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SUMMARY

Morphological and anatomical studies of leaves of two closely related Cardiospermum species from
South America, C. procumbens and C. pterocarpum, were assayed. Both species have amphistomatic
leaves, anomocytic stomata, non-glandular and glandular trichomes, secretory cells present in the
epidermis and mesophyll, bifacial structure, and the cuticle showing concentric striae around the
stomata. Tunnel-type domatia were found in C. procumbens, at laminar base at the junction of the
three principal veins on the adaxial surface. These domatia are interpreted as an apomorphic character
for the genus and tribe within the Sapindaceae. In C. pterocarpum domatia are exceptionally present.
This is the first record of adaxial domatia in Sapindaceae.
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INTRODUCTION

The genus Cardiospermum L. comprises 14 species, three of which show pantropical
distribution; they are herbaceous climbers, subshrubs with less frequency, or rarely
rhizomatous hemicryptophytes. Cardiospermum occurs throughout the Neotropics,
with the main centre of distribution in west-central Brazil. It belongs to the largely
neotropical tribe Paullinieae (Sapindaceae), along with the genera Serjania Mill.,
Paullinia L., Urvillea Kunth, Houssayanthus Hunz., and Lophostigma Radlk. (subtribe
Paulliniinae) and Thinouia Triana & Planch. (subtribe Thinouiinae). Cardiospermum
is the closest to Urvillea and they share numerous synapomorphic characters; how-
ever, usually, Cardiospermum has inflated capsules that differ from the non-inflated
capsules of Urvillea.

The presence of leaf domatia on the adaxial face of Cardiospermum procumbens
Radlk. encouraged us to perform this comparative study of the morphology and anatomy
of this species and the related C. pterocarpum Radlk. Both species belong to section
Cardiospermum (Sapindaceae—Paullinieae); they are closely related and partially
sympatric. Cardiospermum procumbens is the only species of the tribe with simple
leaves, and the junction of the three principal veins is prominent adaxially. It is endemic
to Mato Grosso do Sul and grows in ‘cerrado’ vegetation. Cardiospermum pterocar-
pum has trifoliate leaves and its distribution is restricted to the centre and southeast
of Brazil, eastern Paraguay and NE Argentina in the Corrientes province; it grows in
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both ‘cerrado’ and open vegetation. Both species are rhizomatous hemicryptophytes
and have a creeping habit.

Domatia are hereditary structures that develop independently of mites or any other
animal that utilizes them (Dottori, 1976; T6 Ngoc-Anh, 1996). Domatia have been
recorded in 277 families and in almost 2000 species of angiosperms (Agrawal & Kar-
ban, 1997). Gregory (1990), in a table that shows the occurrence of domatia in orders
and families of dicotyledons, showed that Sapindaceae has the third highest number
of species with domatia, which occur in 84 species.

Foliar domatia are often present on the lower surface in the axil of the basiscopic
secondary nerves in different Sapindaceae genera (Adamoli de Barros, 1961; Gregory,
1990; Ferrucci, 1996). Radlkofer (1931-1934) recognized their taxonomic value, al-
though he did not apply the term domatium but only described their morphology. The
Latin term ‘domatium’, which means small house, was applied to botany by Lund-
strom in 1877, who defined it as a formation or transformation on plants adapted to
the habitation of guests, whether animal or vegetable, which are of service to the host.
These structures are classified according to their external morphology in the following
types: tufts of hairs, sacs, pits or crypts, and revolute margin at the leaf base (Wilkinson,
1979).

Radlkofer (1890), in the treatment of the family Sapindaceae, presented a thorough
morphological and anatomical study of the vegetative organs based on representative
species of the family. More recent papers about leaf anatomy or related aspects of species
of the tribe Paullinieae include an analysis of the foliar anatomy of Paullinia cupana
var. sorbilis (Mart.) Ducke (‘guarand’; De Areia, 1966), while Valente et al. (1984a, b)
studied the venation and foliar epidermis in species of Paullinia L., Thinouia Triana
& Planch., and Serjania Mill. of Rio de Janeiro. Acevedo-Rodriguez (1993) examined
the foliar anatomy of Serjania.

