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ABSTRACT
Succulent angiosperm plants are characterized by the presence of large amounts of water storage tissue 
as an adaptation to habitats where water is unavailable seasonally or in microhabitats where water is 
of limited access. In this study, I describe the anatomy of stem and caudex of ten species of succulent 
plants from eight plant families in the Rosids clade. There are two characteristics of wood among all 
species with single continuous cambium or successive cambium: 1) extensive parenchyma tissue in 
ray system and/or axial system; and 2) extensive thin-walled fiber tissue in the axial system. Out of ten 
species, five present proliferation of the parenchyma tissue in their radial system: Ceropegia africana 
R. Br., Momordica rostrata Zimm., Oxalis megalorrhiza Jacq., Adenia glauca Schinz and Cyphostemma 
juttae (Dinter & Gilg) Desc. Five species were fibrous-wood succulents: Jatropha curcas L., J. macran-
tha Müll. Arg., Adenium obesum (Forssk.) Roem. & Schult., Pelargonium carnosum (L.) L’Hér. and 
Moringa drouhardii Jum. Out of ten, one presents an axial system without visible fibers: Cyphostemma 
juttae (Dinter & Gilg) Desc. Despite to belong to seven different orders, the studied species show 
structural similarity: extensive parenchyma in the ray system and thin-walled fibers in the axial sys-
tem. These results suggest multiple independent origins for the anatomical structure of succulence.

RÉSUMÉ
Anatomie de la tige et du caudex des espèces de plantes succulentes.
Les plantes angiospermes succulentes sont caractérisées par la présence de grandes quantités de tissu 
de stockage d’eau comme adaptation aux habitats où l’eau n’est pas disponible de façon saisonnière 
ou dans les microhabitats où l’eau est d’accès limité. Dans cette étude, je décris l’anatomie de la tige 
et du caudex de dix espèces de plantes succulentes de huit familles de plantes du clade des Rosides. Il 
existe deux caractéristiques du bois parmi toutes les essences à cambium continu unique ou à cambium 
successif : 1) un tissu de parenchyme étendu dans le système des rayons et/ou le système axial ; et 2) 
un tissu fibreux étendu à parois minces dans le système axial. Sur dix espèces, cinq présentent une 
prolifération du tissu du parenchyme dans leur système radial : Ceropegia africana R. Br., Momordica 
rostrata Zimm., Oxalis megalorrhiza Jacq., Adenia glauca Schinz et Cyphostemma juttae (Dinter & 
Gilg) Desc. Cinq espèces étaient des succulentes à bois fibreux : Jatropha curcas L., J. macrantha Müll. 
Arg., Adenium obesum (Forssk.) Roem. & Schult., Pelargonium carnosum (L.) L’Hér. et Moringa 
drouhardii Jum. Sur les dix, une présente un système axial sans fibres visibles : Cyphostemma juttae 
(Dinter & Gilg) Desc. Bien qu’appartenant à sept ordres différents, les espèces étudiées présentent 
une similitude structurelle : un parenchyme étendu dans le système des rayons et des fibres à parois 
minces dans le système axial. Ces résultats suggèrent de multiples origines indépendantes à l'expres-
sion anatomique de la succulence.
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INTRODUCTION

Xerophytes have developed many strategies to stand 
periods of drought (von Willert 1992; Mauseth 2004a; 
Srivastava 2002). These adaptations include succulence, 
carbohydrate storage, and crassulacean acid metabolism 
among others (Arakaki et al. 2011; Evans et al. 2014; Spicer 
2014). Succulence evolved as an adaptation to limited 
water resource and, it is defined as the presence of tissue, 
in any plant organ, for storage of large volumes of water 
(Eggli & Nyffeler 2009; Arakaki et al. 2011; Ogburn & 
Edwards 2012). It originated independently in several 
lineages of angiosperms (Nyffeler & Eggli 2010) and has 
a wide phylogenetic distribution (Ávila-Lovera & Ezcurra 
2016). It occurs in 32 orders, 83 families and represents 
4% of the total number of angiosperm species (Nyffel-
er & Eggli 2010). There is high morphological variation 
of succulence (Evans et al. 2014) and sometimes it is not 
easy to recognize because the tissue is distributed contin-
uously across organs (e.g., root, hypocotyl, epicotyl and 
shoot; von Willert 1992). 

