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Successive cambia in Aizoaceae: products and process
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The transverse and longitudinal sections of the stems and roots of 11 genera of Aizoaceae, representing a wide range
of growth forms from hard fibrous stems to fibre-free roots, were studied using light microscopy and scanning elec-
tron microscopy. In most of the genera, fibres are the first xylary product of each vascular cambium, followed by ves-
sels in a parenchyma background. Variations on this pattern help to prove that fibres are produced by vascular
cambia, except in Ruschia and Stayneria,in which both the lateral meristem and the vascular cambia produce fibres.
Cylinders of conjunctive tissue parenchyma that alternate with the vascular cylinders are produced by the lateral
meristem. The concept that the lateral meristem gives rise to the vascular cambia and secondary cortex is supported
by photographic evidence. Radial divisions occur in the origin of the lateral meristem, and then again as vascular
cambia arise from the lateral meristem; these radial divisions account for storeying in fibres and conjunctive tissue.
Raylessness characterizes all Aizoaceae studied, with the exception of Tetragonia, which also differs from the
remaining genera by having vasicentric axial parenchyma, a scattering of vessels amongst fibres, and the presence
of druses instead of raphides. Several vascular cambia are typically formed per year. Several vascular cambia are
active simultaneously in a given stem or root. Roots have fewer fibres and more abundant conjunctive tissue paren-
chyma than stems. Successive cambia result in an ideal dispersion of vascular tissue with respect to water and pho-
tosynthate storage and retrieval capabilities of the parenchyma, and to liana stem plans. The distribution and
relative abundance of fibres, vessels, secondary phloem, and conjunctive tissue parenchyma relate primarily to habit
and are not a good source of systematic data, with the probable exception of Tetragonia. The general pattern of lat-
eral meristem and vascular cambial ontogeny is the same as in other families of the core Caryophyllales, although
the patterns of the tissues produced are diverse. © 2007 The Linnean Society of London, Botanical Journal of the
Linnean Society, 2007, 153, 141-155,

ADDITIONAL KEYWORDS: cambial variants — Caryophyllales — conjunctive tissue — lateral meristem —
succulents — vascular cambia.

INTRODUCTION how successive cambia are formed, and therefore
how the histology of what is produced should be
interpreted. The terminology applied to stem and
root histology in species with successive cambia is as
amazingly diverse as the interpretations. Each fam-
ily with successive cambia potentially offers impor-
tant data on this phenomenon. This information can
be divided into two categories. First, the nature of
the products of the successive cambia and how they
relate to features such as habit and texture. Second,
and a potential result of such studies, an under-
standing of the origin and nature of successive cam-
bia. Is a single plan involved, or are there several
plans? Nyctaginaceae proved to be a seminal group
with respect to both structural diversity and the
analysis of ontogenetic processes (Carlquist, 2005).
However, a wide range of families that have succes-
*E-mail: s.carlquist@verizon.net sive cambia must be analysed to bring clarity and

The phenomenon of successive cambia, recognized
many years ago by Schenck (1893) and Pfeiffer (1926),
is characteristic of Aizoaceae (Caryophyllales) with
perennial stems. Successive cambia occur in all of the
families of the ‘core Caryophyllales’ (the Centrosper-
mae of Eichler, 1876), with the exception of Achatocar-
paceae, Cactaceae, Didiereaceae, Halophytaceae,
Hectorellaceae, Portulacaceae, and some Phytolac-
caceae (Gibson, 1994). Successive cambia occur in
more than 20 families outside of the core Caryophyl-
lales (Carlquist, 2001), as well as in Gnetum and Wel-
witschia (Carlquist, 1996).

Successive cambia represent a mode of structure
that has been variously interpreted with respect to
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completeness to both of the above informational
categories.

