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Abstract Detailed descriptions of the wood and bark

anatomy of five representative Centella species are pre-

sented. The wood structure is reported for the first time for

this genus. Scalariform perforation plates occur frequently

in the secondary xylem of two Centella species (Centella

difformis and C. rupestris) indicating a phylogenetic rela-

tionship with Apiopetalum and Mackinlaya, the only other

genera of Apiaceae where this feature occurs regularly and

not merely as an aberration. This character commonly

occurs in two other families of Apiales, Araliaceae and

Myodocarpaceae, supporting the presumed basal position

of subfamily Mackinlayoidae within Apiaceae. Surpris-

ingly, no axial secretory canals occur in the secondary

phloem of Centella species, apparently a unique feature

within the suborder Apiineae, which comprises Araliaceae,

Myodocarpaceae, Pittosporaceae, and Apiaceae. Other

noteworthy characters of Centella include subepidermal

origin of the periderm, tangential expansion of rays in

dilated secondary phloem, poorly sclerified or non-scleri-

fied collapsed secondary phloem, small intervessel pits

with groove-like sculptures near their apertures, diffuse and

marginal axial parenchyma, and a predominance of upright

and square cells in the ray composition, all of which may

be of value in exploring infrageneric relationships.

Keywords Apiaceae � Apiopetalum � Araliaceae �
Bark anatomy � Centella � Mackinlaya � Phylogeny �
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Introduction

The genus Centella L. comprises some 45 species of

perennial or, rarely, annual herbs, which are mostly (with

the exception of four species) endemic to the fynbos region

of South Africa (Schubert and Van Wyk 1997; Schubert

2000). In most classification schemes proposed for Apia-

ceae (Drude 1898; Pimenov and Leonov 1993) this genus

has been placed in the subfamily Hydrocotyloideae, dis-

tinguished by Drude (1898) on the basis of a woody fruit

endocarp and laterally compressed schizocarp. However,

studies over the last decade using molecular data have

provided new insight into the phylogenetics of Centella

that is important for clarification of the evolutionary rela-

tionships between the families Araliaceae, Apiaceae, and

other members of the order Apiales.

The first molecular phylogenetic analyses of relation-

ships within Apiales (Plunkett et al. 1996a, b, 1997)

revealed that Hydrocotyloideae are polyphyletic, with the

type genus Hydrocotyle L. referred to Araliaceae, whereas

other genera remained in Apiaceae. These studies have

shown a close relationship of Centella to Apiopetalum

Baill. and Mackinlaya F. Muell., two genera traditionally

recognized as a separate group of Araliaceae, and to the

hydrocotyloid Micropleura Lag. Results of subsequent

studies (Plunkett and Lowry 2001; Chandler and Plunkett

2004; Andersson et al. 2006) confirmed the close rela-

tionships among these four genera and suggested that

Actinotus Lab., Xanthosia Rudge and Platysace Bunge

may be additional members of this assemblage. All these
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genera belong to a clade that is sister group to the large

clade that includes all other Apiaceae. In a recent classi-

fication of Apiales proposed by Plunkett et al. (2004),

Centella, Mackinlaya, Apiopetalum, Micropleura, Actino-

tus, Xanthosia, and Platysace were recognized as a new

subfamily Mackinlayoideae Plunkett & Lowry within

Apiaceae. Based on plastid sequence data from the rpl16

intron and the trnD–trnT regions, further clarification of the

phylogenetic positions of practically all the genera that

formerly belonged to Hydrocotyloideae was provided by

Nicolas and Plunkett (2009). Mackinlayoideae consistently

formed a well-supported clade in all the analyses and

included the genera Centella, Micropleura, Schoenolaena

Bunge, Pentapeltis Bunge, Xanthosia, Chlaenosciadium

C. Norman, Mackinlaya, Apiopetalum, and Actinotus. The

relationships of Platysace remained unclear (Andersson

et al. 2006) but this study showed for the first time that

Platysace and Homalosciadium form a separate lineage

sister to the other Apioideae (excluding Mackinlayoideae).