Wood succulence is characterized by proliferation of 
cells in secondary growth of single vascular cambium or 
successive cambium (Carlquist 2001). Proliferation is 
achieved by increasing the volume of individual cells and 
by increasing the number of cells (e.g., Fouqueria, Adenia) 
(Carlquist 2001; Hearn 2006). In single cambium, for ex-
ample, rayless Crassulaceae has an axial parenchyma that 
form ground tissue while in Moringa (Moringaceae) there 
are wide bands of vasicentric paratracheal parenchyma. 
Apotracheal parenchyma with large cells is present in Bom-
bax, Adansonia and Chorisia (Malvaceae) (Mauseth 1988; 
Carlquist 2001; Stevens 2001). In successive cambium, 
for example, multiseriate rays and conjunctive tissue have 
parenchyma that forms ground tissue in Dendrosicyos soco-
trona (Cucurbitaceae), Adenia (Passifloraceae), Avicennia 
(Acanthaceae) (Olson 2003; Hearn 2006; Carlquist 2007; 
Robert et al. 2011). 

Succulent traits are the result of intricate relationships 
between morphology, physiology, and the environment 
(Eggli & Nyffeler 2009). Previous studies of succulent 
plants have focused on physiological traits (Ávila-Lovera & 

Table 1. — Wood characteristics of stem and caudex in ten succulent plant species. Percentage of axial matrix vs radial matrix. Wood thickness measured from 
the beginning of the vascular cambium. Abbreviations: S, stem; C, caudex; Pa, parenchymatous wood; F, fibrous wood; NA, not applicable; A, absent; P, present. 
All measurements are in micrometers (µm) unless stated otherwise.

Taxa

Stem (S)
Caudex 
(C)

Presence/
absence Wood

Axial 
matrix ~ 
(%)

Radial 
matrix ~ 
(%)

Wood 
thickness 
(µm)

Successive 
cambium

Single 
continuous 
cambium

GENTIANALES/APOCYNACEAE

Adenium obesum (Forssk.) Roem. & Schult. S P NA NA NA NA A P
C P F 73 27 4493 A P

Ceropegia africana R. Br. S P NA NA NA NA A A
C P Pa 13 87 2405 P A

CUCURBITALES/CUCURBITACEAE

Momordica rostrata Zimm. S P Pa 27 73 2911 P A
C P Pa 33 67 3417 P A

MALPIGHIALES/EUPHORBIACEAE

Jatropha curcas L. S P NA NA NA NA A P
C P F 64 36 2531 A P

Jatropha macrantha Müll. Arg. S P F 63 37 1060 A P
C A A NA NA NA NA NA

GERANIALES/GERANIACEAE

Pelargonium carnosum (L.) L’Hér.  S P PF 58 42 949 A P
C A A NA NA NA NA NA

BRASSICALES/MORINGACEAE

Moringa drouhardii Jum. S P F 88 12 2025 A P
C A A NA NA NA NA NA

OXALIDALES/OXALIDACEAE

Oxalis megalorrhiza Jacq. S P Pa 44 56 1645 A P
C A NA NA NA NA NA NA

MALPIGHIALES/PASSIFLORACEAE

Adenia glauca Schinz S P Pa 39 61 506 A P
C P Pa 27 73 6835 P A

VITALES/VITACEAE

Cyphostemma juttae (Dinter & Gilg) Desc. S P Pa 15 85 2278 A P
C P Pa 14 86 7848 A P
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Ezcurra 2016; Ogburn & Edwards 2012, 2013), anatom-
ical studies have focused on single families (e.g., Aizoa-
ceae, Caricaceae, Cactaceae, Didiereceae, Moringaceae) 
(Landrum 2001; Carlquist 1998; Sajeva & Mauseth 1991; 
Mauseth & Plemons 1995; Mauseth & Plemons-Rodri-
guez 1997, 1998; Anderson 2001; Hernandez-Hernandez 
et al. 2011; den Outer & van Veenendaal 1980; Olson & 
Carlquist 2001), few families (e.g., Cactaceae, Didiereceae) 
(Arakaki et al. 2011), or genera (e.g., Adenia, Euphorbia, 
Pelargonium) (Hearn 2006, 2009b; Evans et al. 2014; van 
der Walt et al. 1987). 

