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ARTICLE INFO ABSTRACT

Astrocaryum acaule Mart. is a palm with underground stem, common in lowland forests, known in Brazil as
tucuma-i. The objective of this work was to perform the description and characterization of seeds and of the
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Keywords:
Amazon seedling emergence process, revealing morphological and anatomical patterns of A. acaule. Seedlings were ob-
Germination tained by sowing in vermiculite. The seed is spherical, with variations in shape and size according to the number

Palm of seeds in the fruit. Germination is adjacent, with formation of a coleoptile above the cotyledonary sheath. The
Seedling germinative bud is emitted within between 30 and 130 days. The proximal and distal regions differentiate with
Tucuma-f growth, forming the seedling and the haustorium that transfers reserves through the reduced apocole. The initial
root system differs in the hypocotyl-radicle region, below the insertion of leaf primordia, forming a lateral root
and a late primary root. The first eophyll is expanded 120 days after the protrusion of the germinative button,
with aculeate petiole, amphistomatic leaf blade, papillose epidermis, homogeneous mesophyll, and vascular
system covered by fibers. Morphoanatomical characters reported in this study increase our knowledge about

Amazonian palms and on organogenesis in their early stages of growth.

1. Introduction

Palms (Arecaceae) are one of the most characteristic and abundant
groups of tropical rainforest plants, and display a great variety of re-
productive strategies (Rojas-Robles and Stiles, 2009). In addition to
being a diverse group within the Amazon rainforest, Arecaceae are
ecologically important for the maintenance of vertebrate animal bio-
mass, especially during seasons of fruit scarcity (Cintra et al., 2005).

The anatomy of seedling development is little studied, but deserves
greater attention, since the early developmental period of a plant
constitutes a critical phase in the life cycle of many species, as seedlings
depend on the spatio-temporal congruence of a suite of environmental
factors for successful establishment (Gurski, 2007). Anatomical studies
can help establish an understanding of how physiological and structural
processes interact with environmental conditions to determine within-
habitat distributions, thus providing important key information for
species natural histories (Mourao et al., 2002), which is essential for
effective conservation. An applied knowledge of seed and seedling
morphology allows structures to be identified and interpreted in a
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functional context. This then allows the most appropriate germination
tests and sample quality monitoring to be implemented. In addition, it
can help seedling production methods for a variety of purposes, in-
cluding reforestation, as well as ornamental large-scale production
(Groth and Liberal, 1988).

Native palms adjust more swiftly to agroforestry systems than do
introduced species, since they are already adapted to local forest con-
ditions (Queiroz and Bianco, 2009). Consequently, information on the
morphological aspects of germination can also be used when domes-
ticating potentially economically-useful native species (Oliveira et al.,
2010). In the Amazonian context, the current study of Astrocaryum
acaule Mart. represents an important contribution to general knowledge
of the family Arecaceae, as well as to the greater understanding the
Amazonian biota, since not only is it a highly characteristic species of
the region, with economic potential, but is still poorly-known scienti-
fically.

Astrocaryum acaule is a palm with an underground stem, and is
common in lowland Amazonian forests. The species is placed in the
subfamily Arecoideae, tribe Cocoseae, subtribe Bactridinae (Uhl and
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Dransfield, 1987; Lorenzi, 2010). According to Henderson (1995), A.
acaule is commonly known in Brazil as tucumd-i or tucumat, in Colombia
as espina, cocorito, tucum, mataukari, and as corozo in Venezuela
(Stauffer, 2000). Tucuma-i is a common palm of flooded forests along
the Rio Negro and many of its tributaries, and also occurs in sandy areas
along the banks of clear-water rivers, such as the Tapajés. It is covered
by black spines, typical of the genus, that leave scars upon detachment,
especially on the petioles (Henderson, 1995; Dransfield et al., 2008).
The leaves can reach more than 5m in length, and the young petioles
have a distinctive reddish-brown color.

The objective of the current study was to describe the initial seed-
ling growth process of A. acaule in terms of morphology and anatomy,
as well as recording the temporal and ontogenetic patterns of germi-
nation, and compare the results with the associated nomenclature and
available literature on the subject.

2. Material and methods

The study was carried out using seedlings grown from seeds ob-
tained from fruits collected in the Tupé Sustainable Development
Reserve, Amazonas State, Brazil. The reserve is located on the left bank
of the Rio Negro, some 25km west of Manaus city center. It has an
average altitude of 20 m above sea level, a total area of 11,973 ha, and a
perimeter of 47,056 m (Santos-Silva, 2008).