The placement of Centella within Mackinlayoideae is

well-supported by the molecular phylogenetic analyses of

Plunkett et al. (1996a, b, 1997, 2004) and Nicolas and

Plunkett (2009). In contrast, morphological evidence for a

relationship of this genus to Mackinlaya, Apiopetalum, and

other Mackinlayoideae is very poor. In that context, wood

and bark anatomical characters may provide complemen-

tary data for assessing relationships among the genera of

Araliaceae, Myodocarpaceae, and Apiaceae as shown by

several previous studies (Oskolski 1996, 2001; Oskolski

et al. 1997, 2007; Oskolski and Lowry 2000; Oskolski and

Van Wyk 2008; Kolalite et al. 2003; Kotina and Oskolski

2007). Until now, no information on the wood anatomy of

Centella has been available. Brief descriptions of bark

structure of 17 species of Centella were provided by

Lemesle (1926). As for other members of Mackinlayoi-

deae, the wood structure of Apiopetalum and Mackinlaya

has been studied by Oskolski and Lowry (2000) and the

bark anatomy of these two genera by Kotina and Oskolski

(2007). This study surveys the wood and bark anatomy of

five South African species of Centella. The results are

examined with regard to the suggested placement of this

genus within Mackinlayoideae.

Materials and methods

All except one of the stem samples examined were col-

lected by the first author in 2006 during a field trip in the

Cape region, South Africa. The thickest stem portion taken

from the basal part of above-ground shoots was fixed in

formalin–acetic acid–alcohol (FAA) (Johansen 1940). A

stem sample of Centella rupestris was collected by

Mahalia Schubert and the second author at Hermanus in

the South Western Cape Province of South Africa (Table 1).

These five species of Centella were selected to represent the

major groups within the genus (Schubert 2000). Authorities

for names are given in Table 1. Voucher specimens are

deposited in JRAU and LE.

Transverse, radial and tangential sections, 15–30 lm

thick, were prepared by use of a freezing microtome and

stained with a 1% aqueous solution of safranin and light

blue (Barykina et al. 2004). The FAA-fixed samples were

also treated according to a modification of the method of

Feder and O’Brien (1968) for embedding in glycol meth-

acrylate (GMA). This modification involves final infiltra-

tion in GMA for 5 days. Transverse, radial, and tangential

sections, approximately 3 lm thick, were cut using a

Porter–Blüm ultramicrotome. The sections were stained

with toluidine blue.

Maceration of secondary phloem was carried out for

24 h in a mixture of equal volumes of acetic acid and

hydrogen peroxide at 60�C, whereas the secondary xylem

was macerated in a nitric acid–chromium dioxide mixture

(Johansen 1940). Lengths of vessel elements and sieve tube

members were determined from the macerated material

mounted in glycerin. The bark of the dried stem sample of

C. rupestris was damaged and could not be studied.

Specimens for scanning electron microscopy were pre-

pared according to the methods of Exley et al. (1977). The

standardized descriptive terminology for wood structure

proposed by Carlquist (2001) and the IAWA list of

microscopic features for hardwood identification (IAWA

Committee 1989) were followed throughout, except that

the vertical dimension of the diameter of intervessel pits

was also recorded. The terminology used to describe bark

structure follows Trockenbrodt (1990).

Results

Wood structure

The stems of all five Centella species studied have very

narrow rings of secondary phloem and xylem. These rings

are interrupted by persistent medullary rays, which are

especially wide in C. difformis (Fig. 1). The structure of the

medullary rays is not described here.

Growth-ring boundaries are absent (C. rupestris, C. tri-

loba, and C. virgata) to indistinct (Figs. 2, 3), marked by

zones or rings of more numerous vessels (C. difformis,

C. rupestris, and C. villosa) or/and by weak differences in

vessel diameter between latewood and earlywood, and also

by continuous lines of marginal parenchyma (C. difformis

(Fig. 9) and C. villosa).

