from one
stipule to the other along the leaf axil (Figure 2B). These colleters are formed by a secretory
palisade epidermis and a non-secretory parenchyma core (Figure 1I).

2.2. Shoot Ontogeny and Vasculature

The leaf primordium originates from the peripheral zone in the flank of shoot apical
meristem (SAM). The initiation occurs in regular plastochrons, which vary according to
the phyllotaxis (Figure 2A). During the expansion of the leaf primordium, its base remains
united to the stem primordium, becoming part of the axis. The subsequent intercalary
growth of the stem primordium elongates this adnate region, and the leaf-base is stretched
along a portion of the internode, where the leaf traces are observed as stem collateral
cortical bundles.

In this second stage of the shoot morphogenesis, the ground meristem in front of
the collateral cortical bundles (leaf bundles) generates numerous layers of parenchyma
(Figure 2E), which correspond to leaf veins. Ontogenetically, these veins are the ribs of the
stem, formed by the cortical bundle and a large amount of parenchyma, which doubles
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the thickness of the cortex. In regions without ribs, the cortex of both species is 1.5-2 mm
thick, but in the rib radius the cortex is about 4-4.5 mm. This relationship of the leaf
base as an axial component can also be perceived through the analysis of vasculature
(Figures 2 and 3), but it is not restricted to the portion of leaf-base adnation. In fact, since
the leaf-base becomes an axial component in the shoot apex, its incorporated vasculature
induces the proliferation of the ground meristem basipetally, both in the region with cortical
bundles and in the region without bundles, which, actually, corresponds to the most length
of the internode.

Figure 3. Microtomography with 3D-reconstruction of the shoot of Euphorbia attastoma. (A) General
view of the shoot. (B,C) Reconstructions of the area enclosed by the dashed lines in (A). (B) Detail of
the leaf traces (LT in red) connected to the eustele (Eu in blue) surrounding the medullary parenchyma
(P in gray). Note that the three leaf traces do not branch until reach the free portion of the leaf (L).
(C) Nodal region showing the leaf traces (LT in red).

Leaf morphogenesis is rapid. The free portion of the leaf, found around 1.5-2 cm
above the node, is comprised exclusively of the leaf blade. Early in leaf development,
meristems differentiate into mature tissues, stopping the leaf expansion. As a consequence,
the leaves remain small and are also early deciduous, being restricted to the apex portion
of the shoot. Thus, the photosynthesis of the plant is supplied almost entirely by the stem
with adnate leaf-bases.

Shoot vasculature varies according to evolutionary developmental shifts. In the nodal
region, three leaf traces diverge from the stele and occupy a peripheral position in the
cortex in the region of the stem rib, running parallel to the surface along the internode,
profoundly altering the stem morphology. These traces remain unbranched until the base
of the free portion of the leaf (Figure 3, Supplementary Material Video S1). In the leaf
blade, the three bundles ramify, forming secondary and tertiary veins, which terminate
with tracheids in the areoles (Figure 2G).
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3. Discussion

The present study revealed the origin and nature of the ribs of the succulent stems in
two Neotropical species of Euphorbia for the first time. Using developmental analysis and
3D-reconstruction techniques, we were able to demonstrate that the leaf-base is congenitally
adnate to the stem, as an axial component, and the development of the three main veins of
this base induces rib formation along the entire internode of the succulent pencil stems.

Succulent stems are common in Euphorbia, exhibiting ribs with reduced, early decidu-
ous leaves. Rudimentary leaves occur in other New World lineages with ribbed stems of
the subgenus Euphorbia, such as in E. pteroneura A. Berger (sect. Euphorbiastrum (Klotzsch &
Garcke) Boiss.), a Mexican species (sensu Dorsey et al. [27]). Ribbed stems also occur in
herbs, particularly in E. sect. Stachydium Boiss., the sister group of E. sect. Brasilienses, e.g.,
E. heterodoxa Miill. Arg., an endemic species from rocky outcrops in Northeastern of Brazil.
Other succulent lineages within the genus also have rudimentary leaves with succulent
ribbed and/or tuberculate stems. Those species belong to the Old World and are currently
classified in the subgenus Euphorbia and E. subg. Athymalus Neck. ex Rchb. [27,49]. Given
the diversity of species bearing ribbed stems in unrelated lineages, the main common
trait is the presence of rudimentary leaves. This fact is certainly involved in the stem
organogenesis in Euphorbia since the stem ribs are concomitantly produced with the leaf
primordium, exhibiting an easily recognizable relationship between both organs.

