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Colleters are multicellular secretory structures found on various organs in flowering plants. Colleters on the
adaxial sides of stipules have been hypothesized to play a role in protecting the developing shoot. Rhizophoraceae
is a stipulate family with a broad distribution from mangrove to montane environments, which makes the family
well suited for the examination of this hypothesis, but the colleters of Rhizophoraceae are not well known. We
compared species from all three tribes of Rhizophoraceae, including five inland genera and all four mangrove
genera. In all species, several to hundreds of colleters, sessile or stalked, arranged in rows aggregated in
genus-specific shapes, are found at the adaxial bases of open and closed stipules. Pellacalyx uniquely has additional
colleters at the stipule margins. Colleters are all of the standard type, comprising a central axis of core parenchyma
with large vacuoles and tannins, and an outer palisade-like epidermis with organelles involved in secretory activity.
An exception is Pellacalyx axillaris, in which colleters appear as extremely small epidermal protrusions. Kandelia
obovata has a tracheary element in some colleters. Pellacalyx uniquely has an unusual fleshy outgrowth on the
adaxial stipule base. We propose an evolutionary sequence in which Macarisia has plesiomorphic stipule and
colleter traits and the mangrove Kandelia obovata with colleter vascular traces is most derived. Colleter and
stipule structures are largely concordant with habitat and phylogeny, and show taxonomic value. The strong
alignment of colleter and stipule patterns with habitat is suggestive that colleters have a protective function,
although some components of these patterns may be phylogenetically determined. © 2013 The Linnean Society
of London, Botanical Journal of the Linnean Society, 2013, 172, 449–464.

ADDITIONAL KEYWORDS: Cassipourea – fleshy outgrowth – Gynotroches – Kandelia – Macarisia –
mangroves – Pellacalyx – standard type – ultrastructure.

INTRODUCTION

Rhizophoraceae (Malpighiales) is diversified both eco-
logically andmorphologically. In addition to four exclu-
sively mangrove genera (Bruguiera Sav., Ceriops Arn.,
Kandelia Wight & Arn. and Rhizophora L.), there are
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15 terrestrial genera with 135 species occurring in
inland forests (Juncosa & Tomlinson, 1988a). All taxa
of Rhizophoraceae s.s. (excluding Anisophyllea R.Br. ex
Sabine) have large and conspicuous interpetiolar, gla-
brous and caducous stipules, strongly sheathing the
young leaves and inflorescences (Hou, 1958). At the
adaxial bases of stipules in the mangrove Rhiz-
ophoraceae, several to hundreds of finger-like glandu-
lar structures, called colleters (Lersten & Curtis, 1974;
Fahn, 1990), can be observed with the naked eye,
mixed with milky mucilage (Tomlinson, 1986). As the
stipules enclose the developing shoot, it has been
hypothesized that colleter secretions have a shoot
protective function (Kronestedt-Robards & Robards,
1991; Paiva, 2009, 2012). In addition, in a comprehen-
sive study of mangrove Rhizophoraceae (Sheue, Chen
& Yang, 2012), it has been suggested that stipules and
colleters provide a system for mechanical protection
and physiological immersion, aiding the development
of the young shoots of these mangrove plants coping
with a challenging environment. Under this hypoth-
esis, challenges in different environments should be
reflected by differences in stipule and colleter morphol-
ogy, colleter number and secretory function. However,
suitable comparative studies to test this idea have not
been conducted previously.
According to Hou (1958), colleters of Rhiz-

ophoraceae were first described by Alston in African
Cassipourea Aubl. (inland species) and later by
Metcalfe & Chalk (1957) in Carallia Roxb., but
appear to occur in all Malaysian genera, both man-
grove and inland species. The colleters of a mangrove
species of this family were first described in Rhiz-
ophora mangle L. (Gill & Tomlinson, 1969). In an
anatomical study of R. mangle, Lersten & Curtis
(1974) reported that colleters of this taxon have a
finger-like structure with a central axis of slender
elongated cells surrounded by a palisade-like epider-
mis. This structure is similar to that found in several
other families, and defines the ‘standard type’
(Lersten & Curtis, 1974). Recently, the taxonomic
value of colleters of the mangrove Rhizophoraceae
(tribe Rhizophoreae) has been demonstrated (Sheue,
Liu & Yang, 2003; Sheue, Liu & Yong, 2003; Sheue,
Yong & Yang, 2005; Sheue et al., 2010, 2012).
Although many studies of colleters have been

carried out in Rubiaceae (Lersten, 1974a, b, 1975;
Miller, Scott & Gardner, 1983; Mangalan et al., 1990;
Klein et al., 2004), Apocynaceae (Thomas & Dave,
1989, 1991; Appezzato-da-Glória & Estelita, 2000;
Schwarz & Furlan, 2002) and Myrtaceae (da Silva
et al., 2012), colleters of Rhizophoraceae have been
less comprehensively studied beyond mangrove taxa
(Lersten & Curtis, 1974; Sheue et al., 2012).
However, Rhizophoraceae is a family well suited to
the examination of the idea that colleters have an

important role in protecting the developing shoot,
because members of this family are distributed over
a broad range of environments, including mangrove
habitats, lowland forests and montane forests. Here,
we provide comparative data for nine genera of Rhiz-
ophoraceae from all three major habitat types to
reveal associations between environment and
colleter features. These include all three tribes
(Macarisieae, Gynotrocheae and Rhizophoreae) of
Rhizophoraceae (Schwarzbach & Ricklefs, 2000), five
inland genera (Carallia, Cassipourea, Gynotroches
Blume, Macarisia Thou., Pellacalyx Korth.) and all
four mangrove genera.