Comprehensive anatomical comparative reviews of an-
giosperms were presented by (Metcalfe & Chalk 1950) and 
(Carlquist 2001). Comparative studies of the anatomy in 
non-woody succulents were published by (Mauseth 2004a). 
The aim of the present study was to describe the anatomy 
of wood in stems and caudices of ten plant species that 
belong to seven orders of the Rosids clade.

MATERIAL AND METHODS

Plant material

Taxonomic nomenclature follows IPNI (https://www.ipni.org) 
and Tropicos (https://www.tropicos.org). Ten species, repre-
senting seven orders of Rosids, were considered for this study 
(The Angiosperm Phylogeny Group et al. 2016) (Table 1). 
One plantlet specimen of each species was obtained from 
The Huntington Botanical Garden (California) and vouch-
er specimens were deposited in the Plant Resources Center 
Herbarium (TEX). The exact age of the specimens was not 
provided, but it was estimated that they were few years old. 
Each specimen was dissected following (Mauseth & Plemons 
1995; Mauseth 2004b) methodology.

Light microscopy preparation samples

The dissected samples were fixed in Navashin’s solution, de-
hydrated through tertiary-butanol series, and embedded in 
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Fig. 1. — Transverse sections of stems and caudices, unless otherwise noted: A-C, Adenium obesum (Forssk.) Roem. & Schult.; A, stem, bicollateral bundle; 
B, caudex, cortex laticifers and fibrous wood; C, caudex, fibrous wood, thin-walled libriform fibers, tangential section; D-F, Ceropegia africana R. Br.; D, stem, 
bicollateral bundles; E, stem, extraxylary gelatinous fibers; F, caudex, conjunctive tissue, parenchyma cells are proliferated in wood; G-I, Momordica rostrata Zimm; 
G, stem, wood; H, caudex, wood; I, caudex, conjunctive tissue bordered by secondary phloem. Abbreviations: bc, bicollateral bundle; l, laticifer; p, parenchyma 
cells; gf, gelatinous fibers; ct, conjunctive tissue; pw, parenchymatous wood; fw, fibrous wood; sp, secondary phloem. Scale bars: 50 µm.

https://www.ipni.org
https://www.tropicos.org
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Paraplast® Plus. Each sample was cut at 12 to 20 µm using a 
rotary microtome and then mounted on microscope slides. 
Three voucher slides per cut were stored at James Mauseth 
laboratory slide collection numbered 401-421, 429 and 439 
in University of Texas at Austin. One slide per sample was 
stained in safranin (1 g safranin, 50 mL 7-methoxyethanol, 
7 mL Formalin. I g sodium acetate, 50 mL 50% EtOH) for 
about eight hours, then rinsed in water and treated for 5 min 
with 1% chromic acid in water. Rinsed in water again and 
quickly put through a series of dehydration EtOH. Treated 
for 8 s with Fast Green (0.5 g Fast Green, 50 mL abs EtOH. 
25 mL xylene, 25 mL clove oil; stir overnight and filter before 
use), rinsed in abs EtOH. Then rinsed in a mixture of 25% 
clove oil, 33% xylene, and 42% abs EtOH. Finally, cleared 
for 10 min in a mixture of clove oil, xylene, and abs EtOH 
(2-parts, 1-part, 1-part) (Mauseth et al. 1984). 