Restriction of leaf blade development and transference of function to stem, which
becomes the main photosynthetic organ of the plant, is usually related to succulent stems
in arid environments [9,48,50-53]. The enlargement of the cortex of these stems appears
to be related to the expansion of the photosynthetic tissue, in addition to the increment in
water and starch storage [9,48,51,54-58].

The cortex may be extremely broad in Cactaceae due to cortical bundles which produce
intrafascicular secondary phloem and xylem in many species [9,48,50]. On the other
hand, we did not observe any expansion of the stem tissues in Euphorbia due to vascular
proliferation of the cortical bundles. Actually, the non-separation of the leaf-base from
the SAM flank during the leaf primordium development seems to be the reason for the
succulence of the pencil stem in the genus. The maintenance of the leaf-base forming an
axial component has already been reported for plants of other families [59].

Fusion of the leaf adaxial side to the stem is not an uncommon process for bud protec-
tion in xerophytes since it reduces the water loss to the environment. This process usually
involves expansion of the leaf-base. In succulent species of Aizoaceae and Amaranthaceae,
a large expansion of the leaf-base around the SAM and a reduction in the leaf blade have
previously been reported [18,20,60]. This foliar characteristic appears to have evolved mul-
tiple times in these two families, coinciding with the aridification of southern Africa in the
Late Miocene [60-62]. However, there is no fusion of the leaf-base to the stem, as observed
in Euphorbia. Conversely, leaf fusion may be total in other lineages. In Podostemaceae, the
leaf-base is completely united to the promeristem, originating shoots apparently devoid of
SAM in the subfamily Podostemoideae [63].

In general, main xeromorphic features of the succulent stems are the increase in
parenchyma tissue of the cortex or pith, reduction of leaf size and number, and establish-
ment of mechanisms for water protection and its storage [9]. Regardless of the origin of
expanded cortical tissues of the succulent stems, the enlargement is associated with the
presence of cortical bundles. The emergence of cortical bundles was a key innovation in
the evolution of Cactoideae (Cactaceae), which allow some species to develop cortices up
to 30 cm thick keeping all their tissues hydrated [48,64]. If the cortex is unvascularized, the
slow transport of water by diffusion appears to limit the increase in cortex thickness [55,64].

Extrastelar vascular bundles, such as the collateral cortical bundles (leaf traces)
observed in the Neotropical Euphorbia sect. Brasilienses, have also been reported for
E. weberbaueri Mansf. (E. sect. Euphorbiastrum) (Klotzsch & Garcke) Boiss. [30], another
Neotropical species with ribs very similar to those described herein, and also for African
species as Euphorbia fortuita A.C. White, R.A. Dyer & B. Sloane, Euphorbia horrida Boiss.,
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Euphorbia obesa Hook. F. and Euphorbia officinarum L. [9]. Those additional bundles have
been reported for 55 eudicot families, extending along the internodes, as cortical bundles
or medullary bundles [33]. In the case of cortical bundles, Howard [65] observed that their
relationship with the leaves varies depending on the group analyzed and can be found
in the stem (1) unrelated to the leaf vasculature, (2) partially related to leaf vasculature or
(3) completely related to leaf vasculature. This third condition is the one discovered here in
Euphorbia attastoma and E. tetrangularis. This variation indicates that the mere occurrence of
cortical bundles in the stem does not necessarily imply adnation of the leaf to the stem. The
main example is the cacti, whose extensive set of cortical bundles, observed in addition
to the leaf/bud traces, are truly cauline, derived from procambial cells originated in the
cortical area near the shoot apical meristem [44,48,64].

Despite the fact that the origin of ribbed stems has not been investigated in other
species of Euphorbia, further anatomical studies may reveal similarities in relation to
our results, indicating the likely evolution of this character in other clades of the genus.
Mauseth [9] found that the leaf traces are related to the stem ribs in nine species of Euphorbia.
If this relationship exists between this type of stem succulence and leaf traces in other
species, we can assume that the number of ribs and their disposition depends on the phyl-
lotaxis and plastochron. This hypothesis is supported by the difference observed between
E. attastoma (six ribs) and E. tetrangularis (four ribs). This is related to the three leaf traces
that diverge from the eustele in different times during development, indicating a case of
heterochrony in closely phylogenetically related species. The ribs are surely associated
with the stem thickness, allowing the candelabriform morphology observed in E. sect.
Brasilienses and seems to be important to accommodate seasonal expansion and contraction
of stem [66].

