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Abstract Acrocomia is one of the most complex genera to
understand in the Neotropical Arecaceae, and there is no
consensus on the number of species in the genus. A com-
parative study of leaf anatomy was conducted on seven
species of Acrocomia: one with a wide distribution in the
Americas (A. aculeata), five endemic to different regions
of Brazil, Bolivia and Paraguay (A. emensis, A. glau-
cescens, A. hassleri, A. intumescens and A. totai) and one
endemic to Cuba (A. crispa). Characters that unify the
species of Acrocomia include the following: epidermis
covered with cuticle, hypodermis on both sides of the
leaflets, non-vascular fiber bundles, and primary and sec-
ondary vascular bundles. The shape of the leaflet margin,
the distribution of the primary vascular bundles and fiber
bundles, the number of idioblasts with raphides and the size
of the vascular bundles, along with other characteristics,
were used to distinguish these species in Acrocomia.
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Introduction

The family Arecaceae has 240 genera and approximately
2700 species predominantly concentrated in tropical and
subtropical regions (Dransfield et al. 2008; Govaerts et al.
2016). In Brazil, there are approximately 200 species from
40 genera (Lorenzi et al. 2010).

Acrocomia species are commonly used for subsistence
by native people throughout tropical America (Morcote-
Rios and Bernal 2001) in addition to commercial
exploitation, primarily for oil extraction, as occurs mostly
in Brazil and Paraguay (Janick and Paull 2008). In Brazil,
the species A. aculeata, A. intumescens and A. totai are
used for various purposes, including using the stems for
construction, leaves for feeding livestock and horses, fibers
for making fishing lines, the endocarps or nuts as a sub-
stitute for crushed stone, the endosperm for extracting
edible oil or for cosmetics and the fruit pulp for fresh or
processed consumption and production of biofuel oil (Pott
and Pott 1994; Salis and Mattos 2009; Damasceno-Jr and
Souza 2010; Amaral et al. 2011; Vianna et al. 2013).

The genus Acrocomia is one of the most taxonomically
complex genera in the Neotropical Arecaceae. The genus is
in the subfamily Arecoideae, tribe Cocoseae and subtribe
Bactridinae, with the latter represented by the genera of
spiny palms (Acrocomia, Aiphanes, Astrocaryum, Bactris
and Desmoncus), and the distribution is restricted to the
Americas, particularly South America (Henderson et al.
1995; Dransfield et al. 2008). According to Henderson
et al. (1995), the genus has two species: Acrocomia acu-
leata (Jacq.) Lodd. ex Mart., which is tree-sized and widely
distributed throughout the Americas, and Acrocomia has-
sleri (Barb.Rodr.) W.J.Hahn, which is an acaulescent spe-
cies (species having a rhizome or a short subterranean
stem) restricted to Cerrado areas of Brazil and Paraguay.
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However, more recent references accept a greater number
of species for the genus. Lorenzi et al. (2010) recognize
five species in addition to the two described above, citing
the existence of Acrocomia emensis (Toledo) Lorenzi, an
acaulescent species distributed in Cerrado areas of Brazil in
the states of Goias, Mato Grosso do Sul, Minas Gerais, Sdo
Paulo and Parana; Acrocomia glaucescens Lorenzi, a dwarf
species with a distribution in Brazilian Cerrado areas that
grows in sandy soils in the states of Mato Grosso and
Goias; Acrocomia intumescens Drude, a tree-sized palm
occurring in a small region of the northeast associated with
the Atlantic Forest; Acrocomia totai Mart., a tree-sized
palm with a distribution restricted to the state of Mato
Grosso do Sul and Acrocomia crispa (Kunth) C.F.Baker ex
Becc., a tree-sized palm endemic to Cuba.

Acrocomia aculeata, A. crispa, A. intumescens and A.
totai are tree-sized and can be mainly distinguished by their
stem features, in addition to other characteristics. Acroco-
mia aculeata has a spiny stem and is usually covered by
persistent leaf bases from fallen leaves, especially in the
southern portion of its distribution and its fruits are
3.0-5.0 cm in diameter. The spiny stems of A. crispa are
slightly swollen toward the apex, with small fruits
1.0-2.5 cm in diameter, and white spines on the leaf rachis.
Acrocomia intumescens has a swollen stem that is spiny
when young, becoming smooth at adult stage, with fruits
3.8-5.4 cm in diameter. Acrocomia totai usually has a
smooth stem, which is sometimes spiny, and is rarely
covered with the persistent leaf bases of fallen leaves, its
fruits are 2.5-3.5 cm in diameter (Lorenzi et al. 2010).

The species A. emensis and A. hassleri do not have a
visible stem but a rhizome or a short subterranean stem,
termed acaulescent, according to the descriptions of Lor-
enzi et al. (2010). Acrocomia emensis is 40-60 cm tall,
with a long rhizome (30-80 cm in length), spiny pedun-
cular bract and leaf, and fruit 1.8-2.2 cm in diameter.
Acrocomia hassleri is shorter, 30-40 cm tall, with a short
rhizome (10-12 cm length), the peduncular bract and
leaves are only slightly spiny, and the fruit is 1.6-2.0 cm in
diameter. The species A. glaucescens occurs in both an
acaulescent form or with a visible stem up to 6.5 m tall,
which lack spines and with visible leaf base scars (Lorenzi
et al. 2010).