In order to quantify the relative amount of wood in transversal 
section, I used an ocular scale and then transformed its units 
to micrometers. Wood extent was measured from the edge 
of the vascular cambium to the pith; the sections on which 
the limit between the axial and ray systems was unclear were 
not measured. An arbitrary threshold of 50 % between axial 
and ray systems was used to assign wood to two categories: 
fibrous (> 50% of axial system) or parenchymatous (< 50% of 
axial system) to qualify the type of wood. These values should 
be interpreted with caution due to the sampling method and 
the fact there was only of one plant taken per each species. 
Also, other authors sample one or few specimens per species 
based upon availability: one, two, few, some, non-specified 
(Mauseth 2004b; Olson & Carlquist 2001; Carlquist 2001; 
Olson 2003; Seago et al. 2005; Hearn 2009b; Oladipo & 
Illoh 2012). 

Parenchyma conjunctive tissue is not part of the axial or 
ray system since it is derived from a master cambium and is 
not from vascular cambium (Carlquist 2007). Therefore, con-
junctive tissue was not measured to estimate the percentage 
of parenchyma in wood. Stem is defined as the axis of a plant 
(Mauseth 2003) and caudex is defined a swollen perennial 
stem at or near ground level (Evans et al. 2014).

Terminology

In this study, the histological description and terminology of 
wood follows Mauseth (1988, 2003, 2004a, b) and Carlquist 
(2001, 2007, 2015).

RESULTS 

All specimens had matured primary tissues and were several 
years old. Out of ten species, six developed caudices. Below 
I describe the anatomy of each species.

Adenium obesum (Forssk.) Roem. & Schult.
Stem cortex has sparse chloroplasts in the outer cells; laticifers 
are found throughout it and some druses occur in the inner 
part. Vascular cambium is visible. Wood is formed by some 
vessels, fibers, and parenchyma cells in the axial matrix. Rays 

are multiseriate. There are bicollateral bundles (Fig. 1A). Pith 
has laticifers and a small number of druses throughout it.

Caudex cortex has sparse laticifers and amyloplasts (Fig. 1B). 
Cortex cells are proliferating. Wood is fibrous. Axial system is 
formed by: vasicentric parenchyma cells with mostly scalari-
form pitting, thin cell wall libriform fibers (Fig. 1B, C). Rays 
are uniseriate. Few laticifers are located intrusively between 
ray parenchyma cells. Pith has large parenchyma cells.

Ceropegia africana R. Br.
Stem cortex has chloroplasts in the outer part of cells. Vas-
cular cambium has just formed; therefore, not much wood 
is present. Vascular cambium shows no distinction between 
axial and radial systems. Bicollateral bundles are closed to 
the pith (Fig. 1D). There is an almost uninterrupted ring of 
extraxylary gelatinous fibers (Fig. 1E). Pith has large paren-
chyma cells and some laticifers. 

Caudex cortex has enlarged parenchyma cells. Wood is 
parenchymatous and formed by successive cambium. Con-
junctive tissue and secondary phloem are characteristic of 
this type of cambium (Fig. 1F). The axial matrix has mainly 
parenchyma tissue and few solitary vessels. Multiseriate rays 
are proliferated. It is difficult to recognize ray or axial system 
due to proliferation of parenchyma cells in both systems. In 
addition, some dark granules and latex are found in some 
parenchyma cells in wood. Pith has an oval shape.

Momordica rostrata Zimm.
Stem (Fig. 1G) and caudex (Fig. 1H, I) have similar anatomi-
cal features. Cortex cells have abundant chloroplasts, and the 
inner part has a ring of parenchyma cells that are lignified. 
Wood is parenchymatous, it has large amount of latex and 
is formed by successive vascular cambium (Fig. 1H, I). The 
axial matrix has scanty axial parenchyma, libriform, septate 
fibers (Fig. 2A), and solitary vessels with circular bordered pits 
(Fig. 2B). Rays are multiseriate and ray cells have undergone 
proliferation, making them to be confused with the conjunctive 
tissue. Bands of conjunctive tissue and ray parenchyma have 
formed a matrix of ground parenchyma. Secondary phloem 
has some functional cells, and few phloem cells are collapsed.

Jatropha curcas L.
Stem cortex has scattered laticifers. Wood is just formed. 
Vascular cambium occurs in the entire circumference Some 
phloem is visible. Pith has some amyloplasts.