The evolutionarily shift of plants from one form into another involves modifications
of the developmental patterns [48]. In this study, we verified that during the initial devel-
opment of leaf primordia, the leaf-base remains adnate to the developing stem in Euphorbia.
This congenital fusion of tissues displaces the orientation of the leaf traces, which are
oblique /horizontal and run directly to the leaf-base at the nodes in the vast majority of
angiosperms [65], to run roughly parallel to the surface of the stem along a short portion of
the internode (Figure 4).

Figure 4. Diagrams showing the leaf traces diverging from stele in Euphorbia attastoma (A) and
E. tetrangularis (B). Note that the leaf traces (red) diverge in groups of three in both species.
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Fusion of the leaf-base to the stem is not an uncommon event in angiosperms [67], but
the developmental process observed in Euphorbia appears to be an evolutionary novelty
and is described for the first time in this study. Despite the fact that the general leaf
development is well known and widely analyzed in textbooks and articles, the origin of the
stem is often neglected. After the formation of the leaf primordia in the shoot apex and the
establishment of the nodal regions, there is an elongation of the internode by multiplication
and elongation of the cells of the primary meristems [65]. This second stage of the stem
morphogenesis has been altered in the Euphorbia pencil stem. When the internode elongates,
the leaf-base united to the stem also elongates (Figure 5), stretching the leaf traces along
the internode. Consequently, the leaf is “displaced” to another region above its point of
origin (Figure 4).

Elongation

-

Elongation

Figure 5. Schematic drawings of two stages of shoot development. (A) Regular shoot development.
Note that the leaf-base participation in the axis is restricted to its point of origin at the node, even
after the internode elongation. (B) Shoot of Euphorbia attastoma and E. tetrangularis. Note that
adnate leaf-base forms an axial component, displacing the leaf to a region above the node. The
fused portion elongates along with the internode. The origins of axial tissues were colored in one
plastochron. Dashed line: node; blue: leaf-base component; yellow: cauline component; green:
indiscriminant components.
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The increment of foliar tissues into the stem considerably expanded the cortex, in-
creasing its photosynthetic capacity (Figure 5). Additionally, there is an early maturation of
the leaf meristems, interrupting the leaf blade development and producing very reduced
leaves. This type of developmental shift of the tissue differentiation timing is known as
heterochrony and has been shown to be one of the main processes in plant evolution [68].
In addition, some heterochronic changes may lead to transfer of function (heterotopy) due
to spatial relationships that change over time [69]. This can be observed in the cactiform
species of Euphorbia, whose stem becomes the main photosynthetic organ of the plant due
to the early leaf abscission.

Despite our observation that cortical bundles (leaf traces) elongate for a short region
of the stem above the node, these vascular bundles undoubtedly stimulate parenchyma
proliferation, forming the ribs continuously along the entire internode. To date, it is
not possible to infer which endogenous signal is responsible for this change in stem
tissues. However, previous studies show that the hormonal stimulus responsible for the
differentiation of procambium, and consequently the vascular bundles in shoots, is the
auxin. Polar auxin gradients induce procambium differentiation along the path of its flow
and may regulate vascular adaptation to the plant’s environment [70,71]. Thus, if auxin
is related to the differentiation of cortical bundles, we can hypothesize that auxin is also
related to rib differentiation regardless of the presence of cortical bundles from one node to
the other, deviating from the expected transport pathway due to the adnation of the leaf
base to the stem. Further immunocytochemical studies are needed to definitively verify this
hypothesis and clarify the physiological regulation of succulence evolution in Euphorbia.

4. Materials and Methods

For this study two species of E. sect. Brasilienses were selected: E. attastoma (Hurbath
853, 854) and E. tetrangularis (Hurbath 844). The samples were collected from three individ-
uals of each species cultivated in glasshouse at Instituto de Biociéncias at the Universidade
de Sao Paulo. Vouchers of the species were deposited at SP Herbarium.