The classifications published for Acrocomia are based
only on morphological characters; therefore, using other
analyses or techniques that may complement such data can
greatly improve our understanding of the taxonomic
relationships.

Leaf anatomy has been very useful taxonomically for
the differentiation of species. According to Parthasaranthy
(1968) and Tomlinson (1961, 2011), the anatomical char-
acters of vegetative organs in the family Arecaceae have
diagnostic value for inter-specific differentiation. Silva and
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Potiguara (2008) distinguish some species of Oenocarpus
using morphological and anatomical analysis of the leaf-
lets, and Millan and Kahn (2010) differentiate species of
Astrocaryum and Hexopetion. Guevara et al. (2011) con-
ducted a comparative study of leaf anatomy of the subtribe
Mauritiinae to differentiate genera within the group.
Additionally, Henderson (2013) differentiated species of
Leopoldinia and Noblick (2013) differentiated those of
Syagrus, based on leaf anatomy.

In this context, to demonstrate the species-level diver-
sity of leaf anatomy and contribute to the taxonomy of the
genus, this study aimed to characterize the leaf anatomy of
seven species of Acrocomia.

Materials and methods

As a reference for the classification of the species that we
analyzed, we used the taxonomic -circumscription of
Acrocomia accepted by Lorenzi et al. (2010); therefore, the
following species were analyzed: Acrocomia aculeata,
Acrocomia crispa, Acrocomia emensis, Acrocomia hass-
leri, Acrocomia glaucescens, Acrocomia intumescens and
Acrocomia totai (Fig. 1).

Collection and preparation of plant material

The botanical material was collected from the living col-
lections of the Montgomery Botanical Center (MBC),
Coral Gables, FL, USA, with a tropical climate, in a coastal
area, classified as Am, according to the climatic classifi-
cation of Koppen—Geiger, at sea level, with predominantly
shallow to deep sandy soils and calcareous bedrock. Col-
lections were also made at the Jardim Botanico do Instituto
Plantarum (IP), Nova Odessa, SP, Brazil, with a tropical
savanna climate, Aw type according to the Koppen—Geiger
classification, at an elevation of 570 m, flat terrain, and
with deep clayey soils. Samples of dried specimens from
the Fairchild Tropical Botanic Garden Herbarium (FTG),
Coral Gables, FL, USA were also used. Some individuals
were collected in situ (Table 1).

The material was fixed in FAA (5% formaldehyde, 5%
glacial acetic acid and 90% of 70% ethanol) for 48 h (Jo-
hansen 1940) and stored in ethanol 70%. The herbarium
samples were rehydrated in a 5% solution of Contrad 70%
for 24 h and then fixed and stored as previously described.

Optical microscopy and scanning electron
microscopy

Three leaflets from the middle third of three leaves of each
species were analyzed. Samples removed from the margin
of the leaflet, and the midrib were dehydrated through an
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Fig. 1 Habits of palms: a Acrocomia aculeata, b A. crispa, ¢ A. intumescens, d A. totai, e A. emensis, f A. glaucescens and g A. hassleri

ethanol series followed by infiltration and embedment in
synthetic resin (Historesin® Leica), according to the man-
ufacturer’s recommendations. These samples were sec-
tioned with a rotary microtome and stained with blue
toluidine 0.05% in a 0.1 M acetate buffer (pH 4.7)
(O’Brien et al. 1964). Specimens were mounted in water on
temporary slides, and the images were captured with a
digital camera (Olympus DP71) coupled to an optical
microscope (Olympus BXS51). The description of the
anatomical data obtained followed the terminology adopted
by Tomlinson (1961) and Tomlinson et al. (2011).

For analyses with a scanning electron microscopy,
samples of a set of leaflets 0.5 cm square were preserved in
70% alcohol, dehydrated in an ethanol series, and then
subjected to further dehydration by drying to a critical
point using carbon dioxide (Horridge and Tamm 1969).
Thereafter, samples were mounted on aluminum brackets
(stubs) and passed through the sputtering process to be
covered by a layer of gold (Castro 2002). The electron
micrographs were taken on a scanning electron microscope
Jeol model JSM 5800LV operated at 10 kV, with the scale
printed directly on the images. The terminology adopted

for the type of epicuticular wax deposition was that of
Barthlott et al. (1998).

Data analyses

To quantitatively differentiate the tissues and structures
found in each species of the genus under study, 19 char-
acters were measured with the program Image J as follows:
(1) thickness of the mesophyll, (2) thickness of the epi-
dermis + the hypodermis on the adaxial surface, (3)
thickness of the epidermis 4 the hypodermis on the
abaxial surface, (4) number of primary vascular bundles,
(5) length of the primary vascular bundles, (6) width of the
primary vascular bundles, (7) thickness of the sclerenchy-
matous sheath of the primary vascular bundles, (8) number
of secondary vascular bundles, (9) length of the secondary
vascular bundles, (10) width of the secondary vascular
bundles, (11) number of non-vascular fiber bundles, (12)
length of the non-vascular fiber bundles, (13) width of the
non-vascular fiber bundles, (14) length of the marginal
vascular bundle, (15) width of the marginal vascular bun-
dle, (16) thickness of the sheath around the marginal
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Table 1 List of selected Acrocomia specimens for analysis of leaf
anatomy