Aijzoaceae form a key group, because successive
cambia (as ‘ein abnormen Dickenwachstum') have
been claimed to be present in the perennial species
of Aizoaceae (Pax & Hoffmann, 1934). Although
Aizoaceae can be characterized as succulent to various
degrees, there is a wide range of habits within the
family. An attempt has been made here to select
diverse growth forms in order to reveal a wide range in
the products of secondary activity. These include
acaulescent perennials (Lithops), perennials with
condensed prostrate stems that root (Faucaria,
Glottiphyllum), mat-like perennials with elongate
prostrate stems that branch from a central stem (Apte-
nia, Tetragonia), a mat-like perennial with elongate
prostrate stems that root readily (Carpobrotus), a
small shrub with thick roots (Mestoklema), a subshrub
with carrot-like tuberous roots (Trichodiadema), a
subshrub with numerous short branches from a thick
succulent base (Marlothistella), and small shrubs with
dense, fibrous stems (Ruschia, Stayneria).

The histology of the species sampled appears to be
highly diverse, although more patterns doubtless
remain to be described in this large family. Are all of
these plans attained with much the same ontogeny?
Attention is focused here on the details of ontogeny in
the successive cambia and the divisions antecedent to
the successive cambia. Although the mature tissues of
the stems and roots of Aizoaceae have received atten-
tion (Pax & Hoffman, 1934; Gibson, 1994), a more
detailed knowledge of ontogenetic events leading to
these mature products is desirable.

The terminology of the stem and root histology of
Aizoaceae and of the ontogenetic processes that lead to
these tissues is difficult. For example, are fibres in
these axes secondary xylem fibres or are they extrax-
ylary fibres? Even with ontogenetic studies, these des-
ignations may not seem obvious to all students of
plant anatomy. There has been a tendency by some
workers who desire simple histological identifications
to equate the ground plan of axes with successive cam-
bia as comparable with the ground plans of secondary
xylem produced by vascular plants with a single cam-
bium. Such workers misapply the term ‘interxylary
phloem’ in the former cases. Indeed, in axes with suc-
cessive cambia, a phloem strand cannot be interxylary
because, on its adaxial face, secondary xylem derived
from a vascular cambium is present, whereas, on its
outer face, there is no secondary xylem, but conjunc-
tive tissue derived from the lateral meristem
(Carlquist, 2005). Likewise, the term ‘anomalous sec-
ondary thickening’ must be rejected when describing
the phenomenon of successive cambia, because the
actions of the lateral meristem and the successive
cambia related to it are just as orderly and precisely

organized as the happenings in axes of vascular plants
with a single cambium. The visual cues by which suc-
cesgive cambia can be recognized and understood are
not formidable and can be mastered readily. Likewise,
the lateral meristem that leads to the formation of
successive cambia has not been clearly understood,
and has been variously termed (anomalous meristem,
primary thickening meristem, secondary meristem,
etc.). The term ‘lateral meristem’ may seem vague, but
precise alternatives would be ponderous (e.g. lateral
meristem leading to the formation of successive
cambia’). The present study, like an earlier report
(Carlquist, 2005), represents an effort to clarify and
simplify the phenomenon of successive cambia so that
accurate and consistent interpretations can be
reached, and therefore a terminology reflecting such
an interpretation can be attained.

MATERIAL AND METHODS

The collections studied are as follows: Aptenia cordi-
folia (L.f) Schwantes, cultivated, Santa Barbara, Cal-
ifornia; Carpobrotus edulis (L.) L.Bolus, Arroyo Burro
Beach, Santa Barbara, California; Faucaria tigrina
Schwantes, cultivated, Huntington Botanical Gar-
dens, San Marino, California; Glottiphylium lingui-
forme NE.Br, cultivated, Huntington Botanical
Gardens, San Marino, California; Lithops turbinifor-
mis (Haw.} N.E.Br, cultivated, Santa Barbara,
California; Marlothistella uniondalensis Schwantes,
cultivated, Huntington Botanical Gardens, San
Marino, California; Mestoklema tuberosum N.E.Br.,
cultivated, Santa Barbara, California; Ruschia multi-
flora (Haw.) Schwantes, between Swellendam and
Riviersonderend, Cape Province, South Africa, Car-
lquist 4556 (RSA); Stayneria neilii (L.Bolus) L. Bolus,
cultivated, Rancho Santa Ana Botanic Garden,
Claremont, California; Tetragonie tetragonioides
(Pall.) Kuntze, Carlguist 8202 (SBBG), adventive,
Santa Barbara, California; Trichodiadema bulbosum
Schwantes, Carlquist 8201 (SBBG), cultivated, Santa
Barbara, California.