Shoots were fixed in FAA for 24 h (formalin, acetic acid, 50% ethanol 1:1:18 v:v) [72]
and then stored in 70% ethanol. Entire leaves were first cleared using 100% ethanol,
then treated with 10% sodium hydroxide for 2 h, followed by 5% sodium hypochlorite.
The leaves were stained with 1% safranin and mounted in Kaiser’s glycerin gelatin [73].
For anatomical analyses, shoot apices were isolated, dehydrated in a butyl series [72],
embedded in Paraplast® (Leica Microsystems, Wetzlar, Germany) and transversely or
longitudinally sectioned using a Leica RM2145 rotary microtome. Sections 12 um thick
were stained with astra blue and safranin [74], and the slides were mounted in Permount®
(Fisher Scientific, Pittsburgh, PA, USA). The photomicrographs were taken using a Leica
DMLB light microscope coupled with a digital camera.

For high-resolution X-ray-computed tomography (HRXCT), we used the fixed shoots
of E. attastoma, which were treated with phosphotungstic acid in 70% ethanol for one
week. Subsequently, the samples were dehydrated in an ascending ethyl series containing
1% phosphotungstic acid (1:1; v:v) and wrapped with parafilm in a tube filled with 100%
ethanol. Finally, the samples were scanned using a SkyScan 1176 microtomograph (Bruker,
Billerica, MA, USA). The exposure time was approximately 4 h per sample and for the
3D reconstruction we used the software CTVox and CTVol, 3D Doctor (Able Software
Corp., Lexington, KY, USA) and 3D Slicer. Image sequences and the video (Supplementary
Material) were segmented automatically and manually.

The vasculature diagrams were made based on the microscopic observations and the
high-resolution X-ray-computed tomography, using the software Cinema 4D (Friedrichs-
dorf, Hesse, Germany) and Adobe Photoshop (San Jose, CA, USA).

5. Conclusions

We demonstrate for the first time that the succulence of the pencil stem in Euphorbia is
due to the incorporation of the leaf-base as an axial component during shoot development.



Plants 2022, 11, 1076 10 of 12

This joining of tissues doubles the thickness of the cortex of stem and its amount of
photosynthetic tissue. The elongation of the internode joined to the leaf-base transforms
the leaf traces into cortical bundles that are associated with proliferation of the parenchyma,
forming the stem ribs. A likely hormonal signal from the leaf is transported basipetally
along the entire internode, inducing rib formation regardless of the presence of cortical
bundles. Heterochronic shifts are also involved in the evolution of the very small leaves of
Euphorbia, their early abscission and the transference of the main photosynthetic function
to the stem. A major sampling is needed to evaluate the specific role of these features in the
adaptive success of the Euphorbia and its diversification in arid environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11081076/s1, Video S1: Microtomographic reconstruction
of the shoot of Euphorbia attastoma.

Author Contributions: Conceptualization: D.D.; data curation: G.A.-R., E.P,, .G. and D.D.; funding
acquisition: G.A.-R. and I.C,; investigation: G.A.-R., EH., E.P, .G, L.C. and D.D.; methodology:
G.A.-R, EP, LG. and D.D.; resources: G.A.-R., I.C. and D.D.; supervision: I.C. and D.D.; validation:
G.A-R,EP, LG, IC. and D.D,; visualization: G.A.-R., E.P,, .G. and D.D.; writing—original draft:
G.A-R, I.C. and D.D.; writing—review and editing: G.A.-R., FH., EP, .G, I.C. and D.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico (CNPq proc. #169737/2018-7 and #311275/2019-2) and Fundacao de Apoio a Pesquisa do
Estado de Sao Paulo (FAPESP proc. 11812-1/2015).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All figures and tables of this manuscript have been unpublished and
were made specifically for this article.

Acknowledgments: This study is part of the PhD dissertation of the first author in the Programa de
P6s-Graduacao em Biodiversidade Vegetal e Meio Ambiente of the Instituto de Pesquisas Ambientais-
PEFI, Sao Paulo, Brazil. The authors thank CNPq for financial support and Instituto de Biociéncias at
Universidade de Sao Paulo and Instituto de Botanica, where this study took place.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jacobsen, H. A Handbook of Succulent Plants; Blandford Press: London, UK, 1960.