Anatomical analyzes were performed in the Agroforestry Laboratory
of the Agricultural Sciences Faculty (LABAF-FCA), Federal University of
Amazonas (UFAM). The epicarp and the mesocarp were removed with a
domestic knife from the collected fruits (Fig. 1A). Next, after drying at
room temperature for 10 days, the endocarp of each fruit was broken
with a bench vise, and the seed extracted (Fig. 1B). Drying the fruit
facilitates the detachment of the seed from the endocarp interior
(Ferreira and Gentil, 2006). The resulting 300 seeds were soaked in
distilled water to accelerate the germination process, then planted in
perforated plastic trays containing vermiculite as substrate. Of these, 70
were analyzed morphometrically with digital calipers, and weight
measured with a precision balance.

Once germinated, seedlings were monitored for classification into
ontogenetic stages, and records tabulated using Microsoft Excel 2016
software. Timelines for the production of structures of interest were
based on records from 100 seedlings.
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Development was tracked from the appearance of initial germina-
tive bud to the expansion of the first eophyll (true leaf). Samples for
anatomical analysis were fixed in FAA70 (Formalin —Alcohol — Acetic
Acid), dehydrated in an ethanolic series (Berlin and Miksche, 1976
apud Kraus and Arduin, 1997), placed in 2-hydroxyethyl methacrylate
(Leica Historesin®, prepared according to the manufacturer's instruc-
tions), sectioned longitudinally and transversely in a rotating micro-
tome with slices of 5 to 7 um thickness. For the stages from the first
cataphyll (scale leaf) onwards, the slices were made preferentially at
the base of the embryonic axis. Sections were stained with 0.05% to-
luidine blue (O’Brien et al., 1964), and slides mounted in water. As an
auxiliary method, fresh slices were prepared with a tabletop micro-
tome, clarified with sodium hypochlorite, stained with 1% Astra blue
and safranin 1% (Safrablau 9:1) (Bukatsch, 1972) in aqueous solution,
and slides mounted in glycerinated gelatin (Kaiser, 1980 apud Kraus
and Arduin, 1997).

For seedlings with the first eophyll expanded, the primary root,
petiole and emergent tip of the eophyll were analyzed using cross-
sections obtained from the median region of each structure. This was
done with a table microtome, clarified with sodium hypochlorite 50%,
stained with Astra blue 1% and safranin 1% (safrablau 9:1) (Bukatsch,
1972), and the resultant semipermanent slides mounted in glycerinated
gelatin. To obtain samples of the epidermis, 1 cm? slices were immersed
in a 30% hydrogen peroxide + acetic acid solution (1:1) (Franklin,
1945), stained with safranin and mounted in glycerinated gelatin.

Parameters for description followed Queiroz (1986); Tomlinson
(1990); Henderson (1995), Henderson (2006) and Tillich (2007).
Photographs were taken with a Panasonic Lumix DMC-LS80 digital
camera, and photomicrographs obtained using a Canon PC1252 digital
camera coupled to a Zeiss Primo Star Microlmaging 37081 photo-
microscope.

3. Results

Seeds of A. acaule are generally spherical, with a mean length of
14.11 mm and diameter of 13.01 mm (n = 70; SD = 1.46 and 1.04,
respectively). Average fresh mass was 1.38 g (n = 70; SD = 0.29). The
seed is weakly attached to the enveloping endocarp. The seed surface
display two depressions, where ovules were located prior to fertiliza-
tion. The integument is dark brown streaked with gray. The endosperm

Fig. 1. Infructescence and fruits in Astrocaryum acaule Mart. A) Infructescence; B) Detail of fruit, showing the position of the seed; C) Detail of fruit, showing the
position of the embryo in the seed. ep: epicarp, ec: endocarp, emb: embryo: end: endosperm, int: integument, mc: mesocarp. Scale: A = 4cm, B- C = 2cm.
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Table 1
Mean measurements for Astrocaryum acaule Mart. seeds in fruits with one and
two seeds (n = 70).

1 seed 2 seeds
length diameter mass length width depth mass
Mean 1411 13.04 1.39 1288 1212 7.34 078
Minimum 9.25 9.81 0.34 10.34 10.16 4.93 0.34
Maximum 17.56  14.85 1.93 1569 14.40 855 1.14
Standard deviation 1.46 1.04 029 1,89 144 129 027
(x)

is stiff and whitish in the mature seed. The embryo is white to greenish,
and lies in the apical region, near the micropyle, diagonally to seed axis
(Fig. 1C). In the endocarp with two seeds (n = 6; 8,5% of the seeds),
one of the faces of each seed was flattened, and seeds had a mean length
of 12.88 mm, width of 12.12 mm, and depth of 7.34 mm (SD = 1.89,
1.43, and 1.29, respectively) (Table 1). The species showed adjacent
germination (the seedling develops near the seed), with the formation
of a coleoptile above the cotyledon sheath (Fig. 2).