Caudex cortex is chlorenchymatous and it has druses and 
scattered laticifers. Wood is diffused fibrous. The axial matrix 
is formed by solitary or two vessels with circular bordered pits 
(Fig. 2C-E), also it has thin secondary wall libriform fibers 
(Fig. 2F) and apotracheal unilateral parenchyma with abundant 
amyloplasts. Ray system is uniseriate with abundant amylo-
plasts (Fig. 2F). Secondary phloem ray parenchyma has begun 
to dilatate. Laticifers run parallel to the secondary phloem. 
Primary phloem fibers are above secondary phloem, these 
fibers are gelatinous fibers and have formed an incomplete 
ring around caudex circumference. Pith has large parenchyma 
cells with abundant amyloplasts.
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Jatropha macrantha Müll. Arg.
Stem cortex cells have druses, tannins and in lesser number 
mucilage cells. Wood is diffused fibrous. Axial matrix is 
formed by libriform fibers, gelatinous fibers, septate fibers, 
scanty vasicentric and apotracheal parenchyma, also vessels 
with scalariform and circular bordered pitting. (Fig. 2G, 
H). Ray system is uniseriate. Ray parenchyma cells become 
lignified when meet the vessels and sometimes when ray 
cells are not close to vessels. There is little functional phloem 
and much of collapsed phloem has parenchyma cells and 

scattered mucilage cells. Collapsed phloem is distorted due 
to the dilatation of the axial secondary phloem ray paren-
chyma. Pith was not fixed.

Pelargonium carnosum (L.) L’Hér. 
Stem cortex has abundant tannins and some amyloplasts. 
Wood is diffused fibrous. Axial matrix is formed by: nar-
row bands of libriform fibers, wide lumen libriform fibers, 
apotracheal axial parenchyma, and helical, annular and 
mostly pseudoscalariform secondary walls with simple 

fw

br

p

f

v p

t-wlf

ur

fw

fw

ur

sv
sf

v

G

C

E F

H

D

BA

Fig. 2. — Transverse sections of stems and caudices, unless otherwise noted: A, B, Momordica rostrata Zimm; A, caudex, septate fibers, tangential section; 
B, caudex, vessels with bordered pits; C-F, Jatropha curcas L.; C, caudex, solitary vessels, wood; D, caudex, fibrous wood; E, caudex, vessels, radial section; 
F, caudex, thin-walled libriform fibers, parenchyma with amyloplasts, radial section; G, H, Jatropha macrantha Müll. Arg.; G, stem, diffuse fibrous wood, thin-walled 
libriform fibers, septate and gelatinous fibers; H, stem, axial and ray parenchyma. Abbreviations: ur, uniseriate ray; br, biseriate ray; p, parenchyma; f, fibers; 
sp, secondary phloem; ct, conjunctive tissue; sf, septate fibers; v, vessel; lf, libriform fibers. Scale bars: A, C-H, 50 µm; B, 10 µm.
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perforations vessels. Rays are multiseriate (Fig. 3A, B). 
Ray secondary phloem parenchyma is distorted. Pith has 
abundant tannins and few amyloplasts.

Moringa drouhardii Jum.
Stem cortex has chloroplasts, druses and few idioblastic secre-
tory cells. Wood is diffuse fibrous. The axial matrix consists 
principally of vessels, low secondary cell wall lignification 
libriform fibers, bands of interspaced scattered septate fib-

ers and bands of axial parenchyma cells. Axial parenchyma 
can be confused with low lignification libriform and septate 
fibers (Fig. 3C, D). Rays are uniseriate and certain degree 
of lignification occurs in ray parenchyma cells where vessels 
meet them. Axial secondary phloem has only a few rows of 
functional phloem. Rays of secondary phloem are uniseriate 
close to the cambium; farther from it, parenchyma rays are 
dilatated (Fig. 3E). Pith has two ducts lined with epithelium 
and druses are present.