The only material in which a dried specimen was
used was Ruschia multiflora; portions of this were
boiled in water and stored in 50% aqueous ethanol.
Material of the other Aizoaceae studied was fixed in
50% aqueous ethanol. The specimens of Ruschia and
Stayneria stems were sectioned on a sliding micro-
tome without prior softening, The remainder of the
genera, except Lithops, were softened for various
lengths of time in an ethylenediamine solution,
embedded in paraffin, and sectioned on a rotary
microtome, according to the schedule of Carlquist
(1982). This method proved successful, but the pres-
ence of idioblasts containing raphides caused some
tearing of the sections. All sections of the above were
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stained with a safranin—fast green combination.
Although most of the sections illustrated are transec-
tions, tangential and radial sections were also pre-
pared. Both stems and roots were sectioned for
Marlothistella and Trichodiadema. Stems, roots, and
the transition between stems and roots were sectioned
for Mestoklema. The Lithops material did not section
well with paraffin techniques because of resistance of
the corky layers to paraffin infiltration. Consequently,
the hypocotyls and upper roots of Lithops were hand
sectioned with a razor blade; sections were dried
between glass slides, sputter coated with gold, and
examined with a Hitachi S2600N scanning electron
microscope. The scanning electron microscopy photo-
graphs of Lithops provided an opportunity to demon-
strate the bordered nature of perforation plates and
rounded nature of pit borders in sectional view. In
addition, the idea that Lithops has only helical thick-
enings in vessels (Gibson, 1994) could be re-examined.
The portions selected for all species studied were
those judged to have the maximal accumulation of
secondary tissues.

In the accompanying photographs, wide pointers
have been used to denote lateral meristems. Arrows
demarcate vascular cambia, The terminology follows
Carlquist (2001, 2005),

RESULTS

MATURE PATTERNS

The plan of the stems of Trichodiadermna bulbosum
(Figs 1, 2) can be regarded as fibrovascular strands
embedded in a parenchymatous background. There is
no differentiation of the parenchymatous background
into rays vs. axial tissue, and all of the background
tissue is regarded as conjunctive tissue here: all
parenchyma cells conform to a single pattern of
length to width proportions. The fibrovascular strands
of the stem, examined in detail (Fig. 2), are each com-
posed of several layers of fibres, followed by several
layers of vessels intermixed with parenchyma.
Strands increase in radial extent through cambial
action (note the crushed phloem in Fig. 2). Thus, more
recently formed strands (Fig. 1, top) are radially
shorter than older strands. The fibres have simple,
slit-like pits and are easily distinguished from vessel
elements, which have simple bordered perforation
plates and alternate circular pits with pit cavities
round in face view. These vessel characteristics hold
for all of the genera studied, with the exception of
Lithops.

In Trichodiadema bulbosum (Figs3, 4), the
fibrovascular strands of the roots are much more slen-
der and sparse than those of the stems. The fibrous
parts of adjacent strands are tangentially intercontin-
uous in the stems (Fig. 1, top left), but the narrower

strands of the roots are well separated from each other
(Fig. 3). The fibrovascular strands of the root, if tan-
gentially narrow (Fig. 4), are just as long radially as
those of the stem.