MATERIAL AND METHODS

Plant materials of Rhizophoraceae containing stipules
with colleters were collected from four mangrove
genera from Asia and Australia and five inland
genera from Asia and Madagascar during the period
2005 to 2010 (Table 1). Voucher specimens were
deposited in the Herbarium of National Chung Hsing
University (TCB), Taichung, Taiwan.
Three individual plants were sampled from each

population studied. From each individual, three stip-
ules were carefully detached from the shoot apices at
the incipiency of extension of the young leaves. In
addition, three younger stipules of Kandelia obovata
from three individuals were collected for the study of
ultrastructure. Stipules were stored in 70% ethanol
in the field, washed with an ultrasound cleaner and
observed with a Leica S8AP0 stereoscope (Wetzlar,
Germany) equipped with an Olympus digital camera
(Tokyo, Japan) to determine stipule morphology, the
numbers of colleters and their form of aggregation in
the stipule. Photographs of colleters in a stipule
taken from different focal planes (c. five to eight
images) were used to make three-dimensional still
and video images, using Helicon Soft (Kharkov,
Ukraine). For shape and size determination, a
portion of the materials was observed and photo-
graphed with a table-top microscope (TM 3000,
Hitachi, Tokyo, Japan).
For field fixation for anatomical study, the base of

each stipule with colleters was cut into several small
pieces and placed into 1.25–1.50% glutaraldehyde in
0.1 M phosphate buffer with 5% sucrose. Materials
were stored in this fixative for 5–7 days whilst col-
lecting overseas (Sheue, 2003). For the second fixa-
tion, materials were subsequently transferred to 1%
OsO4 in 0.1 M phosphate buffer for about 4 h. After
dehydration through an ethanol series, materials
were infiltrated for 3 days and embedded in Spurr’s
resin. The embedded materials were polymerized in
an oven at 70 °C for 12 h. Semithin sections (1 μm)
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Closed stipules are conspicuous (10–55 mm), but
caducous, only seen at the terminal shoot apices. In
contrast, the other type of stipule is small (1–15 mm),
but more persistent, and the margins of the stipule
pair do not overlap (valvate). We designated this
stipule type as ‘open’. Although the leaves below the
second node are fully mature in these species, stipules
can be seen persistently from the shoot apex to the
fourth or even sixth node in the inland genera Cas-
sipourea (Fig. 1F) and Macarisia (Fig. 1G), or to the
tenth or twelfth node in the inland genus Pellacalyx
(Fig. 1E). Open-type stipules are further distin-
guished by being hairy, whereas closed-type stipules
are glabrous. Most of these stipules, whether open or
closed, are green to yellow–green (video S1), although,
in some taxa (e.g. Rhizophora, Bruguiera and
Gynotroches), they may also be red–purple or deep
brown (Macarisia).
Pellacalyx axillaris is unusual in having a signifi-

cant fleshy outgrowth (1.2–3.5 mm long) at the
adaxial base of the stipule, free at the upper
margin, forming a shallow pocket (Fig. 2G, H; video
S2). The top of this outgrowth is lobed and covered
by dense trichomes (Fig. 3E). A similar structure is
also found in Pellacalyx saccadianus, but is less
developed (Fig. 2I).
Field observation revealed that stipule exudates

are always abundant and visible in the mangrove
species. These exudates are milky or resinous and
slightly sticky (Fig. 1A, B). For the inland species,
only Macarisia humbertiana Arènes showed abun-
dant resinous exudates (Fig. 1G; Table 1).

AGGREGATION FORM AND SIZE OF COLLETERS

Colleters can be observed in the adaxial bases of
stipules of all species of Rhizophoraceae studied
(Fig. 2), regardless of the morphology and size of the
stipules. These colleters are aggregated in genus-
specific forms: rectangles, trapezoids, triangles, semi-

circles, narrow or thick bands, a single row or
scattered (Table 1). Colleters are commonly milky-
white initially (Fig. 2A, B, J), gradually turning black
with age (Fig. 2K).
For convenience of description, colleter size can be

divided into three categories on the basis of colleter
length: large (> 601 μm), medium (301–600 μm) and
small (101–300 μm). Compared with the inland
species, all four mangrove genera have more abundant
colleters (95–300 per stipule), aggregated in 4–26 rows.
They are all medium or large in size and aggregated as
semicircles or trapezoids (Bruguiera exaristata Ding
Hou), thick bands (Rhizophora stylosa Griff., Fig. 2A;
video S1) or triangles (Ceriops and Kandelia). Among
the species of Rhizophoraceae studied, R. stylosa has
the largest colleters, up to 1500 μm in length.