In Cardiospermum, hairy tuft domatia were mentioned by Brouwer & Clifford (1990)
for C. corindum L. (as C. canescens Wall.) and C. grandiflorum Sw. (as C. grandi-
Sflorum forma hirsutum (Willd.) Radlk.). De Almeida-Ferraz & Gongalves Costa (1985)
described the foliar anatomy of Paullinia carpopodea Cambess., including the only
description of domatia available for Paullinieae.

The aim of this paper is to present a comparative analysis of the leaf morpho-anatomy
of C. procumbens and C. pterocarpum, focused on the presence of domatia on the
adaxial surface which represents a character of systematic importance in the genus, in
the hope that this information will be useful in the phylogenetic studies of the tribe.

MATERIALS AND METHODS

Fresh samples fixed with FAA (Formol Acetic acid Alcohol), and dry ones previously
rehydrated by boiling in water, were used for the anatomical research.

The present investigation was mainly based on light-microscope examinations. Leaf
transverse and longitudinal sections were prepared according to standard techniques.
Permanent microscope slides were made by dehydration through ethanol series and the
pre-impregnation was carried out with a rinsing pre-impregnant (Gonzélez & Cristébal,
1997). For infiltration in paraffin, the technique of Johansen (1940) was utilized, and
the material was later embedded in ‘Histoplast®’. Transverse sections 10—15 gm thick
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of petiole, stipules and laminas from both species were made with a rotary microtome,
and stained with Astra blue-safranin (Luque et al., 1996) before mounting them on
synthetic Canada Balsam. Transverse sections of domatia were made from the angle
formed by the secondary and middle veins to the distal end.

The venation was studied using leaf skeletons (Dilcher, 1974). The study of epidermi-
cal characters was performed by leaf clearing according to Dizeo de Strittmatter (1973)
and safranin staining. The terminology mainly follows Hickey (1974). The stomatal
index was obtained according to Salisbury (Wilkinson, 1979).

Observations and photographs were performed using a Wild M5 stereomicroscope
and an Olympus BX 50F binocular microscope. Drawings were made using a camera
lucida. The SEM micrographs were obtained with a JEOL 5800 LV scanning electron
microscope operating at 20 KV. Preserved material was dehydrated and then immersed
in CO, for critical point drying before coating.

The voucher specimens are deposited in the Herbarium of the Instituto de Botdnica
del Nordeste (CTES):

Cardiospermum procumbens Radlk. — BRAZIL. Ferrucci 913; Ferrucci et al. 1313,
Krapovickas & Cristobal 34518.

Cardiospermum pterocarpum Radlk. — ARGENTINA. Arbo et al. 893, 2193; Martinez
Crovetto 10315; Pedersen 4651. — BRAZIL. Archer & Gehrt s.n.; Ferrucci et al.
1312, 1319; Macedo 1308. — PARAGUAY. Ferrucci et al. 656, 700, 929; Krapovickas
& Cristobal 34277; Krapovickas & Schinini 32570; Krapovickas et al. 13969, 46053,
Pedersen 15037; Schinini & Bordas 20198, 20382, 20504; Schinini & Dematteis
33576; Schinini et al. 28120; Vanni et al. 241.

RESULTS
Cardiospermum procumbens

Leaf morphology

Stipules triangular-subulate, sometimes subfoliaceous, persistent; prominently vas-
cularized. Petiole semi-terete or dorsiventral flattened, canaliculate, with two distinct
wings. Blade simple, palmately-3-lobed, chartaceous, broadly obovate; base cuneate
or cuneate-decurrent; apex mucronate; margin incised-dentate, with obtuse glandular
teeth; epiphyll and hypophyll usually glabrous except principal veins; with three pri-
mary veins, venation actinodromous, more prominent on the epiphyll, intersecondary
veins of composite type (Fig. 1a), areoles polygonal, randomly distributed with freely
branched ending veinlets.

Leaf anatomy

Stipules surface — Stomatal index of the adaxial epidermis 8.6%, of the abaxial
epidermis 13.2%.