The stems of Aptenia cordifolia (Figs 5-8) are con-
structed of concentric fibrovascular cylinders sepa-
rated from each other by cylinders of conjunctive
tissue parenchyma (Figs 5, 6); the illustrations show
only limited portions of each of these cylinders. In the
more recently formed cylinders of a basal part of an
Aptenia stem, vessels are lacking (Fig. 5, top). The cyl-
inders are progressively wider towards the stem inte-
rior (Fig. 5). However, in the central part of the stem,
fibrovascular cylinders have numerous vessels, which
are mixed with parenchyma and scattered fibres abax-
ial to each fibre cylinder (Fig. 6). Vessels are most
abundant abaxial to the older fibre bands (Fig. 6, top).

The lateral meristem of Aptenia can be readily
located (Fig. 5, top; Fig. 7, above centre). Abaxial to
the lateral meristem are several layers of secondary
cortex, outside of which are the much larger cells of
the primary cortex (Fig. 7, top). Secondary phloem and
secondary xylem are produced by each cambium
(Fig. 8). However, in more recent fibrovascular cylin-
ders, cambia have thus far produced only fibres inter-
nally and only parenchyma externally (Fig. 8, left;
Fig. 7, centre).

Mestoklema tuberosa stems (Figs 9, 10) have
fibrovascular cylinders of moderate width near the
outside (Fig. 9). As in Aptenia, abaxial to the fibrous
cylinders are strands of vessels intermixed with
parenchyma and a few fibres. Cylinders of conjunctive
tissue parenchyma alternate with the fibrovascular
cylinders (Fig. 9). As the bands age, they produce more
secondary phloem, which crushes the earlier produced
phloem (Fig. 9, bottom). The earliest formed vascular
tissues in the stem show primary xylem, then second-
ary xylem, in which fibres are scarce; no fibrous
cylinder adaxial to the vessels is present (Fig. 10,
bottom). There are fibres in the next vascular in-
crement (Fig. 10, centre and above) and subsequent
increments.

Mestoklema tuberosa upper root portions (Figs 11,
12) have fibrovascular cylinders that are radially nar-
rower, and conjunctive parenchyma bands that are
radially wider, than those of the stems. Vessels are
scarce in the outer cylinders of the root (Fig. 11, top)
and only occasional in inner eylinders (Fig. 11, bot-
tom}. The lateral meristem (Fig. 12, pointer) is associ-
ated with only one or two layers of secondary cortex,
external to which lie cortical cells (some with divisions
in various planes) (Fig. 12, top). The vascular cam-
bium is adjacent to one to three layers of fibres in the
portion illustrated in Figure 12 (arrow). External to
the vascular cambium, conjunctive tissue is present,
and secondary phloem has developed (as of the time
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Figures 1-4. Transections of Trichodiadema bulbosum. Wide pointers indicate lateral meristems; arrows denote vascular
cambia. Fig. 1. Portion of stem, showing that vascular strands are relatively dense; large cells with grey contents are
raphide idioblasts. Fig. 2. A vascular strand and portions of two others from a stem; formation of fibres precedes the
formation of vessels. Fig. 3. Portion of root, showing relatively sparse vascular strands; thin-walled tissues from top to
bottom are periderm (barely seen, top left), primary cortex, secondary cortex, and the conjunctive tissue parenchyma
(which contains the vascular strands). Fig. 4. Vascular strand from root; strand is tangentially narrower, parenchyma cells
larger than in the stem. Scale bars, 10 pm.
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Figures 5-8. Transections from basal stem of Aptenic cordifolia. Wide pointers indicate lateral meristems; arrows denote
vascular cambia. Fig. 5. Outer portion of stem, showing that the outer fibrovascular cylinders have accumulated less
secondary xylem at the time of harvesting, Fig. 6. Inner portion of stem; the innermost fibrovascular cylinders (below)
show many more vessels than the later formed cylinders. Fig. 7. Quter portion of stem (primary cortex at top, and secondary
cortex above pointers); each of the two vascular cambia has produced secondary phloem and, in the secondary xylem, fibres
but no vessels. Fig. 8, A vascular cambium (arrow) and its products: secondary phloem (top right), a pair of vessels (near
centre), and fibres (bottom), Figs 5, 6: scale in Fig, 1; Fig. 7: scale in Fig. 2; Fig. 8: scale bar, 20 pm.
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Figures 9-12. Transections from stem (Figs 9, 10) and upper root (Figs 11, 12) of Mestoklema tuberosum. Fig. 9. Outer-
most fibrovascular cylinders; fibres form continuous bands tangentially, vessels occur in groups. Fig. 10. The two innermost
fibrovageular cylinders (and portion of a third, top). The innermost cylinder is devoid of fibres; the next oldest contains
about equal amounts of fibres and vessels. Fig. 11. Relatively large and radially elongate conjunctive tissue cells between
two fibrovascular bands. Fig. 12. Part of outer portion of stem; primary cortex (with recent divisions in random planes at
top), a layer or two of secondary cortex and, within the lateral meristem, three or four layers of conjunctive tissue
parenchyma. Figs 9-11: scale in Fig. 1; Fig. 12: scale in Fig. 2.
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the material was fixed) only in isolated strands adja-
cent to the fibrovascular band.