3.1. Germinative bud formation

Germination was uneven (staggered), with the formation of the
germinative bud varying between 30 and 130 days. The germinative
bud was about 2 mm long, whitish, cylindrical, and straight on emer-
gence (Fig. 2A), with a constriction between the haustorium and the
point of cotyledonary sheath swelling. Overall, this region tended to
swell some 10 days after bud development, when it became greenish
and acquired a swollen triangular shape, a result of embryonic axis
elongation within the cotyledonary sheath (Fig. 4).

At this developmental stage, the distal region has yet to expand in
volume beyond the cavity occupied by the embryo. Despite the for-
mation of a rigid structure rich in phenolic compounds (Fig. 2B), the
radicle does not penetrate the cotyledonary sheath tissues and, in some
individuals, this stage may be postponed until the first eophyll emerges.
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3.2. First cataphyll protrusion

The first cataphyll, also known as the first sheath, emerged about 15
days after the protrusion of the germinative bud. It is whitish in color,
conical in shape, and usually lacks surface aculei, though these may
appear later (Fig. 2C). At this stage, the first root reaches an average
length of 1.4 cm, and the first cataphyll is 0.6-1 cm long.

The formation of a transitional region between the stem meristem
and the hypocotyl-radicle region becomes evident. This region is
composed of ground meristem and procambial strands. These vascular
traces are oriented horizontally to the substrate, giving rise to the ra-
dicle that will form the first root system. At this point, the aerial part
differentiates into cataphylls and the first leaves.

3.3. Second cataphyll protrusion

From the second cataphyll expansion stage (about 20 days after the
germinative bud formation), secondary roots may emerge from the
primary root system. The second cataphyll is conical, whitish to
greenish when above the substrate, and may be aculeate (Fig. 2D),
reaching up to 2.0 cm in length.

3.4. First eophyll protrusion and expansion

The first eophyll protruded about 69 days after the germinative bud,
and expanded at around 120 days, reaching 8.0 x 1.0 cm. The structure
is initially highly plicate, only becoming bifid as it expands (Fig. 2E). At
the expanded eophyll seedling stage, the first cataphyll reached the
average length of 1.2cm, and the second, 2.4 cm, while the primary
root attained 30 cm, with lateral roots branching from it. Until the
expansion stage of the first eophylls, the stem region nodes are incon-
spicuous. This reflects in the anatomical structure of the hypocotyl re-
gion, which contains large numbers of meristematic cells and pro-
cambial traces (Figs. 41, 5 C). Haustorium growth, which occurs as
result of endosperm reserve consumption, can be observed throughout
the developmental process (Fig. 2). Endosperm reserves have been
depleted at the moment of first eophyll expansion, but the haustorium
has not yet reached the total seed volume.

\.

Fig. 2. Stages in the initial growth of Astrocaryum acaule Mart. illustrating the development of the haustorium. A) germinative bud; B) swollen bud; C) appearance of
the first cataphyll; D) appearance of the second cataphyll; E) appearance of the first eophyll. 1c: first cataphyll, 2c: second cataphyll, ar: adventitious root, dr: distal
region, end: endosperm, eop: eophyll, gb: germinative bud, ha: haustorium, Ir: lateral root, pr: primary root. Scale: 2 cm.
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Table 2
Time in days for the emission of the germinative bud and between the developmental stages of Astrocaryum acaule Mart. seedlings.
germinative bud swollen bud 1% cataphyll 274" cataphyll eophyll eophyll
appearance expansion
Mean 112.8 7.7 15.2 20.0 26.2 51.6
Minimum 14 3 8 5 10 28
Maximum 250 18 27 41 54 71
Standard deviation ( + ) 73.8 4.8 5.6 11.0 14.8 17.0
Time between stages Time projections
300,0 300,0
250 250
250,0 250,0
211
200,0 200,0
- T
5 3 140
é 1500 1og ng: 1500 11g 1206
100,0 7 100,0 86 oo
4 54 516 45 428 . =
50,0 i a1 1257 200, I 22 Izs 50,0 i 75y 18 zz,sul Ils 26 I
00 - - m-l m_ = [ 0,0 - - Hm o O
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Fig. 3. Time of the developmental stages of seedlings of Astrocaryum acaule Mart.
A) Time for germinative bud appearance, and lag between Astrocaryum acaule Mart. developmental stages; B) projections based on the sum of the mean, minimum
and maximum time between each seedling stage; C) number of records in a sample of 100 individuals showing established stages. 1c: first cataphyll, 2c: second

cataphyll, eoph.: eophyll, eoph. exp.: eophyll expansion, sw. bud: swollen bud.