Transverse section (Fig. 2d) — Adaxial and abaxial epidermis composed of large
rounded cells, most of them with reddish cellular content; cuticle with epicuticular striae,
thicker on the abaxial side; stomata small, 8.8—19.2 by 9.4-16.8 pm, flush with surface
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Fig. 1. Leaf architectural features. a. Leaf skeleton of Cardiospermum procumbens Radlk.; b. leaflet
skeleton of C. pterocarpum Radlk. Scale bars: a, b=1 cm.

or raised; surface infrequent with simple and glandular hairs. Mesophyll homogeneous,
chlorenchyma with small vascular bundles, idioblasts with reddish content abundantly
present; midrib with closed collateral bundle, phloem with a cap of phloem fibres.

Petiole (Fig. 2c): Transverse section — Epidermal cells small, rectangular; beneath
them tangential collenchyma present in an usually 1-3-layered continuous cylinder,
these cells presenting chloroplasts, parenchyma on the inner side. Vascular tissue
showing an earlier stage in activity of fascicular and interfascicular cambium. Cambial
zone more or less semi-circular, separating external phloem from xylem, the internal
phloem elements from the four or five strands where the xylem is well developed, with
larger diameter than those of the external phloem. Pith composed of large and round
parenchyma cells. Secretory cells, abundantly present, with reddish content, laticiferous,
found mainly in the phloem (in longitudinal sections these cells are arranged in rows).
Vascular tissue externally surrounded by a 3- or 4-layered ring of fibres. Isodiametric
cells with simple rhomboidal crystals present on both sides of the fibres. On the adaxial
side both wings provided with a bicollateral closed bundle, the latter surrounded by a
sheath of fibres, chlorenchyma under epidermis.

Leaf blade surface — Both epidermises with unspecialized epidermal cells with
straight anticlinal walls; small stomata of the anomocytic type may be located on the
same level or slightly above the surface of the other epidermal cells (Fig. 3a, b); hairs
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Fig. 2. LM micrographs of Cardiospermum procumbens Radlk. a. Transverse section of the leaf
(arrow: secretory cell); b. transverse section of midrib; c. transverse section of petiole; d. transverse
section of stipule. Scale bars: a =10 ym; b, d = 100 gm; ¢ = 200 ym.

sparse, simple, unicellular or uniseriate, of 2—6 cells, also procumbent glandular hairs
with the base formed by 1 or 2 cells and the head with 4 or 5 cells (Fig. 3c—e); stomatal
index 12—13%; cuticular striae concentric to the stomata (Fig. 4a, b).

Transverse section — Lamina bifacial. Both epidermises uniseriate, adaxial epi-
dermis with irregular cells and abundant larger secretory cells. Mesophyll (Fig. 2a)
palisade tissue composed of 1 or 2 layers of rectangular cells interrupted by epidermal
secretory cells; spongy tissue rather compact with isodiametric cells; collateral closed
vascular bundles embedded in mesophyll or completely transcurrent by bundle sheath
extensions of ground-tissue-like parenchyma; leaf margin with marginal vein and sup-
plied with sclerenchyma. Abaxial epidermis with rectangular cells, smaller than those
of the adaxial epidermis (Fig. 3f).

Midrib (Fig. 2b) usually projecting on both sides, especially adaxially; two open
bicollateral bundles in the middle part of the lamina, the internal phloem scarce, one
small bundle towards the adaxial face and the other one, larger, towards the abaxial
face; sclerenchyma sheath of 3 or 4 layers of fibres, hardly lignified, surrounding the
vascular system; 1 or 3 layers of angular collenchyma beneath both epidermises located
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Fig. 3. Leaf features of Cardiospermum procumbens Radlk. a. Adaxial epidermis; b. abaxial epidermis;
c. unicellular trichome; d. glandular trichome; e. uniseriate and multicellular trichome; f. transverse
section of abaxial epidermis, showing the stomata; g. transverse section of domatium epidermis,
showing the stomata. Scale bars: a & b,c & e, f & g =10 ym; d = 100 um.

inside parenchyma tissue idioblasts with reddish content, abundant in the phloem; pa-
renchyma cells of the pith may be totally sclerified. Four vascular bundles at domatia
level, three oriented to the abaxial face and one to the adaxial face.