The lower portions of the root of Mestoklema are
similar to the upper portions. However, radial elonga-
tion of conjunctive parenchyma is more prominent in
the upper root portions (Fig. 11, centre), accounting
for the tuberous appearance of the roots. In older
fibrovascular cylinders of the lower root, phloem
strands are more common than in the root portion
illustrated in Figure 11, but in neither upper nor
lower root is there much secondary phloem produced,
and crushed secondary phloem is infrequently
ohserved.

The stems of Mestoklema, as seen in tangential
section (Fig. 16), exemplify the raylessness of second-
ary growth, What appears to be a ray-like structure
(Fig. 16, near left) is actually a strand of vessels
mixed with parenchyma (corresponding to the areas
of the transections shown in Fig. 9, bottom, or
Fig. 10, top). The right three-quarters of Figure 16
coneists of fibres. Storeying can be seen in some of
these fibres.

In Stayneria neilii (Figs 13—15), the background tis-
sue consists wholly of fibres. Parenchyma is present as
strands abaxial to secondary phloem {(Figs 13, 14).
Radial chains of vessels are adaxial to each strand of
secondary phloem (Figs 13, 14). Vessels are thus
embedded in fibres which contain no parenchyma. A
few radial chains of vessels occur in an isolated fash-
ion in the fibrous background. Crushed secondary
phloem is evident abaxial to functioning secondary
phloem. Although not illustrated in Figure 13, growth
rings (fibres narrower in late wood) are present in the
fibrous background, and bear no relationship to the
distribution of strands of secondary xylem and second-
ary phloem. In a tangential section, the parenchyma
adjacent to the phloem strand proves to be storeyed
(Fig. 15). Some of the fibres are also storeyed. Rays are
ahsent.

Transections of the stem of Ruschia multiflora show
a structure identical to that of Stayneria neilii, except
that no vessel chains isolated in the fibrous back-
ground are observed.

Marlothistella uniondalensis (Fig. 17) shows maxi-
mal parenchymatization of the stem and root. Vascu-
lar strands, each produced from a vascular cambium,
are scattered within the parenchymatous conjunctive
tissue. Only a few fibres are present in the fibrovas-
cular strands. Vessels mixed with parenchyma occur
within the fibrovascular strands. Idioblasts bearing
coarse raphides are common within the conjunctive
tissue parenchyma (grey spots in Fig. 17).

In Glottiphyllum linguiforme (Fig. 18), stems have
only one to five cylinders of fibrovascular tissue within
a parenchymatous background. The first cylinder is
inverted (Fig. 18, centre right). Subsequent incre-

ments are normally orientated, and are often dis-
sected, the portions separated from each other by ray-
like bands of thin-walled parenchyma (Fig. 18, top).
Within the secondary xylem, fibres may be preceded
by vessels intermixed with parenchyma (Fig. 18, bot-
tom), or the reverse may be true.