Acrocomia aculeata (MBC-2007 0251)—Saint George, Trinidad
and Tobago

Acrocomia aculeata (MBC-2003 0757*A)—Ciudad del Carmen,
Mexico

Acrocomia aculeata (IP)-Nova Odessa, Sdo Paulo, Brazil
Acrocomia aculeata—TItaborai, Rio de Janeiro, Brazil
Acrocomia crispa (MBC-96303*C)—Camagiiey, Cuba
Acrocomia crispa (MBC-9389*A)—Camagiiey, Cuba
Acrocomia crispa (MBC-9389*%B)—Camagiiey, Cuba
Acrocomia emensis (IP-01)—Mogi Guagu, Sdo Paulo, Brazil
Acrocomia emensis (IP-02)—Mogi Guagu, Sao Paulo, Brazil
Acrocomia glaucescens (IP-01)—Rondonépolis, Mato Grosso,
Brazil
Acrocomia glaucescens (IP-02)—Rondonépolis, Mato Grosso,
Brazil
Acrocomia glaucescens (IP-03)—Rondondpolis, Mato Grosso
Acrocomia hassleri (IP-01)—Ponta Pora, Mato Grosso do Sul

Acrocomia hassleri (IP-03)—Ponta Pora, Mato Grosso do Sul,
Brazil

Acrocomia hassleri (FTG-118261)—Canindeyd, Paraguay

Acrocomia intumescens (MBC-97810*A)—Recife, Pernambuco,
Brazil

Acrocomia intumescens (IP)—Escada, Pernambuco, Brazil

Acrocomia intumescens—Recife, Pernambuco, Brazil

Acrocomia totai—Corumba, Mato Grosso do Sul, Brazil—
Population 1

Acrocomia totai—Corumba, Mato Grosso do Sul, Brazil—
Population 2

Acrocomia totai—Corumba, Mato Grosso do Sul, Brazil—
Population 3

vascular bundle, (17) number of idioblasts, (18) length of
the idioblasts and (19) width of the idioblasts. The statis-
tical description of the data was completed, followed by an
analysis of variance with Tukey’s posttests to identify
significant differences among the species.

The leaf anatomy of the species of Acrocomia was
compared using cluster analysis to determine the potential
taxonomic diagnostic value of different characters. We
analyzed 77 anatomical characters, which included
descriptive or qualitative characters (i.e., type of deposition
of epicuticular wax) and quantitative characters (i.e., width
of the primary vascular bundle). We tabulated the infor-
mation in the form of a binary matrix and described each
character as present (1) or absent (0) and then subjected the
matrix to cluster analysis using Euclidean distance and
UPGMA as an algorithm (Mantovani et al. 2010; Millan
and Kahn 2010); the analyses were performed using the
program PAST (Hammer et al. 2001). A character was
considered significant with a cophenetic value >0.7
(Valentin 2000). The stability of the groups was tested
using the resampling procedure to 10,000 randomizations.
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Results

In Acrocomia, significant differences were observed among
the morphoanatomical characters of the individuals of the
different species studied. In addition to species descrip-
tions, the differences in morphoanatomical characters were
demonstrated and confirmed numerically with statistical
analyses.

Anatomical description

The epidermis and hypodermis were similar in all species of
Acrocomia. The epidermis was one-layered on both the
adaxial and the abaxial surfaces, and in frontal or surface view,
the cells were hexagonal with thickened, straight anticlinal
walls and covered with cuticle (Figs. 2, 3b). Immediately
below the epidermis on both surfaces, the hypodermis was a
single layer of cells, which were larger than those of the epi-
dermis, without wall thickening, usually without chloroplasts,
and whose greatest cell length formed a right angle to the
greatest length of an epidermal cell (Figs. 2, 3).

Leaflets with stomata that occurred mostly on the
abaxial surface were hypostomatic; however, in the species
A. emensis, A. glaucescens and A. hassleri, the leaflets were
amphistomatic, and stomata commonly occurred on both
sides, although they were more numerous on the abaxial
surface (Fig. 3a). In the genus under study, the stomata
were tetracytic and were organized in parallel longitudinal,
rows to the midribs.

The number of trichomes that occurred predominantly
on the abaxial surface was variable depending on the
species of Acrocomia. Trichomes were more abundant on
A. crispa, with trichomes being fewer or absent on A.
emensis, A. hassleri and A. glaucescens. Trichomes were
multicellular and 1-5 branched (Fig. 3b).

The leaflets of the tree-sized species, A. aculeata, A.
crispa, A. intumescens and A. totai, were dorsiventrally
symmetric, with 3-5 layers of more elongated parenchyma
cells near the adaxial surface and 5-8 layers of rounded
parenchyma cells closer to the abaxial surface (Fig. 2). The
leaflets of the acaulescent species A. hassleri and A.
emensis and the small-sized A. glaucescens were isolater-
ally symmetric, with parenchyma cells of similar shape
throughout the mesophyll (Fig. 2).