Colleter aggregation forms of the inland species are
more diverse than those of the mangrove species.
Single rows, scattered forms (P. axillaris Korth.)
(Fig. 2H) and irregular triangles (P. saccadianus
Scort.) (Fig. 2I) were only found in inland species.
Small numbers of colleters occur in Gynotroches (two
to ten colleters) and Cassipourea (< 20 colleters,
Fig. 2J), usually arranged as a single row. In addition,
in Cassipourea sp., a few colleters were found
attached to the corresponding side of the stipule scar
on a stem (Fig. 2J, inset).
The inland species often have a wide range of

colleter size within a stipule. This phenomenon is
particularly noticeable in Carallia suffruticosa Ridl.
(Fig. 2F) and P. saccadianus (Fig. 2I). Inland species
have medium or small colleters. Macarisia humber-
tiana stands out in having colleters that completely
fill the very small stipule (Fig. 2L, M). The genus
Pellacalyx also has unusual features: P. axillaris has
extremely small colleter-like structures (82 μm) scat-
tered above the fleshy outgrowth (Fig. 2G, H; video
S1) and P. saccadianus has colleters along the
margins of stipules, in addition to colleter aggrega-
tions in the stipule base (Fig. 2I).

Figure 2. Adaxial view of stipule and the aggregation form of colleters of Rhizophoraceae. A, B, Rhizophora stylosa. A,
Fresh stipules with large yellowish colleters (arrows) aggregated as a band. B, Close-up view of fresh colleters. C–E,
Carallia brachiata. C, A fresh stipule showing small and brown colleters. D, Close-up view of small colleters. E, All
colleters aggregate as a band. F, Carallia suffruticosa often with colleters of uneven size. G, H, Pellacalyx axillaris. G, A
fresh stipule showing a novel fleshy outgrowth (open arrow), with extremely small colleter-like protrusions (arrows) above
this outgrowth (top inset). Note that the lateral view of the stipule shows the striking bend at its base (bottom inset). H,
The top of the outgrowth showing the free upper margin with lobes (arrows). I, Pellacalyx saccadianus with a less evident
fleshy outgrowth (open arrow) below the colleter region. Inset is a close-up view of colleters. Note that additional colleters
occur on stipule margins (arrows). J, K, Cassipourea sp. J, A fresh stipule with several colleters arranged in a single row.
Occasionally, colleters can be found attached to the corresponding side of the stipule scar on a stem (inset, arrows). K,
The colleters at senescence are dark brown. L, M, Macarisia humbertiana with very small stipules, but abundant colleters
uniquely filling entire stipules. B, E, F are reconstructed three-dimensional images. Scale bars: A, 10 mm; B–F, H–K,
1 mm; G, 5 mm; L, M, 0.5 mm.
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COLLETER MORPHOLOGY

The individual morphology of colleters of Rhiz-
ophoraceae varies between genera (Table 1). The
colleter morphology of the inland taxa is provided in
Figure 3. [For the mangrove taxa, see fig. 4 in Sheue
et al. (2012)]. Five types of colleter were discriminated
in this study: short-stalked rods (Bruguiera, Carallia)
(Fig. 3B, C), long-stalked rods (Ceriops, Kandelia,
Gynotroches) (Fig. 3D), acuminate sessile rods (Rhiz-
ophora), sessile rods (Carallia, Cassipourea, Maca-
risia, Pellacalyx) (Fig. 3A, H–M) and small epidermal
protrusions (P. axillaris) (Fig. 3E–G). Except in Car-
allia and Pellacalyx, colleter type does not vary
within a genus.
Stipule pubescence is associated with trichomes

mingled with colleters: all four mangrove genera and
two inland genera (Carallia and Gynotroches) have
glabrous stipules and no trichomes mingled with
colleters. Three inland genera (Pellacalyx, Cassipou-
rea and Macarisia) have pubescent stipules and tri-
chomes mingled with colleters. These trichomes are
unbranched in Cassipourea and Macarisia (tribe
Macarisea), whereas both unbranched and branched
trichomes occur in Pellacalyx (Gynorocheae).

COLLETER STRUCTURE

Although the colleters reported for this family vary in
shape and size, they all have similar anatomical
features. They have two types of cell: a core of elon-
gated parenchymatous cells (c. five to ten rows)
sheathed by palisade-like epidermal cells arranged in
one layer perpendicular to the axis of the core paren-
chyma (Fig. 4). The stalk of the colleter is a basal
constriction composed of a single epidermal cell layer
surrounding core parenchyma cells (Fig. 4D, G, I)
attached to the stipule tissue. A cuticular layer covers
the entire colleter, including the palisade-like epider-
mis and the stalk when present. A space between the
cuticular layer and the epidermal cells may be greatly
increased and filled with a mucilaginous substance
exuded by the palisade-like epidermis at the secretory
stage (Fig. 4B, E).
With the exception of Kandelia, no vascular tissue