Domatium morphology (Fig. 4c, d)

Always present on both sides of the midrib, located on the adaxial side of the leaf
at the leaf base, in the angles formed by the junction of the three main veins, consid-
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Fig. 4. Cardiospermum procumbens Radlk. SEM micrographs of the leaf surface. a. Adaxial epi-
dermis; b. abaxial epidermis; c. domatia in the foliar base at the junction of the three principal veins
on the leaf adaxial surface; d. abaxial epidermis showing the slight dome on the lower surface of
the lamina at domatia level. LM micrographs of the leaves. Scale bars: a, b = 10 gm; ¢ = 100 pm;
d =200 ym.

ered primary-axillary because of their position (Stace, 1965). Each domatium with an
opening of variable size at the end of a tunnel running through the mesophyll. Each
structure projecting inwards on the adaxial side with a slight dome on the lamina lower
surface.

Domatium anatomy

At the proximal end of the domatium there is a small group of cells, compactly
disposed and intensely coloured, clearly different in size from the rest of the paren-
chymatous cells (Fig. 5a).

In a proximal upper zone, the group of cells is separated by dissolution of the mid-
dle lamella and delimited by a longitudinally extended orifice. The cells forming the
domatium epidermis remain small. The orifice corresponds to the beginning of a tunnel
running through mesophyll tissues. Surrounding the domatium epidermis are 2 or 3
layers of compactly arranged parenchymatous cells (Fig. 5b).

In the mid-point, with larger channel amplitude, two parts of domatium can be dis-
tinguished, the floor and the roof (Penzig & Chiabrera, 1903). Tissue beneath the floor



160 BLUMEA — Vol. 51, No. 1, 2006

Fig. 5. Cardiospermum procumbens Radlk. Light micrographs of transverse sections of the doma-
tium. a. Proximal zone of the domatium showing a group of small cells clearly different from the
neighbouring cells; b. slightly distal section, showing an orifice delimited by the domatium epidermis;
c. mid-zone of the domatium showing both parts of the domatium, the floor and the roof; d. distal
zone of the domatium, the tunnel is open to the exterior; e—h. sequence from proximal to the distal
zone showing an open pit-tunnel delimited by the midrib and the lateral vein. Scale bar = 100 pm.
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rather compact, a first layer with erect cells and the other layers with isodiametric ones,
secretory cells also frequently observed, ground tissue over the roof is parenchyma,
also with some secretory cells (Fig. 5¢).

At the most distal zone, the tunnel is opened to the exterior, forming an important
concavity corresponding to the domatium floor. Roof separated in two voluminous
structures belonging to the midrib and the lateral vein, respectively. The inner part
covered by the domatium epidermis (Fig. 3g, 5d), with stomata and simple hairs.

In other leaves of the same plant, the domatium tunnel opens to the exterior without
forming an orifice in the inner part of the domatium; it is an opened pit delimited by
the midrib and the lateral vein (Fig. Se—h).

Cardiospermum pterocarpum

Leaf morphology

Stipules similar to C. procumbens. Petiole dorsiventral flattened, canaliculate, bi-
canaliculate or margined; petiolules frequently winged. Leaf blade trifoliate, leaflets
ovate or wide-ovate, pinnatifid, pinnately parted or pinnatisect, base cuneate or cuneate-
decurrent, apex mucronate, margin incised-dentate, with 2—4 incisions, teeth obtuse,
with apical glands, glabrate or puberulent; venation prominent, pinnate, craspedodro-
mous mixed; areoles similar to C. procumbens but comparatively smaller (Fig. 1b).

Leaf anatomy

Anatomical characters of the lamina, petiole, stipules and domatium are similar to
those of C. procumbens.

In the lamina are abundant, large secretory cells with reddish content in the epidermis
and mesophyll, also common in the petiole epidermis and parenchyma. Stomatal index
of the adaxial epidermis 11.3 %, of the abaxial epidermis 14 %. The pit-tunnel type of
domatium occurs exceptionally in adult leaves.

DISCUSSION

Cardiospermum procumbens and C. pterocarpum are closely related; they are basically
distinguished by the leaf type, simple in the first species and compound in the second
one; in addition to the characteristic domatium of C. procumbens. These species share
the same habit, foliar structure and epidermal characters.