Vessels are rounded, rarely angular in outline, very

narrow (tangential diameter up to 46 lm in C. virgata), and
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Figs. 1–4 Wood and bark

structure in some species of

Centella. 1 Transverse section

of stem of C. difformis showing

wide medullary rays in wood,

phellem with thick-walled

sclerified cells (black arrow),

axial secretory canals in cortex

(white arrows), secondary

phloem without axial secretory

canals, 2 Transverse section of

wood of C. villosa [AO42-06]

showing indistinct growth rings

marked by zones of wider and

more numerous vessels and by

lines of marginal axial

parenchyma, 3, 4 Wood

structure of C. rupestris,

3 Transverse section showing

very indistinct growth rings

marked by zones of less

numerous vessels (asterisks),

4 Tangential section showing

rays composed mostly of square

and upright cells with a few

procumbent cells. Scale bars in

1, 3, 4 = 200 lm, in

2 = 100 lm

Table 1 Voucher specimens and locality details of the wood and bark samples of Centella species examined

Species Voucher specimen

(Herbarium)

Locality Habitat

Centella difformis (Eckl. & Zeyh.)

Adamson

Oskolski 11-06 (LE) South Africa, Western Cape Province, Hermanus,

Fernkloof Nature Reserve

Fynbos

C. rupestris (Eckl. & Zeyh.)

Adamson

Schubert & Van Wyk 55
(JRAU)

South Africa, Western Cape Province, Hermanus,

Fernkloof Nature Reserve

Fynbos

C. triloba (Thunb.) Drude Oskolski 12-06 (LE) South Africa, Western Cape Province, Hermanus,

Fernkloof Nature Reserve

Fynbos

C. villosa L. Oskolski 37-06 (LE) South Africa, Western Cape Province, Piekenierskloof

Pass

Dry Fynbos

C. villosa L. Oskolski 41-06 (LE) South Africa, Northern Cape Province, Cedarberg Dry Fynbos

C. villosa L. Oskolski 42-06 (LE) South Africa, Northern Cape Province, Cedarberg Dry Fynbos

C. virgata (L.f.) Drude Oskolski s.n. (LE) South Africa, Western Cape Province, near Knysna Afromontane Forest

margin
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extremely numerous (vessel frequency varies in C. villosa

from 277 per mm2 [AO42-06] to 685 per mm2 [AO37-06]),

mostly solitary (Fig. 3), sometimes in small clusters and

radial multiples of up to thirteen in C. rupestris, and up to

six in other samples. Tyloses were not found. Vessel ele-

ments are (100–) 204–360 (–505) lm long.

Perforation plates are mostly simple (Figs. 5, 6); sca-

lariform perforation plates with few (up to three) bars are

quite common (ca. 20% of all perforation plates) in C. dif-

formis (Fig. 7) and rarely also in C. rupestris. Intervessel

pits alternate (rarely opposite and transitional from scalar-

iform to alternate), 1.5–6.3 lm in vertical size, mostly with

rounded margins and slit-like or lens-like apertures sur-

rounded by shallow, groove-like wall sculpturing (Figs. 6,

7). Vessel-ray and vessel-axial parenchyma pits are simple

or with indistinct borders, mostly similar to intervessel pits

in size and shape, sometimes oval and scalariform (not

found in C. villosa, and quite common in C. difformis and

C. rupestris). Unilaterally compound pits (i.e. horizontally

elongated pits) are present (along with diagonally to verti-

cally elongated pits in C. rupestris and C. trilobata) on the

ray cell walls. Up to three pits occur on the vessel walls (up

to five in C. rupestris) in all the species studied except

C. villosa. No helical thickenings were found on the vessel

element walls. Vascular tracheids were not found.

Fibres are libriform, moderately thick-walled to thick-

walled. The fibre walls are 1.4–4.5 lm thick, with few

simple to minutely bordered pits, with slit-like apertures in

the radial walls. Septate fibres were not found.