pf

lf

fw

fw
p

sf

r

lf

sp

HG I

A B C

D FE

Fig. 3. — Transverse sections of stems and caudices: A, B, Pelargonium carnosum (L.) L’Hér.; A, stem, wood; B, stem, bands of libriform fibers; C-E, Moringa 
drouhardii Jum.; C, stem, diffused fibrous wood, lignification in ray parenchyma cells; D, stem, radial section; E, stem, secondary phloem dilatated; F, Oxalis 
megalorrhiza Jacq., stem, wood; G-I, Adenia glauca Schinz; G, green stem, cortex and phloem fiber caps; H, green stem, parenchymatous wood; I, caudex, 
parenchymatous wood. Abbreviations: lf, libriform fibers; r, rays; p, parenchyma cells; fp, fiber cap; sp, secondary phloem. Scale bars: 50 µm.
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Oxalis megalorrhiza Jacq.
Stem cortex has scattered amyloplasts and ubiquitously tannins 
are found. Wood is parenchymatous. Axial matrix is formed 
by vessels, some paratracheal parenchyma cells, few fibers and 
tannins (Fig. 3F). Rays are multiseriate. Secondary phloem 
is collapsed. Pith has a star-shape, it has abundant tannins, 
amyloplasts and few druses.

Adenia glauca Schinz

Stem cortex has chloroplasts (Fig. 3G). Wood is parenchyma-
tous. The axial matrix is formed by sparsely clusters of gelati-
nous, libriform fibers, parenchyma cells and vessels. Radial 
system uniseriate and multiseriate. Some uniseriate rays have 
lignified cells mainly where ray parenchyma cells meet the 
vessels. Clusters of fiber caps (primary phloem) are above 
every vascular bundle and appear separated of the vascular 
bundle due to expansion of parenchyma cells in between 
them (Fig. 3G, H). Functional secondary phloem is in each 
bundle. Pith was not fixed.

Caudex cortex has chloroplasts and some amyloplasts. Wood 
is parenchymatous and formed by successive cambium (Fig. 3I). 
In between each ring of vascular cambium, conjunctive tis-
sue is present as bands of parenchyma cells (Fig. 4A). Axial 
system is formed by bands of libriform fibers, septate fibers, 

gelatinous fibers (Fig. 4B), axial vasicentric parenchyma and 
scalariform or circular bordered pitting vessels. Ray system 
is proliferated multiseriate and amyloplasts are found in it. 
Some functional secondary phloem and few non-functional 
are in each vascular bundle (Fig. 4C). Pith was not available.

Cyphostemma juttae (Dinter & Gilg) Desc.
Stem cortex has raphide crystals that occur as idioblasts or in 
small groups (two to four) of cells. Wood is parenchymatous. 
Axial matrix is formed by vasicentric paratracheal parenchyma 
with no visible fibers and small clusters of two to four vessels. 
Rays are multiseriate. Ray cells have abundant starch grains 
(Fig. 4D). There is a certain degree of parenchyma cell pro-
liferation in both systems. The secondary phloem rays are 
wide. Pith has raphide cells.

Caudex cortex has raphide cells that are found mainly as 
idioblasts near the stele. Wood is parenchymatous (Fig. 4E). 
Axial matrix is formed by confluent vasicentric parenchyma 
cells, scalariform vessels mostly solitary or in clusters of 
two to four cells, and no visible fibers. In the innermost 
wood, proliferation of vasicentric parenchyma becomes 
exceptionally larger (diameter of about 607 µm) compared 
with other paratracheal parenchyma (diameter of about 
164 µm), (Fig. 4F). The enlargement of the paratracheal 