was found in the colleters of the species of Rhiz-
ophoraceae studied. Tracheary elements of K. obovata
Sheue, H.Y.Liu & J.W.H.Yong, identified by the thick-

ened secondary cell walls and elongated cell shape,
were occasionally found in the core parenchyma of
stalks or the basal parts of colleters (Fig. 4G–I).
Extensive investigation of samples by the clearing
method showed that, even in the same stipule, only a
few colleters have this vascular trace. Each of these
vascular traces is just a single tracheary element,
with no visible connection to the main vascular tissue
of the stipule (Fig. 4G).
Colleters of mangrove genera appear to be distin-

guished by larger epidermal cells. For example,
colleters of K. obovata and R. stylosa have palisade-
like epidermal cells of c. 50 and 60 μm in length,
respectively, whereas the colleters of the inland
species Carallia brachiata (Lour.) Merr., M. humber-
tiana and Cassipourea sp. have smaller epidermal
cells (c. 45, 35 and 25 μm, respectively). Tannins are
commonly seen in the core parenchyma of colleters of
the mangrove species. Druse crystals are abundant in
the stipule tissue of both mangrove and inland
species, but rarely in the core parenchyma of the
colleter, and not at all in the outer colleter epidermal
cells.
The extremely small colleter-like protrusions of

P. axillaris have no typical colleter structure (Figs. 3F,
G, 4J–K). They consist of only 8–15 epidermal cells,
slightly protruding from the stipule to form a small
peak.

COLLETER ULTRASTRUCTURE

Colleter ultrastructural information is based here
mostly on both young and mature stipules from
K. obovata and R. stylosa, and on some mature stip-
ules of Rhizophora apiculata Blume described in a
previous report (Sheue et al., 2012). We were unsuc-
cessful in obtaining adequate ultrathin sections and
images for inland species, although materials were
fixed in the field and treated following the same
general electron microscopy protocols.
Colleter cells have different ultrastructural fea-

tures at different stages (Fig. 5). In the young stipule,
the epidermal cell has a distinct nucleus, dense cyto-
plasm, many small vesicles, oil drops, abundant endo-
plasmic reticula (ER), mitochondria and some Golgi
apparati (Fig. 5A, B). The small vesicles appear
lighter in the images and are scattered in the cyto-

Figure 4. Anatomical structure of colleters of Rhizophoraceae. A, B, C, J and K are transverse sections; D, E, F, H and
I are longitudinal sections; G is cleared. A, D, Kandelia obovata. B, E, Carallia brachiata. Note the detached cuticle
(arrows) outside the palisade epidermal cells forming a space, which can accumulate exudates. C, F, Cassipourea sp. with
smaller palisade epidermal cells. G–I, The vascular trace (tracheary element, arrow and circles in red) of K. obovta, which
is found in some colleters. J, K, The extremely small colleter-like structures on the stipule of Pellacalyx axillaris is shown
here to be epidermal protrusions (open arrows). CP, core parenchyma; Cut, cuticular layer; Mu, mucilage cell; PP, palisade
epidermal cell; S, stalk. St, stipule. Tr, trichome. Scale bars: A–F, H, I, K, 100 μm; G, 20 μm; J, 200 μm.
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plasm. Oil drops are grey, being more electron dense,
and are mostly restricted to the borders of the cell
walls (Fig. 5B). ER parallel to the axis of the epider-
mal cells, associated with vesicles and oil drops, are
common. All of these ultrastructural features are
indicative of a secretory function for the outer epider-
mal cells. An evident cuticular layer surrounds these
secretory cells (Fig. 5D). The space between the outer
epidermal cells and the cuticular layer is normally
small and invisible, but flexible. It may be filled with
secretory substances from the outer epidermal cells
during the colleter secretory stage. This cuticular
layer ruptures and collapses gradually during colleter
senescence.
The core parenchyma often contains darker more

electron-dense materials than the outer epidermal
cells (Fig. 5E). Mitochondria and ER can be found in
these cells only at younger stages (Fig. 5F).Tannins,
large vacuoles and plasmodesmata are observed in
this tissue (Fig. 5G).
Colleters from expanded stipules collected in this

study showed disorganized organelles within cells of
both the epidermis and the core parenchyma. Only
irregular shaped vesicles were evident in the outer
epidermal cells (Fig. 5C), but these were numerous.
Usually, only a large vacuole containing tannins could
be observed in the core parenchyma cells.