Axial parenchyma is diffuse to scanty vasicentric

(Fig. 8) in solitary strands (in C. villosa [AO41-06, AO42-06]

but rarely also aggregated into short lines), and banded

(sometimes marginal) in continuous 1–2-seriate lines (in

C. difformis (Fig. 9) and C. villosa) consisting of strands of

2–4 cells.

Rays (Fig. 4) are numerous (12–18 per mm), uni and

multiseriate (mostly 1 to 3-seriate, up to 6-seriate); ray

cells are small (up to 28 lm in tangential diameter). Ray

height is commonly\1 mm, but a few rays[1 mm occur.

Multiseriate rays are composed of upright, square cells and

a few procumbent cells mixed throughout the ray, with

long uniseriate portions (up to 18 marginal rows). Unise-

riate rays are composed almost exclusively of square and

upright cells. Radial canals are absent. Crystals were not

found.

Bark structure

The epidermis is formed by a single layer of isodiametric

(rarely somewhat radially flattened), thin-walled cells (with

thicker outer walls in C. triloba and C. villosa [AO41-06]),

rounded or rectangular in outline.

Periderm is of subepidermal origin (Fig. 10). The

phellem is composed of 5–25 layers of thin-walled (or thin

to thick-walled sclerified in C. difformis (Fig. 1) and

C. villosa [AO41-06]), isodiametric to radially flattened

cells (only radially flattened cells in C. virgata (Fig. 11);

radially elongated cells occur in C. villosa [AO41-06,

AO42-06]).

Phelloderm is composed of 5–15 layers of thin-walled,

radially flattened cells. Druses of calcium oxalate occur in

phelloderm cells in C. difformis, C. villosa [AO41-06], and

C. virgata. Some crystalliferous phelloderm cells of

C. virgata are 2–3-chambered, subdivided by radial walls.

The cortical collenchyma is lamellar and comprises one

or two cell layers. Tangential diameter of collenchyma

cells is 15–50 lm. Cortical parenchyma is formed by

12–20 layers of isodiametric or somewhat axially elon-

gated, thin-walled parenchyma cells of 20–50 (up to

70) lm in tangential diameter. The outer 3–6 layers of

Figs. 5–7 Scanning electron

micrographs of vessel elements

in Centella difformis. 5 Simple

perforation plate with vestigial

bar, vessel-axial parenchyma

pits, 6–7 Alternate intervessel

pitting, groove-like wall

sculptures near pit apertures

(arrows), 6 Simple perforation

plate, 7 Scalariform perforation

plate with two bars. Scale bars
in 5, 6 = 10 lm, in 7 = 5 lm
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cortical parenchyma in C. villosa comprise chlorenchyma

cells with large intercellular spaces (Fig. 10).

Axial secretory canals are present in the cortex of all the

species examined (Fig. 10). Axial canals are lined by a

single or double (most common in C. triloba) layer of 4–6

cells in C. difformis (Fig. 1) and 5–9 epithelial cells in

other species. The lumina of the axial secretory canals in

non-dilated cortex are 15–30 lm in diameter. Primary bark

fibres are absent from C. virgata but in other species are

thick-walled and aggregated into small groups or clusters,

each 2–6 tangential layers deep (Fig. 10).

Dilatation of the cortical tissue is effected mostly by

tangential stretching of cells (in C. virgata also by anti-

clinal division of cortical collenchyma and parenchyma

cells). Axial secretory canals in dilated cortex are

20–70 lm in diameter (up to 130 lm in C. virgata). The

number of epithelial cells in the canals increases to 15 in

C. virgata. Druses are common in the cells of dilated

cortex.

The secondary phloem is composed of tangential zones

of 15–25 cell layers, comprising sieve elements, compan-

ion cells, and axial phloem parenchyma cells. The transi-

tion from non-collapsed to collapsed secondary phloem is

gradual. Sieve tube members are 10–20 lm wide and

120–320 lm long (Table 2). Sieve plates are compound

with 2–8 sieve areas located on oblique cross walls. Axial

parenchyma cells are mostly fusiform or occur in strands of

two or three. Druses and prismatic crystals are present in

axial parenchyma cells of collapsed phloem. No axial

secretory canals were found in the secondary phloem

(Figs. 1, 11).