Both species have amphistomatic leaves, an infrequent character in Sapindaceae,
where the leaves are hypostomatic or when amphistomatic, they have a few stomata
mainly near the veins. In Cardiospermum, only C. tortuosum Benth., C. procumbens,
C. pterocarpum, C. anomalum Cambess., and C. cuchujaquense Ferrucci & Acev.-
Rodr. have amphistomatic leaves; they all grow in xerophytic habitats (Ferrucci, 2000).
Solereder (1908) mentions stomata in both surfaces only for rare species of different
genera of the family.

In Cardiospermum, the cuticle generally presents striae, marked in the epiphyll and
less notable in the hypophyll. In most species, the striae radiate from the stomata, the
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presence of concentric striae rings around the stomata, as occurring in C. procumbens
and C. pterocarpum, is rare (Ferrucci, 2000).

The bifacial lamina agrees with the treatment of Metcalfe & Chalk (1957) for most
species of the genus. Radlkofer (1931-1934) reported leaves wholly or partly centric for
Cardiospermum tortuosum and C. spinosum Radlk., the latter included as a synonym of
C. tortuosum (Ferrucci, 2000). Although the anatomical study of C. fortuosum showed
that the leaf is bifacial, prismatic cells occasionally interrupt the spongy tissue; in this
case the leaf structure would be interpreted as isobilateral (Ferrucci, 2000). The pres-
ence of secretory cells in both studied species mesophyll represents a usual character
for the family (Solereder, 1908).

It is interesting to point out that the larger vascular strands present in the petiole, as
well as the strands of the blade midrib, are bicollateral. In the available literature, this
character has been reported only for Paullinia carpopodea Cambess. (De Almeida-
Ferraz & Gongalves Costa, 1985). The petiole and midrib vascular tissue has always
been interpreted as collateral; including the recent report on foliar anatomy of tribe
Harpullieae (Buijsen, 1995). The presence of vascular bundles in the wings of the peti-
ole in both species agrees with Metcalfe & Chalk (1957), who mentioned additional
cortical bundles for Paullinia cupana Kunth.

These domatia, which occur frequently on the adaxial surface of C. procumbens and
occasionally in C. pterocarpum, are the first record in Paullinieae. So far, the only cita-
tion about domatia on the adaxial face corresponds to Timonius timon (Spreng.) Merr.
(Rubiaceae), which shows domatia on both faces located in the vein axils (O’Dowd &
Willson, 1989).

The type of domatium present in C. procumbens agrees with the tunnel-type described
by Brouwer (1985). In the Paullinieae, hairy tuft domatia are cited for Paullinia imberbis
Radlk. (Adamoli de Barros, 1961); Lophostigma schunkei (Acev.-Rodr.) Acev.-Rodr.
(as Serjania schunkei Acev.-Rodr.) (Acevedo-Rodriguez, 1988) and for numerous spe-
cies of Serjania (Acevedo-Rodriguez, 1993). De Almeida-Ferraz & Gongalves Costa
(1985) described pocket-like domatia (as ‘marsupiform’) on the proximal 2/3 of the
hypophyll of P. carpopodea Cambess.

The taxonomic value of domatia was underestimated by Jacobs (1965), who recom-
mended great caution with the domatia reports in the literature. This position was
refuted by Van Steenis (1968), who considered them as useful as any other vegetative
or reproductive diagnostic character. The occurrence and type of domatia have been
utilized to characterize genera and to distinguish species within them (Wilkinson, 1979;
Brouwer, 1985). Radlkofer (1931-1934) used this character to distinguish species, e.g.
in Matayba Aubl.

For some authors, the occurrence of domatia is restricted to woody dicotyledons,
primarily from tropical and humid subtropical regions (O’Dowd & Willson, 1989); in
C. procumbens, however, the only slightly woody organ is the rhizome.

As a corollary, we can infer that, from an evolutionary point of view, C. procumbens
would be more derived relative to C. pterocarpum, considering the simple blade as a
reduction and the presence of domatia in the adaxial side of the leaf as an apomorphic
character for the genus and the tribe within the family. Finally, the presence of concentric
striae around the stomata in these two species would represent a synapomorphy for
the genus (Ferrucci, 2000).
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