DISCUSSION

The role of colleters in the stipules of plant groups is
under-reported and poorly understood. Here, colleters
were found in the adaxial bases of stipules of all
members of Rhizophoraceae studied. Thus, this
feature is a family-level taxonomic character. With
the exception of P. axillaris, the colleters of all species
studied are finger-like. In P. axillaris, the colleters are
rudimentary, reduced to colleter-like protrusions. A
surprise is the presence of additional colleters on
stipule margins of P. saccadianus, not previously
reported to our knowledge in this or any other plant
group, although colleters on leaf margins are known
from Cariniana estrellensis (Raddi) Kuntze (Lecythi-
daceae) (Paiva, 2012). Except for Bruguiera, colleters,

although few in number, are also present in the
bracteoles of mangrove Rhizophoraceae inflores-
cences, as noted previously (Sheue, 2003; Sheue, Liu
& Yong, 2003). Reports of colleters in various loca-
tions, although most commonly in stipules, have been
described in other families of Malpighiales, including
Caryocaraceae (Paiva & Machado, 2006b), Erythroxy-
laceae (Thiebaut & Hoffmann, 2005), Euphorbiaceae
(Thomas, 1991), Passifloraceae (Thomas, 1991), Sali-
caceae (Thomas, 1991) and Turneraceae (Thomas,
1991; González, 1998). In addition, colleter-like struc-
ture was reported in Ochnaceae (Matthews, Amaral &
Endress, 2012) and Putranjivaceae (Matthews &
Endress, 2013).
In this study, we provide information on the concord-

ance of colleter and stipule structure with habit and
phylogeny. Our results, summarized in Figure 6, show
definitively that the mangrove taxa (taxa 1–4) of
Rhizophoraceae have larger and more abundant
colleters than inland taxa. There is a stark difference
between the species R. stylosa (a mangrove) with the
largest colleters, up to 1490 μm, and the inland species
C. brachiata with the smallest finger-like colleters
(taxon 7), about 140 μm in length. In P. axillaris (taxon
6), the colleter-like protrusions are only 83 μm in
length. Colleters of the inland taxa, although generally
smaller than those of the mangrove taxa, vary greatly
in size between species. In the mangrove tribe Rhizo-
phoreae, Rhizophora, usually occurring at the front of
mangroves facing the sea, has the largest colleters
(Sheue, Chen & Yang, 2012). Indeed, the colleters in
Rhizophora are amongst the largest observed in any
species. A few genera of Apocynaceae (Nerium L. and
Alstonia R.Br.) also have large colleters, up to 1100 μm
in length (Thomas & Dave, 1991), but are less abun-
dant (10–35 colleters) than in the mangrove Rhiz-
ophoraceae, and do not occur in stipules, but on
petioles. However, a complication in providing a clear
summary is that some species have broad elevational
ranges. For example, the inland species of Gynotro-
cheae are constituents of the lowland mixedMalaysian
rainforest rarely found on mountains above 1000 m,
but several species range to higher elevations. For
example, P. axillaris has been found up to 1300 m,

Figure 5. Transmission electron micrographs of colleters of Kandelia obovata (A, B, E–G) and Rhizophora apiculata (C,
D). A–D, Palisade epidermal cell. E–G, Core parenchyma cell. A, B, During the secretory phase, dense cytoplasm with
large nuclei, endoplasmic reticula, Golgi apparati and mitochondria were found in outer epidermal cells. Note the many
vesicles and oil drops of various sizes along the cell walls in (B). C, D, At senescence, these epidermal cells are
disorganized with many vacuoles. Note the space between the detached cuticular layer and the outer cell wall in which
the exudates from the palisade epidermal cells may accumulate (D). E–G, Core parenchyma during the secretory phase,
with large vacuoles containing tannins, endoplasmic reticula and mitochondria scattered along the cell walls. Plasmodes-
mata are commonly found between core parenchyma cells (arrows in G), but not in palisade epidermal cells. CP, core
parenchyma cell; Cut, cuticular layer; CW, cell wall; ER, endoplasmic reticulum; M, mitochondrion; O, lipid drop; PP,
palisade epidermal cell; Nu, nucleus; T, tannins; V, vacuole.
◀
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Gynotroches and Cassipourea are the only two
genera with few colleters arranged as a single row
(taxa 5 and 10 in Fig. 6). However, these two genera
have different habitats and stipule characteristics.
Gynotroches, with closed-type large stipules, is amono-
typic genus occurring in marshy places and swamps,
particularly along creeks in tall rainforest or in sec-
ondary forest in Asia (Hou, 1958). In contrast, Cas-
sipourea, with small open stipules, is a species-rich
genus mostly growing in drier places (Schwarzbach &
Ricklefs, 2000). Thiebaut & Hoffmann (2005) reported
that Cassipourea malosana Alston, a tree commonly
found in moist montane forest or in upland dry forest
in continental Africa (AgroForestryTree Database;
http://www.worldagroforestrycentre.org/sea/products/
afdbases/af/asp/SpeciesInfo.asp?SpID=18008), has
colleters forming one row. This is the same colleter
aggregation form as observed in the Cassipourea sp.
found growing as an understorey shrub of rainforest at
mid-elevation in Marojejy National Park, Madagascar.
In this study, colleters of most inland species appear