Secondary phloem rays (Fig. 12) are uniseriate and 2–8-

seriate (up to 12-seriate in C. villosa [AO42-06] and

15-seriate in C. virgata). Multiseriate rays are composed of

upright, square cells and a few procumbent cells mixed

throughout the ray. Uniseriate rays are composed mostly of

upright, square cells. Cells of dilated rays are extensively

enlarged, mostly by tangential expansion and also by

Figs. 8–12 Transverse sections

of wood of Centella species

showing different types of axial

parenchyma. 8 C. virgata,

scanty vasicentric and diffuse

axial parenchyma,

9 C. difformis, axial

parenchyma in 1–2-seriate lines

and diffuse. Figs. 10–12 Bark

structure in some species of

Centella, 10 Transverse section

of epidermis and cortex of

C. villosa [AO37-06] showing

subepidermal initiation of

phellogen (black arrow),

chlorenchyma cells in cortical

parenchyma (asterisks), axial

secretory canal (sc), primary

phloem fibres (pf),
11 Transverse section of

periderm, dilated cortex and

secondary phloem in C. virgata
showing the phellem composed

of radially flattened thin-walled

cells, secondary phloem without

axial secretory canals, secretory

phloem rays dilated by

tangential expansion,

12 Tangential section of

secondary phloem in C. virgata
showing uniseriate and

multiseriate secondary phloem

rays. Scale bars in 8, 9, 12 =

100 lm, in 10 = 50 lm, in

11 = 200 lm
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anticlinal divisions (ray width in dilated rays up to

16-seriate).

Radial secretory canals are found in the rays of C. vill-

osa [AO41-06] and C. virgata. The lumen diameter of the

radial secretory canals is mostly 30–70 lm (up to 130 lm

in C. virgata). Druses, crystal sand, and sometimes pris-

matic crystals occur in the ray cells.

Discussion

The results of our anatomical study of the stem structure in

selected species of Centella support the placement of this

genus within the subfamily Mackinlayoideae and confirm

its relationship to Apiopetalum and, especially, to Mack-

inlaya, as suggested by a recent classification system for

the order Apiales based primarily on molecular phyloge-

netic analyses (Plunkett et al. 1996a, 2004; Andersson et al.

2006). Centella and Mackinlaya (Oskolski and Lowry

2000; Kotina and Oskolski 2007) share several wood and

bark features, including subepidermal origin of the peri-

derm, tangential expansion of rays in dilated secondary

phloem, poorly sclerified or non-sclerified collapsed sec-

ondary phloem, the occurrence of scalariform perforation

plates with a few bars, small intervessel pits (up to 6 lm in

vertical diameter) with groove-like sculptures near their

apertures, diffuse and marginal axial parenchyma (the lat-

ter occurring only in C. difformis and C. villosa, and in

Mackinlaya), and a predominance of upright and square

cells in the ray composition (heterogeneous rays of the IIA

type, according to the classification of Kribs (1935)).

Apiopetalum is more distinct from these two genera in its

wood and bark structure but it also has most of these fea-

tures. In contrast with Centella and Mackinlaya, however,

Apiopetalum is characterized by sclerified collapsed sec-

ondary phloem, the occurrence of scalariform perforation

plates with numerous bars (along with the simple ones) and

by the presence of diffuse-in-aggregates axial parenchyma.

Although each of these characters has also been observed

in other genera of Apiaceae, Araliaceae, and/or Myodo-

carpaceae, their combined occurrence in Centella, Mack-

inlaya, and Apiopetalum is notable and supports the

suggestion that these three genera are closely related.