ct

mr

pw

p

sp

A B C

D E F

Fig. 4. — Transverse sections of stem and caudices, unless otherwise noted: A-C, Adenia glauca Schinz; A, caudex, conjunctive tissue; B, caudex, wood gelati-
nous fibers; C, caudex, parenchymatous wood; D-E, Cyphostemma juttae (Dinter & Gilg) Desc.; D, stem, multiseriate rays; E, caudex, parenchymatous wood; 
F, caudex wood, vasicentric enlarged axial parenchyma. Abbreviations: mr, multiseriate rays; sp, secondary phloem; ct, conjunctive tissue; p, enlarged paren-
chyma cells. Scale bars: 50 µm.
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cells varies from vessel to vessel. Rays are multiseriate. Ray 
parenchyma cells have abundant amyloplasts especially in 
areas close to vessels, whereas its abundance diminishes 
toward the center of the rays and near the pith. Axial and 
ray parenchyma systems are extremely similar, giving an ap-
pearance of a continuous ground tissue of parenchymatous 
wood. There is collapsed phloem in each bundle. Pith has 
raphide cells as idioblasts.

DISCUSSION

In this research, I found two wood characteristics in stems 
and caudices: 1) extensive parenchyma tissue in axial and/
or ray system; and 2) extensive thin-walled fiber tissue: 
libriform, septate, gelatinous fibers and parenchyma in the 
axial system. Also, six species developed caudex and three of 
them had successive cambium (Ceropegia africana, Momordica 
rostrata and Adenia glauca), Below, I discuss the findings.

Parenchyma tissue

Axial parenchyma
Axial parenchyma is defined as fusiform initials that are 
derived from vascular cambium and differentiated into 
living cells with primary cell wall with multiple functions 
(Mauseth 1988; Carlquist 2001, 2015). All succulent species 
studied here had parenchyma cells (Table 1). However, the 
amount of parenchyma tissue varied in stems, and caudices. 
Only Cyphostemma juttae had axial parenchyma as ground 
tissue in stem and caudex (Fig. 4D-F).

Ray parenchyma
There were uniseriate and multiseriate rays. Some species 
had proliferation of multiseriate ray parenchyma cells. Pro-
liferation is defined as the division and enlargement of cells, 
which makes the tissue to grow larger than others (Carlquist 
2001). Wide rays for water storage parenchyma in wood 
are adaptations to changes in water availability (Carlquist 
2001). Wide rays may be formed as extensions of primary 
rays, aggregate rays, or by conversion of the fusiform initials 
into ray initials (van der Walt et al. 1987; Mauseth 1988; 
Carlquist 2001). Proliferation of parenchyma cells in stems 
and caudices for > 50% of wood area were found in Oxalis 
megalorhiza (Stem, Oxalidaceae; Fig. 3F), Cyphostemma 
juttae (Stem and caudex, Vitaceae; Fig. 4D-F), Ceropegia 
africana (Caudex, Apocynaceae; Fig. 1F), Momordica rostrata 
(Stem and caudex, Cucurbitaceae Fig. 2G-I), and Adenia 
glauca (Caudex, Passifloraceae; Fig. 4A). In general, ray 
parenchyma tissue defines the type of wood in all species, 
but Cyphostemma juttae (Table 1).

Successive cambium: conjunctive tissue
Successive cambium is a series of vascular cambia (Robert 
et al. 2011). It could originate from pericycle, cortex cells, 
and parenchyma phloem cells (Angyalossi et al. 2014). Ac-
cording to (Carlquist 2007), when successive cambium arises 
from cortex cells as part of a master cambium, conjunctive 

tissue (fibers and/or parenchyma cells) is formed. Thirty-four 
angiosperm families grow in stem circumference by successive 
cambium growth (Hearn 2006; Robert et al. 2011; Carlquist 
2001, 2007; Angyalossi et al. 2014). Successive cambium has 
multiple origins in angiosperms (Robert et al. 2011; Angya-
lossi et al. 2014) and is a polyphyletic character in woody 
plants (Schnitzer & Bongers 2002). According to Olson 
(2003) and Hearn (2006, 2009a), successive cambium is an 
ancestral character to the vine life form of both Cucurbitaceae 
(Dendrosicyos) and Passifloraceae (Adenia). This cambium 
is common in climbing vines and sometimes can be found 
in trees (Rajput 2017). Successive cambium is found in the 
caudex of Ceropegia africana (Apocynaceae, Fig. 1F), caudex 
of Adenia glauca (Passifloreaceae, Fig. 3; 4A-C), stem and 
caudex of Momordica rostrata (Cucurbitaceae, Fig. 1G-I). In 
these species, successive cambium appears to be an adapta-
tion to achieve succulence instead of flexibility. The evolution 
of succulence via modifications in successive cambia might 
be facilitated by the vine life form in the studied species of 
Cucurbitaceae and Passifloraceae.