2. Albers, F.; Meve, U. lllustrated Handbook of Succulent Plants: Asclepiadaceae; Springer: Berlin, Germany, 2002.

3. Eggli, U. lllustrated Handbook of Succulent Plants: Monocotyledons; Springer: Berlin, Germany, 2001.

4. Eggli, U. lllustrated Handbook of Succulent Plants: Dicotyledons; Springer: Berlin, Germany, 2002.

5. Eggli, U. lllustrated Handbook of Succulent Plants: Crassulaceae; Springer: Berlin, Germany, 2003.

6. von Willert, D.B.; Eller, M.; Werger, M.].A_; Brinckmann, E.; Thlenfeldt, H.D. Life Strategies of Succulents in Deserts with Special
Reference to the Namib Desert; Cambridge University Press: Cambridge, UK, 1992.

7.  Gibson, A.C. The Anatomy of Succulence. In Crassulacean Acid Metabolism: Proceedings of the Fifth Annual Symposium in Botany, Los
Angeles, CA, USA, 14-16 January 1982; Ting, 1.P., Gibbs, M., Eds.; American Society of Plant Physiologists: Rockville, MD, USA,
1982; pp. 1-15.

8.  Gibson, A.C.; Nobel, P.S. The Cactus Primer; Harvard University Press: Cambridge, MA, USA, 1986.

9.  Mauseth, ].D. The structure of photosynthetic succulent stems in plants other than cacti. Int. J. Plant Sci. 2004, 165, 1-9. [CrossRef]

10. Raven, PH,; Evert, R.F,; Eichhorn, S.E. Biology of Plants, 4th ed.; Worth Publishers: New York, NY, USA, 1986.

11.  Futuyma, D.J. Evolutionary Biology, 3rd ed.; Sinauer Associates: Sunderland, MA, USA, 1997.

12.  Niklas, K. The Evolutionary Biology of Plants; The University of Chicago Press: Chicago, IL, USA, 1997.

13. Stearn, S.C.; Hoekstra, R.F. Evolution: An Introduction, 2nd ed.; Oxford University Press: Oxford, UK, 2005.

14. Hearn, D.]. Developmental patterns in anatomy are shared among separate evolutionary origins of stem succulent and storage
root-bearing growth habits in Adenia (Passifloraceae). Am. J. Bot. 2009, 96, 1941-1956. [CrossRef] [PubMed]

15. Thlenfeldt, H.D. Lebensformen und Uberlebensstrategien bei Sukkulenten. Ber. Deut. Bot. Ges. 1985, 98, 409—-423.

16. Sajeva, M.; Costanzo, M. Succulents: The Illustrated Dictionary; Timber Press: Portland, OR, USA, 1994.

17.  Sajeva, M.; Costanzo, M. Succulents II: The New Illustrated Dictionary; Le Lettere: Florence, Italy, 2000.


https://www.mdpi.com/article/10.3390/plants11081076/s1
https://www.mdpi.com/article/10.3390/plants11081076/s1
http://doi.org/10.1086/380978
http://doi.org/10.3732/ajb.0800203
http://www.ncbi.nlm.nih.gov/pubmed/21622314

Plants 2022, 11, 1076 11 of 12

18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

50.
51.

Melo-de-Pinna, G.F.A.; Ogura, A.S.; Arruda, E.C.P; Klak, C. Repeated evolution of endoscopic peripheral vascular bundles in
succulent leaves of Aizoaceae (Caryophyllales). Taxon 2014, 63, 1037-1052. [CrossRef]

Melo-de-Pinna, G.EA.; Hernandes-Lopes, J.; Ogura, A.S.; Santos, L.K,; Silva, D.C.; Haevermans, T. Growth patterns and different
arrangements of vascular tissues in succulent leaves. Int. J. Plant. Sci. 2016, 177, 643—-660. [CrossRef]

Ogura, A.S.; Hernandes-Lopes, ].; Melo-de-Pinna, G.F.A. A new anatomical interpretation for abaxialization in unifacial leaf
blade of stone plants (Aizoaceae, Caryophyllales). Braz. J. Bot. 2018, 41, 751-764. [CrossRef]

Mauseth, ].D.; Kiesling, R. Comparative anatomy of Neoraimondia roseiflora and Neocardenasia herzogiana (Cactaceae). Haseltonia
1997, 5, 37-50.

Mauseth, J.D. Theoretical aspects of surface-to-volume ratios and water-storage capacities of succulent shoots. Am. J. Bot. 2000,
88, 1107-1115. [CrossRef]

Anderson, E.F. The Cactus Family; Timber Press: Portland, OR, USA, 2001.