The stems of Faucaria tigrina are the same as those
of Glottiphyillum in all respects, except that the inner-
most cylinder of vascular tissue does not have an
inverted orientation of xylem and phloem.

Carpobrotus edulis (Fig. 19) begins secondary
growth with a cylinder of bundles that is four-angled
in transection. These bands, adjacent to the pith, con-
sist of radial strands of narrow vessels and fibres that
interconnect the radial strands of the vessels (Fig. 19,
bottom). Subsequent secondary activity consists of
secondary phloem (with adjacent parenchyma) oppo-
site the radial chains of the vessels, embedded in a
fibrous background. The fibrous tissue is rayless.
Thus, the histological plan subsequent to the first cyl-
inder of bundles is the same as that of Stayneria or
Ruschia. However, the stems of Stayneria and Ruschia
produce indefinite amounts of fibrous tissues,
whereas, in Carpobrotus, only a few millimetres of
such tissue are produced.

The stems of Tetragonia tetragonioides show a dis-
tinctive pattern (Fig. 20). Increments of vascular bun-
dles are separated from each other by thin-walled
parenchyma. Ray-like plates of parenchyma separate
the vascular portions, which consist of secondary
xylem and secondary phloem. Rays are also present
within the secondary xylem portions (Fig. 20),
although not abundant. The secondary xylem consists
of vessels that are often solitary, embedded in a back-
ground of fibres. Scanty vasicentric axial parenchyma
is associated with the vessels. Druses are present in
some pith cells; there are no crystals in conjunctive
tissue parenchyma.

Lithops (Figs 21-25) apparently lacks fibres in the
xylem of the hypocotyl and upper root. The secondary
wall portions of the vessels in sectional view (Fig. 21)
form round outlines (notice that the pits of the two
adjacent vessels in Fig. 21 are offset rather than
opposite each other as one would expect). Perforation
plates are round in face view (Fig. 22). The perfora-
tion plates have borders, although the borders are
round in sectional view rather than sharp as in most
dicotyledons (Fig. 24). The lateral walls of the vessels
(Figs 23, 24) mostly do not have circular pits. Rather,
the pits are elongate and slit-like. The term pseudos-
calariform is applicable to this pattern, or they may
be considered to be intermediate between helical
and scalariform. The vessels are mostly separated
from each other by parenchyma (Fig. 25), so that
the matrix of the secondary xylem is, in fact,
parenchyma.
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Figures 12-16. Sections of stems of Staynerie neilii (Figs 13-15) and Mestoklema tuberosum (Fig. 16). Fig. 13. Transec-
tion, showing vascular strands scattered within a background of fibres. Fig. 14. Transection, showing an adjacent pair of
vascular strands; in the strands, from top to bottom, parenchyma, crushed secondary phloem, active secondary phloem,
cambium (arrow), and radial chains of vessels. Fig. 15. Tangential section; a vessel runs from top to bottom, centre; to
right of the vessel, parenchyma of vascular strand (storeyed); to left of vessel and at right of photograph, fibres, vaguely
storeyed. Fig. 16. Tangential section through fibrovascular cylinder; left one-quarter of photograph shows vessels and

parenchyma of the cylinder; right three-quarters shows fibres (some storeyed) of the cylinder. Figs 13, 16: scale in Fig. 1;
Figs 14, 15: scale in Fig. 2.
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Figures 17-20. Transections of stems of Aizoaceae. Fig. 17. Marlothistello uniondalensis; one vascular strand (top left)
in a background of conjunctive tissue parenchyma; dark grey spots are raphide idioblasts. Fig. 18. Glottiphyllum lingui-
forme; centre of stem; the earliest formed vascular cylinder, centre, has an inverted orientation of xylem and phloem.
Fig. 19. Carpobrotus edulis; first fibrovascular cylinder (below) and subsequent densely fibrous stem tissue (top half of
photograph). Fig. 20. Tetragonia teiragonioides; portions of two fibrovascular cylinders; vessels are scattered throughout
the secondary xylem. Figs 17-20: scale in Fig. 1.
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