Idioblasts were observed with raphides that were sur-
rounded by a mucilaginous material (Fig. 3c), and the
number of idioblasts was variable, with most observed in
A. emensis (2.10 &= 1.17) and A. hassleri (1.23 £ 0.98).

Vascular bundles were distributed throughout the mes-
ophyll of all species and were divided into primary, sec-
ondary and even tertiary bundles (Fig. 2b, e). The primary
vascular bundles varied in number and size among the
species studied and were arranged parallel to the
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Fig. 2 Leaflet blade in cross section: a Acrocomia aculeata, b A.
crispa, ¢ A. emensis, d A. glaucescens, e A. hassleri, £ A. intumescens
and g A. totai. ep epidermis, hy hypodermis, snvfb small non-vascular

longitudinal axis of the leaf featuring a parallel venation
pattern (Fig. 3d). These bundles were completely or par-
tially enveloped by one or more layers of sclerenchyma
fibers, which were surrounded by a layer of parenchymal
cells. Acrocomia emensis had the most primary vascular
bundles (5.70 & 0.57) and A. totai had the fewest
(1.80 £+ 0.79).

Secondary vascular bundles were usually enveloped by
a parenchymatic sheath and rarely also by sclerenchymatic

hy

;1 !e\f gf

fiber bundle, nvfb non-vascular fiber bundles, st stomata, pvb principal
vascular bundle, sf sclerenchymatic fiber, svb secondary vascular
bundle and idb idioblast (see Fig. 3c for close up). Bar 200 um

tissue (Fig. 2a, d), varying in number and size with most
secondary bundles being found in A. fotai (8.40 £ 0.97).
In Acrocomia, non-vascular fiber bundles were dis-
tributed in the mesophyll, with high diversity in the num-
ber, size, distribution and location depending on the species
(Fig. 2). In the acaulescent species A. emensis, A. hassleri
and A. glaucescens, many of these bundles occurred, which
were of varying sizes and randomly and unevenly dis-
tributed in the mesophyll. In the tree-sized species A.
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Fig. 3 Leaflet blade of species of Acrocomia: a Abaxial surface view of epidermis and stomata, b detailed abaxial surface view of trichomes,

c idioblast containing raphides in the mesophyll and d venation

aculeata, A. intumescens and A. totai, the fiber bundles
were similar in size (within each species) and with a dis-
tribution at almost regular intervals near the abaxial surface
(A. aculeata and A. intumescens) or the adaxial surface (A.
totai). The most non-vascular fiber bundles (30.33 £ 6.37)
were observed in A. crispa, because this species was the
only one with many small non-vascular fiber strands that
were regularly distributed immediately underneath the
adaxial hypodermis in addition to the larger non-vascular
fiber bundles regularly distributed near the abaxial surface.

All species of Acrocomia had silica bodies with an
extended, straight base and a conical upper portion, called
stegmata, which occurred in continuous or discontinuous
rows associated with non-vascular fiber bundles. Each
stegmata contained one silica body. Although their obser-
vation was possible under a light microscope, scanning
electron microscopy provided greater detail of the stegmata
arranged in longitudinal rows parallel to the associated
non-vascular fiber bundles, with thickened walls, rounded,
and with a wider base and a central concavity in which the
silica body was found, which was globular and with a
spike-like surface similar to a druse (Fig. 4).

Epicuticular wax deposition patterns

Both sides of the leaflets in all species studied had epicu-
ticular wax coverage, ranging from a thin layer to a dense
covering, and a depositional pattern of wax that was dif-
ferent among the species.

On the adaxial surface of A. aculeata, streaks or bands
formed the pattern of epicuticular wax deposition (Fig. 5a),
and on A. crispa, wax was deposited as small granules that
outlined epidermal cells (Fig. 5b). The only species of the
genus with wax deposition in the form of threads forming a
tangle on the leaf surface and around the ostioles (exterior
opening of a stomata) was A. emensis, with the form of
deposition similar in shape longitudinally aggregated rod-
lets (Fig. 5¢). In A. glaucescens, wax deposition was of two
types: in the form of band over the veins and in between
the veins as longitudinally aggregated rodlets (Fig. 5d). In

@ Springer

A. hassleri, the wax was deposited in the form of bands and
also as longitudinally aggregated rodlets in the ostiole;
moreover, scattered deposits were observed in the form of
wax crystals (Fig. 5e). In A. intumescens, wax deposition
occurred in the form of band marks and small granules
(Fig. 5f), and in A. totai, wax deposits were in the form of
overlapping scales (Fig. 5g).

Based on observations of the abaxial surface, we noted
that all species of Acrocomia had deposits of epicuticular
wax and wire-like longitudinally aggregated rodlets. The
amount of wax deposited was sufficient to block the
ostioles.

Midrib

In Acrocomia, the midrib cross section appeared more
prominent on the abaxial surface. Underlying the abaxial
epidermis in most species of Acrocomia between the
mesophyll and the midrib were parenchyma palisade cells
with thickened walls, known in palms as expansion tissue
(Fig. 6).

In the midrib of A. aculeata, two opposing vascular
bundles with the xylem turned inward and the phloem
turned toward the outer surface were surrounded by 3 or
more layers of sclerenchyma fibers, with 2-3 layers of
parenchyma cells. At the boundary between the midrib and
the mesophyll, on the abaxial surface, 1 or 2 layers of
expansion cells were observed (Fig. 6a).