as sessile rods. Mangrove genera of Rhizophoraceae
have been reported previously with three types of
colleter: short-stalked rods, long-stalked rods and
acuminate rods (Sheue, Chen & Yang, 2012).
Gynotroches (taxon 5 in Fig. 6) is the only inland genus
with evident stalked colleters similar to those of man-
grove taxa. Generally, each species has one type of
colleter morphology. However, the colleters of C. suf-
fruticosa (taxon 8 in Fig. 6) may appear with both
short-stalked rods or sessile rods. Based on the mor-
phology of stipule and colleter, Carallia and
Gynotroches seem to be more closely related to the
mangrove Rhizophoraceae than to other inland
species. This result may support a hypothesis proposed
previously. Members of Macarisieae share capsular
fruits, those of Gynotrocheae (except Crossostylis
Forst.) have berries and those of Rhizophoreae have
indehiscent fruits with seeds germinating on the
mother plant (viviparous). According to Juncosa &
Tomlinson (1988b), the most parsimonious interpreta-
tion is that the capsular fruit constitutes the plesio-
morphic character state in the family: a common
ancestor of Carallia, Gynotroches, Pellacalyx and the
mangrove clade evolved berry-like fruits, followed by a
shift to viviparous, indehiscent fruits in the mangrove
group. Based on the combined analysis of molecular
and morphological data, Schwarzbach & Ricklefs
(2000) also supported a plesiomorphic capsular fruit of
Macariseae. Our results demonstrate that members of
Gynotrocheae showmore diverse characters of stipules
and colleters than do members of Macarisieae and
Rhizophoreae. Indeed, colleter and stipule diversity in
Gynotrocheae spans almost the full range found in the
entire family, perhaps representing evolutionary diver-
sification from the ancestral state found inMacariseae.

According to previous reports (Lersten & Curtis,
1974; Sheue, Chen & Yang, 2012) and this study,
colleters of both mangrove and inland species of Rhiz-
ophoraceae are anatomically of the standard type (a
central axis of slender, elongate cells surrounded by
an outer palisade-like epidermis). An exception is the
inland species P. axillaris, which has extremely small
and irregularly shaped epidermal protrusions scat-
tered above the fleshy stipule outgrowth. As no visible
exudates can be observed, and the standard internal
structure is absent, we conjecture that these protru-
sions are nonfunctional vestigial colleters. The
standard-type colleter is the most common type
(Robbrecht, 1988), which is also found in Apocynaceae
(Appezzato-da-Glória & Estelita, 2000), Rubiaceae
(Thomas & Dave, 1990; Klein et al., 2004) and Tur-
naceae (González, 1998). It is noteworthy that the
mangrove species not only have larger colleters, but
also have larger outer palisade-like epidermal cells in
their colleters.
A unique feature was found in K. obovata (man-

grove, Rhizophoreae), in which some colleters showed
limited vascular traces (tracheary elements).
However, we found no visible connection to the vas-
cular tissue of a stipule, even though we carefully
examined many colleters with the clearing method.
This finding differs from a previous report indicating
that vasculature in the colleter is always connected to
the organ to which it is attached (Thomas, 1991). This
feature, together with other unique attributes of Kan-
delia, such as cold tolerance, slender calyx lobes and
an indefinite number of stamens (polyandry) with
long filaments, suggest a more derived status
(Juncosa & Tomlinson, 1988b; Sheue, Liu & Yong,
2003). Combined with molecular data, Kandelia has
also been suggested to be the most derived mangrove
clade (Schwarzbach & Ricklefs, 2000).
Based on the results of this study and the proposed

phylogeny (Juncosa & Tomlinson, 1988b; Schwarzbach
& Ricklefs, 2000), we suggest a possible evolutionary
sequence for stipule and colleter traits in Rhiz-
ophoraceae (Fig. 7). Members of Macariseae (inland)
have only open stipules and sessile colleters mingled
with unbranched trichomes. We hypothesize that
Macariseae represents the most plesiomorphic state.
Gynotrocheae, with both types of stipules, stalked and
sessile colleters sometimes mingled with branched and
unbranched trichomes, shows evolutionary diversifica-
tion. The ancestor of Rhizophoreae (mangroves) was
derived from Gynotrocheae. Rhizophorae, adapted to
the challenging mangrove environment, has developed
conspicuous closed stipules with large colleters. In this
family, K. obovata is the most derived species, with
vascular traces developed in some colleters.
The colleter ultrastructure of Rhizophoraceae

is similar to that reported from Rubiaceae and
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dates, notably the genera Pellacalyx and Cassipourea,
in which no exudates were observed. These differ-
ences suggest environmental associations of colleter
form and functioning. Thiebaut & Hoffmann (2005)
used herbarium specimens to observe colleters of Cas-
sipourea malosana and Rhizophora mucronata Lam.
Their observation of obvious secretions gluing the
colleters together in R. mucronata, but not in
Ca. malosana, is similar to ours. However, at the
present time, the biology of colleters is poorly under-
stood. Here, we have demonstrated various patterns
with elevation and tribe, but more data are needed for
a definitive association between colleters and habi-
tats. We hope that the results of this comparative
study of Rhizophoraceae will stimulate such research.

ACKNOWLEDGEMENTS

The authors thank two anonymous reviewers for
valuable comments, P. Saenger and D. Foster for help
in collecting materials in Australia, S. Tan for help in
collecting materials in Malaysia, and S. Tecot, I.
Hanski, Mimi Hotel (Sambava, Madagascar), TNA
herbarium and MICET for providing valuable infor-
mation and assistance for the trip to Madagascar.
This study was supported by the National Science
Council (NSC-97-2126-B-005-002-MY3) of China
(Taiwan).