Fibers 
Septate, libriform, gelatinous, thin-walled libriform fibers 
and libriform fibers were found in the axial system of all 
stems and caudices of all species except one, Cyphostemma 
juttae. Fibers are derived from fusiform initials, and they 
generally have thick- or thin-secondary cell walls (Carlquist 
2001, 2015). In the examined species, most fibers had thin 
secondary cell walls. In some cases, it was difficult to dis-
criminate (cross section) between thin-walled libriform fibers, 
septate fibers, and axial parenchyma (e.g., caudex: Adenium 
obesum, stem: Pelargonium carnosum and caudex of Moringa 
drouhardii) (Figs 1B; 3B, C). Fibers were stained pale pink 
to red (Adenium obesum, Momordica rostrata, Pelargonium 
carnosum Moringa drouhardii (Fig. 1B, C; 2A; 3B-D). Ac-
cording to Mauseth (1988), the deposition of lignin in 
secondary cell walls of non-conducting sclerenchymatous 
tissue (fibers and sclereids) varies. Lignin content in wood 
might vary by cell type in response to environmental pres-
sures or stimulus during development (Zhong & Ye 2015). 
Thus, the difference of lignin percentage in fibers might be 
translated into the differences in hues of their secondary 
cell walls of fibers. 

Septate fibers are considered similar in function to paren-
chyma cells and occur in many flowering plant families (Mor-
ris et al. 2016; Carlquist 2015). Septate fibers were found in 
stems of Momordica rostrata, Jatropha macrantha (Figs 1G-I; 
2G, H), Moringa drouhardii and the caudex of Adenia glauca 
(Figs 3C, D, I; 4A-C).

Gelatinous fibers lack lignification of the G layer. They are 
present in tension wood, a type of wood with high content of 
cellulose that forms in branches and horizontal stems (Mauseth 
1988; Evert 2006). Tension wood is generally found in zones 
with high tension but also occurs in the main stem of Fagus, 
Populus, Prosopis (Evert 2006), stem of J. macrantha, stem of 
Moringa drouhardii and caudex of Adenia glauca (Figs 2G; 
3C; 4A-C).
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The stem and caudex of Cyphostemma juttae had no visible 
fibers. It had vasicentric parenchyma and abundant axial 
parenchyma (Carlquist 2015). It has been reported that ves-
sels embedded in parenchyma may be safe from cavitation. 
Cyphostemma juttae is a clear example of how vessels avoid 
embolisms (Fig. 4D-F); (Mauseth 1988; Mauseth & Plemons-
Rodriguez 1997).

The examined species belong to seven orders and eight families. 
My results suggest widespread convergence in the evolution of 
wood succulence in stems and caudices. Among the examined 
species, succulence has two alternative paths in stems and cau-
dices. In half of them (Ceropegia africana, Momordica rostrata, 
Oxalis megalorrhiza, Adenia glauca and Cyphostemma juttae), 
there is proliferation of parenchyma tissue in the ray system. 
In the other half (Jatropha curcas, Jatropha macrantha, Adenium 
obesum, Pelargonium carnosum and Moringa drouhardii), suc-
culence was achieved by thin-walled libriform fibers (mainly), 
septate, gelatinous, libriform fibers and scant parenchyma. Be-
sides, stems and caudexes of Cyphostemma juttae, Jatropha curcas 
and Momordica rostrata had similar wood pattern (Table 1). 
It is worth to emphasize that succulent species with successive 
cambium had parenchymatous wood due to enlarged radial 
system besides the parenchyma conjunctive tissue. Future stud-
ies should focus in analyzing the wood anatomy of succulent 
plant of other groups to figure out whether there are additional 
paths for the origin of succulence. 
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