Terrazas, S.T.; Mauseth, J.D. Shoot Anatomy and Morphology. In Cacti: Biology and Uses; Nobel, P.S., Ed.; University of California
Press: Berkeley, CA, USA, 2002; pp. 23—40.

Horn, ] W,; van Ee, BW.; Morawetz, ].].; Riina, R.; Steinmann, V.W.; Berry, PE.; Wurdack, K.J. Phylogenetics and the evolution of
major structural characters in the giant genus Euphorbia L. (Euphorbiaceae). Mol. Phylogenet. Evol. 2012, 63, 305-326. [CrossRef]
Frodin, D.G. History and concepts of big plant genera. Taxon 2004, 53, 753-776.

Dorsey, B.L.; Haevermans, T.; Aubriot, X.; Morawetz, ].J.; Riina, R.G.; Steinmann, V.W.; Berry, P.E. Phylogenetics, morphological
evolution, and classification of Euphorbia subgenus Euphorbia. Taxon 2013, 62, 291-315. [CrossRef]

Edwards, E.J.; Nyffeler, R.; Donoghue, M.]. Basal cactus phylogeny: Implications of the Pereskia (Cactaceae) paraphyly for the
transition to the cactus life form. Am. J. Bot. 2005, 92, 1177-1188. [CrossRef]

Hernandez-Hernandez, T.; Herndndez, H.M.; Arturo De-Nova, ].; Puente, R.; Eguiarte, L.E.; Magallén, S. Phylogenetic relation-
ships and evolution of growth form in Cactaceae (Caryophyllales, Eudicotyledoneae). Am. J. Bot. 2011, 98, 44—61. [CrossRef]
[PubMed]

Steinmann, V.W. The Evolution of Succulence in the New World Species of Euphorbia (Euphorbiaceae). Ph.D. Thesis, Claremont
Graduate University, Claremont, CA, USA, 2001.

Hurbath, F. Sistematica, Estrutura Genética de Populagoes e Filogeografia de Euphorbia sect. Brasilienses V.W. Steinm. & Dorsey
(Euphorbiaceae). Ph.D. Thesis, Instituto de Botanica, Sao Paulo, SP, Brazil, 2018.

Solereder, H. Systematic Anatomy of the Dicotyledons, 2nd ed.; Clarendon Press: Oxford, UK, 1908.

Metcalfe, C.R.; Chalk, L. Anatomy of the Dicotyledons; Clarendon Press: Oxford, UK, 1950.

Bobich, E.G.; North, G.B. Structural implications of succulence: Architecture, anatomy, and mechanics of photosynthetic stem
succulents, pachycauls, and leaf succulents. In Perspectives in Biophysical Plant Ecophysiology: A Tribute to Park S. Nobel; De la
Barrera, E., Smith, WK, Eds.; Universidad Nacional Auténoma de México: Mexico City, Mexico, 2009; pp. 3-37.

Rowley, G.D. Caudiciform and Pachycaul Succulents: Pachycauls, Bottle-, Barrel- and Elephant Trees and Their Kin; Strawberry Press:
Mill Valley, CA, USA, 1987.

Eames, A.].; MacDaniels, L.H. An Introduction to Plant Anatomy; McGraw-Hill: New York, NY, USA, 1947.

Esau, K. Anatomy of Seed Plants, 2nd ed.; Wiley: New York, NY, USA, 1977.

Kaplan, D.R. Fundamental concepts of leaf morphology and morphogenesis: A contribution to the interpretation of molecular
genetic mutants. Int. . Plant. Sci. 2001, 162, 465-474. [CrossRef]

Ogburn, RM.; Edwards, E.J. Repeated origin of three-dimensional leaf venation releases constraints on the evolution of succulence
in plants. Curr. Biol. 2013, 23, 1-5. [CrossRef] [PubMed]

Hernandes-Lopes, J.; Oliveira-Neto, M.A.; Melo-de-Pinna, G.F.A. Different ways to build succulent leaves in Portulacineae
(Caryophyllales). Int. . Plant Sci. 2016, 177, 198-208. [CrossRef]

Kniep, H. Uber die Bedeutung des Milchsafts der Pflanzen. Flora Allg. Bot. Ztg. 1905, 94, 129-205.