Germination time mean was of 112.8 days (Table 2), but large
variation (minimum 14, maximum 250), characteristic of a staggered
germination strategy was recorded. The time between stages was also
variable, with eophyll expanding up to 71 days after appearance
(Table 2, Fig. 3A). By adding up interstage intervals, we arrive at mean
developmental stage duration, with eophylls expanding about 120.6
days after the protrusion of the germinative bud (Fig. 3B).

For 100 of the seeds in the sample, there was a trend of individuals
to produce a germinative bud between 130-150 days after sowing.
Between 250-290 days, most seedlings were in the eophyll expansion
stage (Fig. 3C), and high seedling mortality (69%) was recorded.

3.5. Anatomy

In longitudinal view, the A. acaule germinative bud is cylindrical,
with the distal region slightly flattened, resembling the shape of the
embryo (Fig. 4A). The embryonic axis is proximal (Fig. 4B), and in-
dicated by a cleft in the cotyledonary sheath located near the apex of
the leaf primordia that will form the cataphylls, and appearing before
eophylls (Fig. 4C). Distally, a set of meristematic tissues that eventually
differentiates into the haustorium and the apocole can be seen
(Fig. 4D), though these are reduced in A. acaule as result of the adjacent

90
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type of initial growth.

Oliveira et al., 2010;The proximal region begins to swell with the
growth of the plumule and the elongation of the radicle (Fig. 4E; 5 B, E,
G), which eventually breaches the tissues located in the cotyledonary
cleft region (Fig. 4C). The coleoptile is formed by the extending coty-
ledonary sheath towards the aerial section, with many vascular bundles
projecting from the sheath base (Fig. 4E, 6 A - G). The appearance of
the radicle may be delayed until eophyll protrusion, although a root cap
containing numerous idioblasts is already being formed at the stage of
first cataphyll appearance (Fig. 4F, 5 B).

3.6. Root system formation

The seedling is nourished and physically oriented with the aid of a
complex root system. The radicle extends relatively late, either when
the second cataphyll emerges or when the first eophyll expands
(Fig. 2E). This system begins to differentiate with the emergence of the
first cataphyll (Fig. 4). The radicle elongates slightly, followed by an
accumulation of idioblasts containing phenolic compounds in its apical
region, forming a cap that will facilitate root penetration into the
substrate.

In cross-section of the cotyledonary sheath at the first cataphyll
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Fig. 4. Germinative bud stage of Astrocaryum acaule Mart. A) Longitudinal section of the germinative bud in the seed, showing proximal and distal regions; B) detail
of the orientation of the embryonic axis in the proximal region; C) location of the cotyledonary cleft at the plumule apex; D) cross-section of the distal region,
corresponding to the apocole region; E) longitudinal section of the bud in the swelling stages; F) longitudinal section of the bud close to the appearance of the first
cataphyll; G) bud cross-section in the region of cotyledon sheath rupture; H) detail of G with location of leaf primordia and apical meristem; I) bud cross section in
region of cataphyll insertion. 1c: first cataphyll, 2c: second cataphyll, ap: apocole, ccl: cotyledonary cleft, col: coleoptile, cs: cotyledonary sheath, dr: distal region, ea:
embryonic axis, end: endosperm, gm: ground meristem, ha: haustorium, int: integument, pc: procambium, pd: protodermis, plu: plumule, pr: proximal region, rad:
radicle, rc: root cap, sm: shoot meristem. Scale: A = 500 pm, B - D = 250 um, E - F = 500 ym, G = 250 um, H - I = 100 um.
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Fig. 5. First cataphyll stage (A-E) and second cataphyll stage (F-H) of Astrocaryum acaule Mart. A) Longitudinal section of cotyledonary sheath, showing cataphyll
bases, the first eophyll and the radicle; B) detail of root emergence region; C) detail of the cataphyll and leaf primordia initiation region; D) cross section of cataphylls
showing location of first eophyll still in development; E) terminal region of the radicle; F) detail of development region for cataphylls and foliar primordia; G) detail
of root initiation region; H) first eophyll at plicate stage. 1c: first cataphyll, 2c: second cataphyll, ap: apocole, cc: central cylinder, cor: cortex, col: coleoptile, cs:
cotyledonary sheath, eop: eophyll, ind: indument, Ir: lateral root, Ip: leaf primordium, rad: radicle, rc: root cap, rph: raphid, vb: vascular bundle. Arrows indicate

vascular bundles in the coleoptile. Scale: 500 pm.