The midrib of A. crispa had a larger vascular bundle
near the abaxial surface and two smaller, parallel ones
closer to the adaxial surface. The vascular bundles had the
xylem turned inward and the phloem facing toward the
outer surface. These bundles were surrounded by 3-6
layers of sclerenchyma fibers. Between the vascular bun-
dles parenchyma cells with thick walls were near the vas-
cular bundles, and the rest were without thickening. Two
layers of expansion cells were observed in the region
between the mesophyll and the midrib on the abaxial sur-
face, with the first layer composed of elongated cells and
the second layer of smaller cells (Fig. 6b).
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Fig. 4 Anatomical features of
leaflet blades in Acrocomia spp.:
a scanning electron micrograph
of a non-vascular fiber bundle
with stegmata, b detail of
stegmata and ¢ Detail of a silica
body with a spiculate
surface.Bar 10 pm (a, b); 1 pm
(©

In A. emensis, 3-5 bundles were wrapped externally by
3-8 layers of sclerenchyma fibers and 3—-10 layers of cells
were distributed between the parenchymatic cells. Various,
randomly dispersed non-vascular fiber bundles were also
observed. Between the midrib and mesophyll, on the
adaxial surface, 2-3 layers of expansion cells occurred
(Fig. 6¢).

The midrib of A. glaucescens consisted of one central
vascular bundle, partially covered externally by 5-7 layers
of sclerenchyma fibers and internally by 2—3 non-thickened
cell layers. At the boundary between the midrib and the
mesophyll on the adaxial surface, two layers of elongated
expansion cells were observed (Fig. 6d).

Acrocomia hassleri had a midrib with various, randomly
distributed vascular bundles, with some surrounded bun-
dles by 1-2 individual layers of sclerenchyma fibers and a
group or set of bundles surrounded by more than 10 layers
of sclerenchyma fibers. Between the vascular bundles,
lignified parenchyma cells were randomly distributed.
Between the midrib and the mesophyll on the adaxial
surface, three layers of expansion cells were observed,
although somewhat shorter and wider than those in the
other species (Fig. 6e).

In the midrib of A. intumescens, three vascular bun-
dles were arranged in a semicircle closest to the abaxial
side, and two parallel vascular bundles were located
closest to adaxial side that were partially wrapped by 1
to more than 10 layers of sclerenchyma fibers. Between
the bundles, non-thickened parenchyma cells occurred.
The vascular bundles had the xylem turned inward and
the phloem turned toward the outer surface. Below the
epidermis, 1-6 layers of parenchyma cells were
observed, and between the midrib and the mesophyll on

b .
- N

| 9500 x 10 S

the abaxial surface, one or two layers of expansion cells
were observed (Fig. 6f).

The midrib of A. totai had 3—4 vascular bundles and two
primary vascular bundles arranged in the central region.
Each individual bundle was partially surrounded by 2-5
layers of sclerenchyma fibers, and the bundles together
were surrounded by more than 5-10 layers of sclerenchyma
fibers. The parenchyma cells that occurred between the
vascular bundles showed no thickening. Below the epi-
dermis 2 to more than 10 layers of parenchyma cells were
observed, in addition to secondary vascular bundles and
non-vascular fiber bundles. At the boundary between the
midrib and mesophyll on the abaxial surface, two layers of
elongated expansion cells occurred (Fig. 6g).

Margin

In A. aculeata, the margin of the leaflet was rounded and
usually without a vascular bundle, although when present,
the bundle was small. The other species of the genus had a
square edge or margin and a large vascular bundle in the
margin (Fig. 7), and the size of the bundles and the amount
of surrounding sclerenchyma fibers were variable. The
largest average length and width (um) of a marginal vas-
cular bundle, in cross section, was observed in A. emensis
(154.45 £ 11.62 and 101.45 £ 6.49, respectively). The
mesophyll, epidermis and other structures found in the
margin were similar to those in rest of the leaflet.

Analysis of anatomical data

Statistical tests were performed as a complement to the
anatomical descriptions, identifying significant differences
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Fig. 5 Epicuticular patterns of wax deposition on the adaxial surface of leaflets: a Acrocomia aculeata, b A. crispa, ¢ A. emensis,
d A. glaucescens, e A. hassleri, the deposition of wax in the form of crystals is included within the rectangle, f A. intumescens and g A. totai
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Fig. 6 Cross sections of the
leaflet midribs: a Acrocomia
aculeata, b A. crispa, ¢ A.
emensis, d A. glaucescens, e A.
hassleri, £ A. intumescens and
g A. totai. Bar 200 pm

. Epidermis
‘:’ Hypodermis
D Parenchyma

for most characters and numerically demonstrating the dif-
ferences in leaf anatomy among the species of Acrocomia.
Significant differences (p < 0.05) were detected among the
averages of the 19 characters analyzed by ANOVA, with
Tukey’s posttests to separate species (Table 2).