REFERENCES

Appezzato-da-Glória B, Estelita MEM. 2000. Develop-
ment, structure and distribution of colleters in Mandevilla
illustris and M. velutina (Apocynaceae). Revista Brasileira
de Botânica 23: 113–120.

Cruz MAL, Gomes VM, Fernandes KVS, Machado OLT,
Xavier-Filho J. 2002. Identification and partial characteri-
zation of a chitinase and a beta-1,3-glucanase from Coper-
nicia cerifera wax. Plant Physiology and Biochemistry 40:
11–16.

Dell B. 1977. Distribution and function of resin and glandular
hairs in Western Australian plants. Journal of the Proceed-
ings of the Royal Society of Western Australia 59: 119–
123.

Fahn A. 1990. Plant anatomy, 4th edn. Oxford: Pergamon
Press.

Farrell BD, Dussourd DE, Mitter C. 1991. Escalation of
plant defense: do latex and resin canals spur plant diversi-
fication? The American Naturalist 138: 881–900.

Gill AM, Tomlinson PB. 1969. Studies on the growth of red
mangrove (Rhizophora mangle L.) I. Habit and general
morphology. Biotropica 1: 1–9.

González AM. 1998. Colleters in Turnera and Piriqueta
(Turneraceae). Botanical Journal of the Linnean Society
128: 215–228.

Hou D. 1958. Rhizophoraceae. In: van Steenis CGGJ, ed.
Flora Malesiana, series 1, vol. 5. Djakarta: Noordhoff-Kolff
NV, 429–473.

van Hove C, Kagoyre K. 1974. A comparative study of
stipular glands in nodulating and non-nodulating species of
Rubiaceae. Annals of Botany 38: 989–991.

Juncosa AM, Tomlinson PB. 1988a. A historical and taxo-
nomic synopsis of Rhizophoraceae and Anisophylleaceae.
Annals of the Missouri Botanical Garden 75: 1278–1295.

Juncosa AM, Tomlinson PB. 1988b. Systematic comparison
and some biological characteristics of Rhizophoraceae and
Anisophylleaceae. Annals of the Missouri Botanical Garden
75: 1296–1318.

Klein DE, Gomes VM, da Silva-Neto SJ, da Cunha M.
2004. The structure of colleters in several species of Simira
(Rubiaceae). Annals of Botany 94: 733–740.

Kronestedt-Robards E, Robards AW. 1991. Exocytosis in
gland cells. In: Hawea CR, Coleman JOD, Evans DE, eds.
Endocytosis, exocytosis and vesicle traffic in plants. Cam-
bridge: Cambridge University Press, 199–232.

Lersten NR. 1974a. Colleter morphology in Pavetta, Neoro-
sea and Tricalysia (Rubiaceae) and its relationship to the
bacterial leaf nodule symbiosis. Botanical Journal of the
Linnean Society 69: 125–136.

Lersten NR. 1974b. Morphology and distribution of colleters
and crystals in relation to the taxonomy and bacterial leaf
nodule symbiosis of Psychotria (Rubiaceae). American
Journal of Botany 61: 973–981.

Lersten NR. 1975. Colleter types in Rubiaceae, especially in
relation to the bacterial leaf nodule symbiosis. Botanical
Journal of the Linnean Society 71: 311–319.

Lersten NR, Curtis JD. 1974. Colleter anatomy in red
mangrove, Rhizophora mangle (Rhizophoraceae). Canadian
Journal of Botany 52: 2277–2278.

Mangalan S, Kurien KP, John P, Nair GM. 1990. Devel-
opment, structure and cytochemistry of resin-secreting
colleters of Gardenia gummifera (Rubiaceae). Annals of
Botany 66: 123–132.

Matthews ML, Amaral MDCE, Endress PK. 2012. Com-
parative floral structure and systematics in Ochnaceae s.l.
(Ochnaceae, Quiinaceae and Medusagynaceae; Malpighi-
ales). Botanical Journal of the Linnean Society 170: 299–
392.

Matthews ML, Endress PK. 2013. Comparative floral struc-
ture and systematics of the clade of Lophopyxidaceae and
Putranjivaceae (Malpighiales). Botanical Journal of the
Linnean Society doi: 10.1111/boj.12048.

Metcalfe CR, Chalk L. 1957. Anatomy of the dicotyledons, II.
Oxford: Clarendon Press.

Miguel EC, Klein DE, De Oliveira MA, Da Cunha M.
2010. Ultrastructure of secretory and senescence phase in
colleters of Bathysa gymnocarpa and B. stipulata (Rubi-
aceae). Revista Brasileira de Botânica 33: 425–436.

Miller IM, Scott A, Gardner IC. 1983. The development,
structure and function of dendroid colleters in Psychotria
kirkii Hiern (Rubiaceae). Annals of Botany 51: 621–630.

Paiva EAS. 2009. Occurrence, structure and functional
aspects of the colleters of Copaifera langsdorffii Desf.