emergence stage, the procambial vessels are visible from below the
point of leaf insertion (Fig. 6A) down to the radicle (Fig. 6B - F), where
vessel bundles form a circular structure, surrounded by raphid-con-
taining idioblasts. Idioblasts with phenolic compounds are abundant,

92

particularly in the root cap and its vicinity (Fig. 6G - I). Lateral root
differentiation begins on the peripheral area of radicle initiation. As it
develops, the root penetrates the tissues of the cotyledonary sheath
prior to the emergence of the radicle, forming an angle of 45° to 60°
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Fig. 6. Sections of the Astrocaryum acaule Mart. cotyledonary sheath showing the arrangement of the vascular bundles from the region of foliar primordia insertion to
the apex of the radicle during the first cataphyll stage. A) Location of cataphylls, with the first eophyll still in development; B) base of the foliar primordium insertion,
showing rich procambial vascularization; C) longitudinal view of the emergence zone first lateral root and primary root; D) organization of the radicle vascular
system; E-F) differentiation of the first lateral root at the periphery of the central cylinder; G) radicle apex; H) radicle apex region showing lateral root penetrating
cotyledonary sheath tissue; I) longitudinal view of root emergence prior to lateral root curvature. 1c: first cataphyll, 2c: second cataphyll, ap: apocole, cc: central
cylinder, col: coleoptile, eop: eophyll, Ir: lateral root, pb: procambial bands, phc: phenolic compounds, pr: primary root, rc: root cap, rph: raphids, vb: vascular
bundles. Scale: A - C, I = 500 um, D - H = 200 pm.
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Fig. 7. Astrocaryum acaule Mart. expanded eophyll stage A) Cross section showing the arrangement of cataphylls, base of the eophylls and the primary root; B) detail
of developing aculei and of raphids in second cataphyll parenchyma; C) Development of lateral root from primary root; D) detail of primary root epidermis; E) detail
primary root vascular system; F) cross section of first eophyll petiole; G) detail of the base of an aculeus on the petiole, with sclerified cells; H) transition between
adaxial and abaxial sides of eophyll epidermis; I) adaxial face; J) abaxial face; K) first eophyll margin, medial region cross-section; L) vascularization and localization
of the stomata at the margin 0.1c: first cataphyll, 2c: second cataphyll, ac: aculeus, cc: central cylinder, cor: cortex, col: coleoptyl, ec: expansion cells, end:
endodermis, eop: eophyll, ep: epidermis, ex: exodermis, fb: fiber, fs: fiber sheath, Ir: lateral root, med: medulla, mx: metaxylem, ps: parenchymal sheath, pe :
pericycle, pf: peripheral fiber, ph: phloem, px: protoxylem, rph: raphids, sc: sclerenchyma, sf: subepidermal fiber, st: stomata, vb: vascular bundle, xy: xylem. Scale:
A =1000pum, B, E, G,I-J,L =100pum, C, F = 500 um, D = 50 ym, H = 150 ym, J = 150 ym, K = 200 pum.
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with the seedling axis. This root may be curved, and not entirely visible
in longitudinal section (Fig. 6C, I).

At the second cataphyll development stage, the arrangement of
these two roots is more or less evident in longitudinal section (Fig. 5G, 7
A), and other roots subsequently emerge from the primary one
(Fig. 7C).

3.7. Seedling anatomy

Prior to actual emergence, the first eophyll can be identified by its
plicate shape, as well as by the differentiation of new leaf primordia at
the stem meristem apex (Fig. 5F). Cataphylls are intensely vascularized
(Fig. 5D). At this stage, there is no clear petiole or central rib, these
becoming visible only after the bifurcation (expansion) of the first eo-
phyll (Fig. 2E). This eophyll is plicate in cross-section view (Fig. 5H),
and located inside the second cataphyll, at the top of the aerial part of
the plant, showing no evidence of a pinnate shape. In the developed
seedling, the coleoptile begins to wither (Fig. 7A), and aculei (spines)
project from the cataphyll epidermis and from the first eophyll petiole
(Fig. 7B, G - H). Elongated, raphid-containing idioblasts occur in the
cataphyll parenchyma (Fig. 7B).