Among the species examined, A. emensis had the
highest number of primary vascular bundles (5.70 £ 0.57)
and the highest values for the, length of the primary vas-
cular bundles (149.00 £ 20.94), width of the primary
vascular bundles (90.30 & 25.34), sclerenchymatic

mmmm Expansion cells

. Sclerenchymatic fibers

. Parenchymatic sheath

Non vascular fiber bundle Raphide idioblasts
Vascular bundle (X = xylem, P = phloem)
NG

thickness of the sheath of the primary vascular bundles
(38.00 £ 11.96), length of the secondary vascular bundles
(40.30 £ 11.36), width of the secondary vascular bundles
(35.50 £ 5.80), length of the marginal vascular bundle
(154.45 + 11.62), width of the marginal vascular bundle
(101.45 % 6.49), thickness of the sclerenchymatic sheath
of the marginal vascular bundle (80.25 £ 11.97) and
number of idioblasts (2.10 & 1.17).

The cluster analysis of the 77 characters of leaflet
morphoanatomy resulted in the separation of species of
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Fig. 7 Cross sections of the
leaflet margin: a Acrocomia
aculeata, b A. crispa, ¢ A.
emensis, d A. glaucescens, e A.
hassleri, £ A. intumescens and
g A. totai

. Epidermis
D Hypodermis
D Parenchyma

Acrocomia as shown in Fig. 8, with the cophenetic value of
0.8.

The evaluation of Acrocomia revealed anatomically
distinct species, which reinforced the taxonomic dis-
tinctions adopted as the morphological basis for this
work. Cluster analysis divided the species into two
groups, tree-sized species (A. aculeata, A. crispa, A.

@ Springer

Nﬂmmm] Expansion cells

. Sclerenchymatic fibers

. Parenchymatic sheath

Non vascular fiber bundle Raphide idioblasts
Vascular bundle (X = xylem, P = phloem)

intumescens and A. totai) and acaulescent species (A.
emensis, A. hassleri and A. glaucescens). This result was
notable because the analysis used only characters of
leaflet anatomy combined with the observations and the
descriptions of the species accepted by Lorenzi et al.
(2010), which also used only morphological data
(Fig. 8).
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Fig. 8 Cluster analysis
obtained by Euclidean distance
and UPGMA, based on the 79

A. intumescens

presence and absence of 4. aculeat
anatomical characters of leaflets
of different Acrocomia spp. 52 )
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54
A. totai
100
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Discussion

The leaflets of the species A. emensis, A. glaucescens and
A. hassleri were amphistomatic, whereas those of A. acu-
leata, A. crispa, A. intumescens and A. totai were hypos-
tomatic. This feature separated the species of Acrocomia
into two large groups: acaulescent and tree-sized species.
According to Henderson (2006), stomata on one or both
surfaces of the mesophyll and stomatal location in relation
to the other epidermal cells, at or above, can be used as
taxonomic characters.

The leaves of the acaulescent species were isolaterally
symmetric with non-vascular bundles of fibers randomly
distributed throughout the mesophyll, whereas the leaves
of the tree-sized species were dorsiventrally symmetric
and had non-vascular fiber bundles distributed in an
organized manner in the mesophyll. Although a dor-
siventral mesophyll is considered rare in Arecaceae
(Henderson 2006), articles cite the occurrence, for
example, in Oenocarpus spp. and Cocos nucifera L.
(Arayjo et al. 2013; Silva and Potiguara 2008). However,
although presenting different symmetries, according to
Tomlinson et al. (2011) the most rounded cells near the
abaxial face cannot be termed spongy parenchyma,
because they do not have conspicuous intercellular spaces
except near the substomatic cameras. In this work, the
symmetry referred to layers of cells with different size
and shape that may occur in the mesophyll of the studied
species. In tree-sized species, two types of cell layers
were observed, which identified a dorsiventral par-
enchyma in this study: one nearest to the adaxial face with
elongated cells and hexagonal format and the other
nearest to the abaxial face with rounded cells.

In acaulescent species, the distribution of non-vascular
fiber bundles, of varying size and in greater numbers was
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random, which most likely provided the greater rigidity and
less flexibility of the leaflets of acaulescent species com-
pared with those of tree-sized species. In the tree-sized
species, A. aculeata, A. intumescens and A. totai, the fiber
bundles were similar in size (within species) and were
distributed at almost regular intervals, near the abaxial
surface (A. aculeata and A. intumescens) or the adaxial
surface (A. totai). Acrocomia crispa was clearly differen-
tiated from other species as the only one with many small
non-vascular fiber bundles regularly distributed immedi-
ately below the adaxial hypodermis. Therefore, the differ-
ences in the amount, size and distribution pattern of the
secondary vascular bundles and non-vascular fiber bundles
in the Acrocomia species examined in this study were used
to differentiate the genus. According to Cutler (1978), the
arrangement patterns of vascular tissue in a leaf, with the
exception of the number, which is under genetic control, do
not exhibit any environmental variance, and thereby, con-
stitute a useful taxonomic character to separate taxa.

The species with isolateral symmetry were amphistom-
atic and with non-vascular fiber bundles randomly dis-
tributed throughout the mesophyll, whereas the species
with dorsiventral symmetry were hypostomatic and with
non-vascular fiber bundles distributed in an organized
manner in the mesophyll.