463



(Fabaceae, Caesalpinioideae). Comptes Rendus Biologies
332: 1078–1084.

Paiva EAS. 2012. Colleters in Cariniana estrellensis
(Lecythidaceae): structure, secretion and evidences for
young leaf protection. The Journal of the Torrey Botanical
Society 139: 1–8.

Paiva EAS, Machado SR. 2006a. Ontogenesis, structure
and ultrastructure of Hymenaea stigonocarpa (Fabaceae:
Caesalpinioideae) colleters. Revista de Biologia Tropical 54:
943–950.

Paiva EAS, Machado SR. 2006b. Colleters in Caryocar
brasiliense (Caryocaraceae) ontogenesis, ultrastructure and
secretion. Brazilian Journal of Biology 66: 301–308.

Primack RB, Tomlinson PB. 1978. Sugar secretions from
the buds of Rhizophora. Biotropica 10: 74–75.

Robbrecht E. 1988. Tropical woody Rubiaceae. Characteris-
tic features and progressions. Contribution to a new subfa-
milial classification. Opera Botanica Belgica 1: 1–271.

Schwarz EA, Furlan A. 2002. Coleteres foliares de Oxypeta-
lum R. Br. (Asclepiadoideae, Apocynaceae) – aspectos
ultraestruturais e anatomicos uteis a taxonomia das espe-
cies do Parana (Brasil). Acta Biológica Paranaense 31:
79–97.

Schwarzbach AE, Ricklefs RE. 2000. Systematic affinities
of Rhizophoraceae and Anisophylleaceae, and intergeneric
relationships within Rhizophoraceae, based on chloroplast
DNA, nuclear ribosomal DNA, and morphology. American
Journal of Botany 87: 547–564.

Sheue CR. 2003. The comparative morphology and anatomy
of the eastern mangrove Rhizophoraceae. DPhil Thesis,
National Sun Yat-sen University.

Sheue CR, Chen YJ, Yang YP. 2012. Stipules and colleters
of the mangrove Rhizophoraceae: morphology, structure and
comparative significance. Botanical Studies 53: 243–254.

Sheue CR, Liu HY, Tsai CC, Yang YP. 2010. Comparison of
Ceriops pseudodecanda sp. nov. (Rhizophoraceae), a new
mangrove species in Australasia, with related species.
Botanical Studies 51: 237–248.

Sheue CR, Liu HY, Yang YP. 2003. Morphology on stipules
and leaves of the mangrove genus Kandelia (Rhiz-
ophoraceae). Taiwania 48: 248–253.

Sheue CR, Liu HY, Yong JWH. 2003. Kandelia obovata
(Rhizophoraceae), a new mangrove species from Eastern
Asia. Taxon 52: 287–294.

Sheue CR, Yong JWH, Yang YP. 2005. The Bruguiera
(Rhizophoraceae) species in the mangroves of Singapore,
especially on the new record and the rediscovery. Taiwania
50: 251–260.

da Silva CJ, Barbosa LCdeA, Marques AE,
Baracat-Pereira MC, Pinheiro AL, Meira RMSA. 2012.
Anatomical characterisation of the foliar colleters in Myr-
toideae (Myrtaceae). Australian Journal of Botany 60: 707–
717.

Thiebaut LF, Hoffmann P. 2005. Occurrence of colleters in
Erythroxylaceae. Kew Bulletin 60: 455–459.

Thomas V. 1991. Structural, functional and phylogenetic
aspects of the colleter. Annals of Botany 68: 287–305.

Thomas V, Dave Y. 1989. Histochemistry and senescence of
colleters of Allamanda cathartica (Apocynaceae). Annals of
Botany 64: 201–203.

Thomas V, Dave Y. 1990. Structure and necrosis of stipular
colleters in Mitragyna parvifolia (Rubiaceae). Belgian
Journal of Botany 123: 67–72.

Thomas V, Dave Y. 1991. Comparative and phylogenetic
significance of the colleters in the family Apocynaceae.
Feddes Repertorium 102: 177–182.

Tomlinson PB. 1986. The botany of mangroves. Cambridge:
Cambridge University Press.

Williams R, Metcalf R, Gust L. 1982. The genesis of form in
oleander (Nerium oleander L.). Australian Journal of
Botany 30: 677–687.

Zalucki MP, Brower LP, Alonso A. 2001. Detrimental
effects of latex and cardiac glycosides on survival and
growth on first-instar monarch butterfly larvae Danaus
plexippus feeding on the sandhill milkweed Asclepias
humistrata. Ecological Entomology 26: 212–224.

Video S1. Three-dimensional video of the basal part of a stipule showing the colleters of Rhizophora stylosa.
Video S2. Three-dimensional video of a stipule of Pellacalyx axillaris showing the basal outgrowth and
rudimentary colleters.

464


	Text1: Zuerst ersch. in : Botanical Journal of the Linnean Society ; 172 (2013), 4. - S. 449-464http://dx.doi.org/10.1111/boj.12058
	Text2: Konstanzer Online-Publikations-System (KOPS)URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-256317