Trumpke, H. Beitrige zur Anatomie der Sukkulen Euphorbien; Schlesische Volkszeitung: Breslau, Poland, 1914.

Sajeva, M.; Mauseth, ].D. Leaf-like structure in the photosynthetic, succulent stems of cacti. Ann. Bot. 1991, 68, 405-411. [CrossRef]
Mauseth, J.D. Blossfeldia lacks cortical bundles and persistent epidermis; is it basal within Cactoideae? Bradleya 2006, 24, 73-82.
[CrossRef]

Terrazas, T.; Escamilla-Molina, R.; Vazquez-Sanchez, M. Variation in the tracheary elements in species of Coryphantha (Cacteae-
Cactoideae) with contrasting morphology: The bottleneck model. Braz. J. Bot. 2016, 39, 669—-678. [CrossRef]

Schwager, H.; Neinhuis, C.; Mauseth, ].D. Secondary growth of the leaf and bud traces in Hylocereus undatus (Cactaceae) during
the formation of branches or flowers. Int. |. Plant. Sci. 2015, 176, 762-769. [CrossRef]

Mauseth, J. Many cacti have clusters of terminal tracheids on their cortical bundles. Haseltonia 2018, 24, 64-74. [CrossRef]
Mauseth, J.D.; Sajeva, M. Cortical bundles in the persistent, photosynthetic stems of Cacti. Ann. Bot. 1992, 70, 317-324. [CrossRef]
Peirson, ].; Bruyns, P; Riina, R.; Morawetz, J.; Berry, P. A molecular phylogeny and classification of the largely succulent and
mainly African Euphorbia subg. Athymalus (Euphorbiaceae). Taxon 2013, 62, 1178-1199. [CrossRef]

Boke, N.H. Developmental morphology and anatomy in Cactaceae. BioScience 1980, 30, 605-610. [CrossRef]

Nobel, P.S. Water relations and photosynthesis of a barrel cactus, Ferocactus acanthodes, in the Colorado desert. Oecologia 1977, 27,
117-133. [CrossRef] [PubMed]


http://doi.org/10.12705/635.8
http://doi.org/10.1086/688258
http://doi.org/10.1007/s40415-018-0480-x
http://doi.org/10.2307/2656647
http://doi.org/10.1016/j.ympev.2011.12.022
http://doi.org/10.12705/622.1
http://doi.org/10.3732/ajb.92.7.1177
http://doi.org/10.3732/ajb.1000129
http://www.ncbi.nlm.nih.gov/pubmed/21613084
http://doi.org/10.1086/320135
http://doi.org/10.1016/j.cub.2013.03.029
http://www.ncbi.nlm.nih.gov/pubmed/23583553
http://doi.org/10.1086/684178
http://doi.org/10.1093/oxfordjournals.aob.a088271
http://doi.org/10.25223/brad.n24.2006.a7
http://doi.org/10.1007/s40415-016-0249-z
http://doi.org/10.1086/682411
http://doi.org/10.2985/026.024.0101
http://doi.org/10.1093/oxfordjournals.aob.a088480
http://doi.org/10.12705/626.12
http://doi.org/10.2307/1308111
http://doi.org/10.1007/BF00345817
http://www.ncbi.nlm.nih.gov/pubmed/28309721

Plants 2022, 11, 1076 12 of 12

52.

53.

54.
55.

56.

57.

58.

59.
60.

61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.

73.

74.

Nobel, PS. Interception of photosynthetically active radiation by cacti of different morphology. Oecologia 1980, 45, 160-166.
[CrossRef]

Darling, M.S. 1989. Epidermis and hypodermis of the saguaro cactus (Cereus giganteus): Anatomy and spectral properties. Am. J.
Bot. 1989, 76, 1698-1706. [CrossRef]

Boke, N.H. Histogenesis of the vegetative shoot in Echinocereus. Am. J. Bot. 1951, 38, 23-38. [CrossRef]

Barcikowski, W.; Nobel, P.S. Water relations of cacti during desiccation: Distribution of water in tissues. Bot. Gaz. 1984, 145,
110-115. [CrossRef]

Mauseth, ].D.; Ross, R.G. Systematic anatomy of the primitive cereoid cactus Leptocereus quadricostatus. Bradleya 1988, 6, 49-64.
[CrossRef]

Mauseth, ].D. Comparative structure-function studies within a strongly dimorphic plant, Melocactus intortus (Cactaceae). Bradleya
1989, 1, 1-12. [CrossRef]

Mauseth, ].D. Morphogenesis in a highly reduced plant; the endophyte of Tristerix aphyllus (Loranthaceae). Bot. Gaz. 1990, 151,
348-353. [CrossRef]

Mitra, G.C.; Majumdar, G.P. The leaf-base and the internode: Their true morphology. Palaeobotanist 1952, 1, 351-367.