The occurrence of scalariform perforation plates with a

few bars in some Centella species is particularly note-

worthy. Although this feature has been found in some

genera of Apiaceae, for example Aethusa L., Bupleurum L.,

Carum L., Oenanthe L., Peucedanum L., and Xanthosia

(Solereder (1908) as cited in Metcalfe and Chalk (1950)), it

is important to note that all these reports referred to

occasional aberrations and not to the perforation plates

present regularly in the species studied. Such aberrant

occurrences were also reported for other taxa with

predominantly simple perforation plates (e.g. in many

genera of Rosaceae (Zhang 1992)) but this feature is not

commonly regarded as important for their phylogenetics or

systematics. In contrast, ca. 20% of all perforation plates in

C. difformis have one, two, or three bars, and this condi-

tion, therefore, cannot be regarded as aberrant. Among

Apiaceae (sensu Plunkett et al. 2004), the frequent occur-

rence of scalariform perforation plates (with the simple

plates) is also characteristic for Mackinlaya and Apiope-

talum (Oskolski and Lowry 2000), but this feature has not

been found in other woody members of the family

(Rodriguez 1957; Oskolski 2001). Our finding provides the

first morphological evidence of a relationship between

Centella, Mackinlaya, and Apiopetalum to support the

finding from molecular analyses. Scalariform perforation

plates are also present in Araliaceae, Myodocarpaceae, and

other families of the order Apiales (with the exception of

Pittosporaceae) but not in any other genera of Apiaceae.

Their occurrence in three genera of Mackinlayoideae is

therefore congruent with the idea of a basal position for this

lineage in relation to other clades within Apiaceae, sug-

gesting that the loss of scalariform perforation plates may

be a synapomorphy for all other Apiaceae.

These similarities notwithstanding, Centella is sharply

distinct from Mackinlaya and, especially, from Apiopeta-

lum by several features, including shorter vessel elements

(their mean length is 200–360 lm in Centella vs.

520–770 lm in Mackinlaya) and fibres, much higher vessel

frequency, absence of paratracheal axial parenchyma, and

of axial secretory canals in secondary phloem. Most of this

variation may be caused by ecological factors rather than

reflecting phylogenetic relationships. The vessel charac-

teristics of Centella are typical for its habit (small shrubs

and perennial herbs) and for plants from dry environments

(Baas and Schweingruber 1987; Wheeler and Baas 1993;

Carlquist 2001). The lack of paratracheal axial parenchyma

may be the result of the very high vessel frequency. It is

difficult to distinguish diffuse axial parenchyma from the

scanty paratracheal parenchyma in a wood with very

numerous small vessels which have a diameter similar to

that of the axial parenchyma cells.

The absence of axial secretory canals in the secondary

phloem of Centella is very surprising because its presence

has been reported in all the species of the suborder Apii-

neae (Plunkett et al. 2004), i.e. for all members of Arali-

aceae, Myodocarpaceae, Pittosporaceae, and Apiaceae

examined to date (Viguier 1906; Metcalfe and Chalk 1950;

Holdheide 1951; Rodriguez 1957; Zahur 1959; Roth 1981;

Kolalite et al. 2003; Oskolski et al. 2007; Nilova and

Oskolski 2010). Although Metcalfe and Chalk (1950)

noted that ‘‘secretory canals present in the inner part of the

primary cortex, as well as in pericycle and sometimes in

secondary phloem of most if not of all members of the
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family [Apiaceae]’’, these authors did not specify in which

taxa axial secretory canals are absent from the secondary

phloem. The lack of these secretory structures in Centella

is probably caused by the reduced amount of secondary

phloem in the stems.

Although the species of Centella studied are rather

uniform in stem structure, there are also some conspicuous

differences in their wood and bark. Centella difformis and

C. villosa share the presence of sclerification of periderm

cells and of marginal axial parenchyma—two features

which are absent in other species. According to the infra-

generic classification system proposed by Schubert (2000),

these two species are closely related and belong to the type

section of the genus. The absence of primary phloem fibers

in C. virgata may be characteristic for section Virgatae.

Our limited sampling does not enable any additional con-

clusions about relationships within the genus. A wider

survey combined with an expanded molecular phylogenetic

study is likely to reveal taxonomically useful anatomical

characters for the genus Centella.
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