The primary root has a papillary epidermis, an exoderm composed
of irregular cells, 6-7 layers of subepidermal fibers, a cortex rich in
intercellular spaces, and a central cylinder formed by eight xylematic
tubes, surrounded by a pericycle followed by an endoderm with a U-
shaped thickening (Fig. 7C - E). Lateral roots arise from the root peri-
cycle, which is already externally differentiated (Fig. 7C). A sclerified
central tube lies within the central cylinder (Fig. 7E).

The first eophyll petiole is grooved at the base, adaxially plane and
abaxially rounded in the median region, with a sclerified-based aculeus
(Fig. 7F - G); internally, marginal and cortical collateral bundles
formed by isodiametric cells can be seen. The leaf blade has parallel
veins, an uniseriate epidermis, with cells rectangular in longitudinal
view. Tetracyclic stomata occur on both faces, but in greater numbers
on the abaxial face (Fig. 7H - J). The cuticle is thin, and the epidermis is
papillose in the abaxial region, with stomata located just above the
other epidermal cells level. Expansion tissue cells underline the epi-
dermis in leaf folds, and a sclerified hypodermis occurs in bundles of
subepidermal fibers.

The mesophyll is homogeneous, with chloroplasts visible in the
parenchymatous cells close to the adaxial epidermis; extensive sub-
epidermal fibers and fiber bundles lie dispersed within the par-
enchymatous mesophyll. Vascular bundles are collateral, with xylem
facing the upper surface, and abundant perivascular fibers protected by
a parenchymatous sheath (Fig. 7K - L). No silica bodies were found in
the eophyll.

4. Discussion

The Astrocaryum acaule seeds described in this study are usually
spherical. Aratijo (2005) describes this shape for the seeds of an A.
acaule population from lowland Amazonian, with a mean size of
12.79 mm, and defines the two superficial depressions as caused by the
expansion of the endocarp in the region of the aborted ovules. Ac-
cording to her, when up to three seeds form inside a single fruit, en-
docarp maturation and hardening compress them, producing the flat-
tened appearance of the seed face adjacent to the locules' septa. Under
natural conditions, A. acaule seeds are often dispersed with the rigid
endocarp intact, affording protection (Aratijo, 2005). Morphological
and physiological studies of palms (i.e. Ferreira, 1996; Migliaccio,
2002) usually treat the endocarp + seed as a single unit, “the seed”.
However, in the current study, the seed endocarp was removed to ac-
celerate germination, an approach already adopted for other studies on
Astrocaryum species (Elias et al., 2006; Ferreira and Gentil, 2006;
Nazario and Ferreira, 2010). According to Ferreira and Gentil (2006),
drying facilitates the detachment of the seed from the endocarp, as in A.
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aculeatum. In Sabal palmetto (Walt.) Lodd. ex Schultes, the reportedly
least destructive method is chemical scarification of intact seeds with
sulfuric acid (Dewir et al., 2011). For Astrocaryum huaimi Mart., re-
moving the seed coat near the hilum promotes germination with less
risk of contamination of the seed interior (Souza et al., 2014).

Another character addressed by removing the endocarp around the
seed is dormancy, which is not yet fully understood in palms, but has
been the subject of recent studies (Ferreira and Gentil, 2006; Baskin and
Baskin, 2013; Meerow and Broschat, 2017). This strategy allows viable
embryos to germinate throughout the year, thereby providing re-
sistance to stresses that might otherwise eliminate all individuals of a
crop of dispersed seeds at the onset of their development (Fowler and
Bianchetti, 2000). According to Guimaraes et al. (2000), variation in
seedling emergence distribution in time and space may be associated
with temperature variation in the natural environment. In Tridax pro-
cumbens L. (Asteraceae), the authors found germination to be staggered
in nature, but uniform under laboratory conditions. According to
Dorneles (2010), dispersion of germination over time greatly enhances
species establishment and facilitates restoration in fragmented en-
vironments, but may hamper management activities when native spe-
cies with this dormancy pattern are sown together with others of eco-
nomic importance that do not present dormancy (Souza et al., 2015).