The numerous idioblasts in acaulescent species might be
related to protection against herbivory, because their small-
sized leaves are in direct contact with or near to the ground,
which favors herbivore attack. According to Franceschi
and Horner (1980) and Franceschi and Nakata (2005),
these structures act as a protective mechanism for plants
against herbivores, because the idioblasts with raphides
decrease the palatability of the leaves and other organs. No
distinct differences in the standard distribution of idioblasts
in the mesophyll were observed.
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We observed stegmata with similar morphology and
distribution in all species that were associated with non-
vascular fiber bundles. According Moller and Rasmussen
(1985), the occurrence and morphology of stegmata are
genetically determined; therefore, because the environment
has little influence, stegmata have taxonomical value. The
presence of stegmata in the group Liliopsidas, in the Are-
caceae, is a plesiomorphic character (Chase et al. 2000),
and the shape and location of those observed in this study
was a unifying character for the subfamily Arecoideae,
which contains the genus under study (Dransfield et al.
2008; Silva and Potiguara 2008, 2009; Tomlinson et al.
2011).

Silica in tissues is related to the mechanical protection
against attack by insects and pathogens (Paviani 1972;
Kikuchi et al. 2007; Silva and Potiguara 2009), control of
excessive transpiration and water retention (Hanberlandt
1925; Sangster 1977), preventing tissue breakdown in dry
conditions (Metcalfe and Chalk 1983) and the balance of
thermal exchanges with the external environment (Adatia
and Besford 1986). The functions of transpiration control
and water retention are important to all species of the genus
because of the distributions in hotter and drier areas
(Lorenzi et al. 2010). The protective function against
pathogens and pest attack is also important, particularly for
acaulescent species, which because of their size are more
susceptible.

Leaflets in all species had a large deposition of epicu-
ticular wax, except for A. crispa, which had scattered
granules. The different species had different patterns of
deposition or ornamentation of the epicuticular wax, and
therefore, epicuticular wax served as an additional char-
acter that could be used in the taxonomic differentiation of
Acrocomia. According to Metcalfe and Chalk (1979) and
Stace (1965), environmental factors may or may not
influence the type of wax deposition. Some studies find
similar patterns of the ornamentation of epicuticular wax in
plants from different environments (Metcalfe and Chalk
1979; Mantovani et al. 1995; Vieira and Gomes 1995).
Therefore, based on these studies, the differentiating factor
for the type of wax deposition is under genetic control of
the species and not the environment.

In Acrocomia, the distribution pattern of tissues and
anatomical structures in the midrib region is used to dif-
ferentiate the species. Based on other work (Glassman
1972; D’Arcy and Keating 1979; Silva and Potiguara
2008), the anatomy of the midrib is a useful character for
the identification and separation of species within this
genus. Although the tissues and structures in the midrib
were identical, the number, size and distribution of these
were different in each Acrocomia species examined, in
addition to the differences in the position of the expansion
tissue found adjacent to the midrib. For example, the

highest number of vascular bundles was in the midrib of A.
hassleri and A. totai, and the thickest layer of sclerenchyma
fibers surrounding the vascular bundles was in A. hassleri.
In the tree species of Acrocomia (A. aculeata, A. crispa, A.
intumescens and A. fotai), the expansion tissue occurred on
the abaxial surface of the leaflets, whereas in acaulescent
species (A. emensis and A. hassleri) and the smaller-sized
A. glaucescens, the expansion tissues occurred on the
adaxial surface. In other studies on the leaf anatomy of
palm species, the position of the expansion tissue is a
useful character in the taxonomy. Millan and Kahn (2010)
found in Astrocaryum spp. and Hexopetion spp. that it is
the species that determines whether the position of the
expansion tissue is on the adaxial or abaxial surface.
Sant’ Anna-Santos et al. (2015), for two species of Butia,
found that the expansion tissue in both species occurs on
the abaxial surface. According Tomlinson et al. (2011), the
location of the expansion tissue in Arecaceae on the abaxial
or adaxial surface varies with the type of leaf. Furthermore,
according to Tomlinson (1961), as cited by Silva and
Potiguara (2008), the expansion tissue is associated with
the folding and unfolding mechanisms of leaflets resulting
from changes in the turgor pressure of cells.

For leaflets in the species studied, we observed two
types of margin that that enabled the differentiation of the
species: rounded and without a vascular bundle or a small
one (A. aculeata), and square (in other species) and with
variation in the vascular bundle size and the number of
layers of sclerenchyma fibers. This character might be an
additional taxonomic delimitation within Acrocomia.
Bieras and Sajo (2004), Scatena et al. (2004) and Noblick
(2013) demonstrated that the morphoanatomy of the leaflet
margin could differentiate species.

The differences in leaf anatomy among the Acrocomia
species reinforced the taxonomic distinction of these seven
species in the genus based on the morphological descrip-
tions of Lorenzi et al. (2010), in addition to the formation
of two groups, one with the tree-sized species (A. aculeata,
A. crispa, A. intumescens and A. totai) and one with
acaulescent species (A. emensis, A. hassleri and A. glau-
cescens). The acaulescent species were primarily charac-
terized by amphistomatic leaflets (similar on both
surfaces), numerous non-vascular fiber  bundles
(23-31.8 um ") randomly distributed in the mesophyll and
expansion tissue between the midrib and the mesophyll on
the adaxial surface. By contrast, the tree-sized species
group had hypostomatic leaflets, fewer non-vascular fiber
bundles distributed in a pattern and expansion tissue
between the midrib and the mesophyll on the abaxial
surface.