Kadereit, G.; Mucina, L; Freitag, H. Phylogeny of Salicornioideae (Chenopodiaceae): Diversification, biogeography, and evolu-
tionary trends in leaf and flower morphology. Taxon 2006, 55, 617-642. [CrossRef]

Klak, C.; Reeves, G.; Hedderson, T.A.J. Unmatched tempo of evolution in southern African semi-desert ice plants. Nature 2004,
427, 63-65. [CrossRef]

Valente, L.M.; Britton, A.W.; Powell, M.P,; Papadopulos, A.S.T.; Burgoyne, PM.; Savolainen, V. Correlates of hyperdiversity in
southern African ice plants. Bot. |. Linn. Soc. 2014, 174, 110-129. [CrossRef]

Jager-Ziirn, I. Shoot apex and spathella: Two problematical structures of Podostemaceae-Podostemoideae. Plant Syst. Evol. 2005,
253, 209-218. [CrossRef]

Mauseth, J.D. Structure-function relationships in highly modified shoots of Cactaceae. Ann. Bot. 2006, 98, 901-926. [CrossRef]
Howard, R. The stem-node-leaf continuum of the dicotyledoneae. |. Arnold Arbor. 1974, 55, 125-181. [CrossRef]

Gibson, A.C.; Horak, K.E. Systematic anatomy and phylogeny of Mexican columnar cacti. Ann. Mo. Bot. Gard. 1978, 65, 999-1057.
[CrossRef]

Majumdar, G.P. Stipules, stipels, ligules and leaf-sheath. Proc. Indian Acad. Sci. 1956, 43, 9-22. [CrossRef]

Kellogg, E.A. Are Macroevolution and Microevolution Qualitatively Different? Evidence from Poaceae and Other Families. In
Developmental Genetics and Plant Evolution; Cronk, Q.C.B., Bateman, R.M., Hawkins, J.A., Eds.; Taylor & Francis: London, UK,
2002; pp- 70-84.

Baum, D.A.; Donoghue, M.]. Transference of Function, Heterotopy and the Evolution of Plant Development. In Developmental
Genetics and Plant Evolution; Cronk, Q.C.B., Bateman, R.M., Hawkins, J.A., Eds.; Taylor & Francis: London, UK, 2002; pp. 52-69.
Aloni, R. The Induction of Vascular Tissues by Auxin. In Plant Hormones; Davies, P]., Ed.; Springer: Dordrecht, The Netherlands,
2010; pp. 485-506.

Aloni, R. Ecophysiological implications of vascular differentiation and plant evolution. Trees 2015, 29, 1-16.

Johansen, D.A. Plant Microtechnique; McGraw-Hill: New York, NY, USA, 1940.

Kraus, J.E.; Arduin, M. Manual Bisico de Métodos em Morfologia Vegetal; Editora da Universidade Federal Rural do Rio de Janeiro:
Seropédica, Brazil, 1997.

Gerlach, D. Botanische Mikrotechnik: Eine Einfithrung, 3rd ed.; Georg Thieme: Stuttgart, Germany, 1984.


http://doi.org/10.1007/BF00346455
http://doi.org/10.1002/j.1537-2197.1989.tb15155.x
http://doi.org/10.1002/j.1537-2197.1951.tb14244.x
http://doi.org/10.1086/337433
http://doi.org/10.25223/brad.n6.1988.a2
http://doi.org/10.25223/brad.n7.1989.a1
http://doi.org/10.1086/337835
http://doi.org/10.2307/25065639
http://doi.org/10.1038/nature02243
http://doi.org/10.1111/boj.12117
http://doi.org/10.1007/s00606-005-0297-5
http://doi.org/10.1093/aob/mcl133
http://doi.org/10.5962/p.185835
http://doi.org/10.2307/2398781
http://doi.org/10.1007/BF03050214

	Introduction 
	Results 
	Anatomy 
	Shoot Ontogeny and Vasculature 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