The embryonic axis of A. acaule is located proximally, and obliquely
oriented. Aratijo (2005) describes the A. acaule embryo as cylindrical,
straight, and lacking constrictions between the proximal and distal re-
gions. The embryo shape observed in the current study does not support
Tomlinson's (1990) observation that, in palms with adjacent develop-
ment, the embryo is curved, with an oblique embryonic axis. The
characters observed here for A. acaule indicate that this concept cannot
be universally applied in species belonging to families with adjacent
germination, and may be more similar to Elaeis (Rees, 1960), where the
embryo is straight and has a persistent radicle. The reduced stem of A.
acaule can curve while the seedling axis is elongating. The embryonic
curvature and the oblique nature of the embryonic axis facilitate de-
velopment after germinative bud emergence, and in species with ad-
jacent development the cotyledonary sheath region and stem primordia
can take on a curved shape, as in the case of the "saxophone stem" of A.
aculeata (Nascimento e Souza et al., 2017).

Aguiar and Mendonga (2001); Gentil and Ferreira (2005), and Luz
et al. (2012) describe the first emergent structure as the cotyledonary
petiole. However, because this region is the one protecting the em-
bryonic axis, it does, in fact, correspond to the cotyledonary sheath. In
the current study, the term “germinative bud” was adopted because it is
more comprehensive, and has been already used for this structure by
Queiroz and Bianco (2009) when describing the germination of Oeno-
carpus bacaba Mart., a species of tribe Cocoseae. The vertical extension
of the cotyledonary sheath forms the coleoptile, which longitudinally
orients the leaf primordia during shoot development (Tomlinson,
1990). According to Tillich (2007), the coleoptile is often confused with
a ligule, which concept should be restricted to a structure that lies on
the adaxial surface of bifacial leaves, whereas coleoptile is a tubular
structure produced by meristematic activity in the marginal tissues of
the cotyledonary sheath connected to a unifacial hyperphyll. The ger-
minative bud shape resembles that described by Aratijo (2005) for A.
acaule, except for the constriction observed in the median region, which
corresponds to the apocole located proximally between the differ-
entiating haustorium and the cotyledonary sheath. The same author
also reports the lack of evidence of a cotyledonary cleft in the embryo.
Although the cotyledon is analogous to a first embryonic leaf, in the
Arecaceae it does not have a bifacial aspect, which Tillich (2007) used
as an argument for the use of a different nomenclature for the structure,
as well as proposing the term “hyperphyll” for the area separated from
the distal region (haustorium + apocole). Henderson (2006) does not
include the haustorium in the hyperphyll region, restricting the concept
to the elongation zone (apocole). Regarding the delay in the protrusion
of the primary root, Aguiar and Mendonca (2001) report the radicular
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pole emergence before the appearance of cataphylls in E. precatoria.

Gentil and Ferreira (2005) give 99 and 253 days as the mean time
for bud formation, and expansion of the first eophyll, respectively, in A.
aculeatum. According to Meerow (2004), a widespread capacity for
dormancy in palms means that an estimated 25% of species studied in
the family take more than 100 days to germinate, and have a germi-
nation success rate below 20%. In Archontophoenix cunninghamii H.
Wendl. & Drude, the germinative bud can be observed within 9 and 45
days (Luz et al., 2012).

In the current study, we described whitish cataphylls, as well as the
possibility that root emission could be delayed. In Euterpe precatoria
Mart., Aguiar and Mendonca (2001) describe the production of mor-
phologically similar, purple-colored cataphylls. In Euterpe edulis Mart.,
the primary root is already elongating when the first cataphyll emerges
(Accorsi and Barros, 1974), as later described also for Astrocaryum
aculeatum Mart. (Gentil and Ferreira, 2005). Neto et al. (2010) reported
accumulation of reserves and abundant vascular traces between the
insertion of the root and the cataphylls along the seedling development
for Euterpe oleracea Mart.

The first eophyll is bifid and plicate. Aguiar and Mendonca (2001)
describe evidence of a pinnate form in the first eophyll of E. precatoria
prior to its emergence. The haustorium growth occurs as a result of
endosperm reserve consumption, and is evident throughout the seed-
ling development. In Elaeis guineensis Jacq., the haustorium epidermis
secretes enzymes that digest endosperm lipids, thus actively partici-
pating in the mobilization of reserves to the growing seedling (Opute,
1975). This may suggest that further studies are required to establish
the moment at which seedlings of this species become independent of
seed reserves. In E. oleracea, the haustorium has consumed most of the
seed volume by the 100™ day, the approximate time when the first
eophyll emerges (Neto et al., 2010).