The origins of the samples used in this work were dif-
ferent, with most coming from the living collections of two
gardens in different environments. Additionally, when

@ Springer



246

S. A. Vianna et al.

Fig. 9 Graphic representation
of the distribution of structures
and tissues: a Acrocomia
aculeata, b A. crispa, ¢ A.
emensis, d A. glaucescens, e A.
hassleri, £ A. intumescens and
g A. totai
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possible, samples were collected in native areas, which
were also different types of environment. However, the
anatomical variation found among the species was highly
significant, which demonstrated that the traits that were
examined were under genetic control with little influence
of the environment.

Several papers published on the Acrocomia palms of
Mato Grosso do Sul, Brazil, a region in which A. fotai
occurs, consider this species a synonym of A. aculeata
(Pott and Pott 1994; Scariot 1998; Hiane et al. 2005;
Ciconini et al. 2013). Additionally, based on work con-
ducted on A. intumescens, this species, distributed only in
some areas of northeastern Brazil, is also considered syn-
onymous with A. aculeata. However, in addition to the
previously recognized morphological differences, the data
of leaflet anatomy supported the distinction of three spe-
cies: A. aculeata, A. totai, and A. intumescens.

Based on the foregoing discussion, there are likely more
species of Acrocomia than only the two accepted by
Henderson et al. (1995), at least three more: A. crispa, A.
intumescens and A. totai. The acaulescent species, A.
emensis and A. hassleri, are apparently actually in the
genus Acanthococos, because of the many morphological
and anatomical differences. More taxonomic work is
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required on Acrocomia. Work especially on samples from
various localities of Central America and islands of the
Caribbean are needed to determine if any of the numerous
species of Acrocomia described by Bailey (1858-1955),
but later transferred to A. acuteata, are valid. In addition to
classical taxonomy, other techniques must also be used,
including studies of leaf anatomy, floral and fruit and
pollen characterizations, and genetic diversity and phy-
logeny. In this study, seven species were differentiated,
representing an important contribution to the taxonomic
resolution of Acrocomia; however, we emphasize that more
studies should be conducted on this genus, primarily,
because of the great economic importance. Additionally,
without a proper understanding of the different species and
their geographical distributions, research conducted to
improve the genus could harm the conservation of native
populations of each species in their native habitat.

Taxonomic treatment

To identify the species of Acrocomia, complementing the
morphological data, an identification key was constructed
based on anatomical characters and graphical representa-
tions of the distribution of structures and tissues (Fig. 9).
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Anatomical identification key for the species
of Acrocomia Mart. in this study

la  Amphistomatic leaflet; non-vascular fiber bundles
distributed throughout the mesophyll ............... 2
1b Hypostomatic leaflet; non-vascular fiber bundles
distributed near one or both surfaces of the leaflets

2a  Surface of the leaflets straight or smooth ... A. emensis
2b  Surface of the leaflets undulate ........................ 3
3a  Surface of the leaflets very undulate due to constric-
tions next to the primary vascular bundles; secondary
vascular bundles distributed near the middle portion
of the mesophyll; many stomata, often occurring in
PAITS ettt A. hassleri
3b Surface of the leaflets only slightly undulate, sec-
ondary vascular bundles distributed closer to the
abaxial surface; few stomata irregularly distributed
............................................. A. glaucescens
4a Non-vascular fiber bundles distributed only near the
adaxial surface; small non-vascular fiber strands

4b  Non-vascular fiber bundles distributed only near abax-
ial surface; small non-vascular fiber strands, when
present, immediately below the hypodermiis ......... 5
5a  Small non-vascular fiber strands of non-vascular
fibers beneath hypodermis of the adaxial surface
................................................... A. crispa
5b  Small non-vascular fiber strands of non-vascular
fibers absent; non-vascular fiber bundles interspersed
with 1-2 secondary vascular bundles ............... 6
6a Margin round with no or only a small marginal
vascular bundle; non-vascular fiber bundles inter-
spersed by a single secondary vascular bundle
................................................ A. aculeata
6b Margin squared with a large marginal vascular
bundle; non-vascular fiber bundles interspersed with
1-2 secondary vascular bundles ... A. infumescens

Conclusions

The seven species studied showed great variability at both
morphological and anatomical levels, with significant dif-
ferences in the organization of tissues and in the size and
number of different structures in the leaflets. The small-
sized species (A. emensis, A. hassleri and A. glaucescens)
were amphistomatic and had non-vascular fiber bundles
distributed throughout the mesophyll, whereas the tree-
sized species (A. aculeata, A. crispa, A. intumescens and A.
totai) were hypostomatic and had non-vascular fiber bun-
dles close to one or two leaflet surfaces. Each species

showed a particular organization of anatomical tissues,
which was sufficient to differentiate among species. These
unpublished results and discussions are a pioneer contri-
bution to easily recognize the taxonomic differences
among the species of Acrocomia, using the identification
key and the graphic representations provided.
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