The first emerged oblique root was described herein as a “lateral
root”. Tomlinson (1990) and other authors, earlier and later (Rees,
1960; Accorsi and Barros, 1974; Gentil and Ferreira, 2005; Oliveira
et al., 2010), have defined this as the primary root. The root cap de-
scribed in this study was described as a coleorhiza for seedlings of E.
edulis (Accorsi and Barros, 1974). We term it a root cap due to the
absence of a protective, coleorhiza-like, sheath in the previous stages of
radicle development, as recorded also in other monocotyledons (Tillich,
2007). The occurrence of raphids near the A. acaule radicle was
common at this stage, although Aratijo (2005) does not mention raphids
in the embryonic axis of the species at the embryo stage. Tomlinson
(1990) further notes that, as result of the curvature of both embryo and
embryonic axis, this root, which emerges as a thin and oblique struc-
ture, is soon replaced by an adventitious root. This root is defined in the
current study as the true primary root. Tomlinson also states that this
first narrow and angular root is characteristic of palms with adjacent
germination, and that this character is typical of subfamily Arecoideae.
However, due to its origin in the peripheral region of the initial area of
the radicle, this structure was classified as the first lateral root in this
study. For Livistona rotundifolia (Lam.) Mart., a palm of subfamily
Coryphoideae with remote initial growth, Viana et al. (2016) con-
sidered that the lateral roots began to develop from the interior of the
vascular cylinder, even while the cotyledonary sheath was still under-
going differentiation.

The structure defined as the “primary root” in the current study has
been termed the first adventitious root in other studies (Tomlinson,
1990; Gentil and Ferreira, 2005), probably because of the oblique
nature of the embryonic axis within the cotyledonary sheath. However,
one must consider the continuity of root tissues with the meristematic
tissues of the hypocotyl region (Figs. 5G, 7 A), even though it is not the
first root to emerge from the cotyledonary sheath. This situation un-
derscores the need for anatomical investigation of this zone in germi-
nation studies of adjacent germinating palms, specifically, to avoid
misunderstandings and classification confusion arising from observa-
tions based primarily on external morphology. Henderson (2006)
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considers the root protrusion angle as a key characteristic for the
classification of palm seedling germination types, and cites the example
of Astrocaryum alatum Loomis. However, in this study, this angle was
variable and not diagnostic. In E. precatoria, a large number of lateral
roots have already emerged by the time the first cataphyll appears,
originating from the pericycle of the primary root (Aguiar and
Mendonga, 2001). Henderson (2006) describes the occurrence of
abundant adventitious roots in A. alatum. Root system formation is a
complex process that has been little discussed in the palm development
literature. Established standards do not apply to all members of the
family, and knowledge of this topic is often lacking for tropical species
(Tomlinson, 1990, 2006).

In E. precatoria, up to three new leaf primordia can be observed
simultaneously (Aguiar and Mendonca, 2001). At the A. aculeatum first
eophyll stage, the coleoptile is still expanding (Gentil and Ferreira,
2005). The seedling root features are similar to those described for
Oenocarpus minor Mart. by Oliveira et al. (2010), and are common
characters in monocotyledons (Esau, 1976). Palm literature commonly
refer the pointed emergences usually found in various parts of the plant
as “spines” (Henderson, 1995; Tomlinson, 1990, 2006; Stauffer, 2000).
As vascular traces were not found in the structures observed on the
surface of cataphylls and eophylls, we termed these “aculei”, following
recent studies on palms (Batagin-Piotto et al., 2012) and an established
anatomical concept (Dutta, 2000; Simpson, 2010; Judd et al., 2009).
The leaf expansion tissue described in this study confers the ability to
expand as the leaf matures, or according to the water resources avail-
able to the plant (Tomlinson, 1990). Paula (1975) describes a hypo-
dermis in E. oleracea, and Tomlinson (1990) states that its commonness
in the Arecaceae. In the leaves of Mauritia flexuosa L. f., at various
stages of plant development, Passos and Mendonca (2006) report the
presence of silica bodies accompanying the fibers, and distributed in the
epidermal cells, but not a hypodermis.

5. Conclusions

Astrocaryum acaule is a species with adjacent germination, featuring
a coleoptile formed from the cotyledonary sheath, and variable ger-
mination time. Its maintenance in the natural environment and in-
dependence of nutritional reserves deserves further investigation.
Anatomical characteristics reported in this study increase the knowl-
edge of Amazonian palms and the organogenesis of their initial growth
stages, and clarify uncertainties concerning characters not previously
covered in the literature. Studies of palms with other initial growth
patterns are needed, as is the use of anatomical tools in such studies.
The current study provides a detailed morphological analysis of growth
stages that may differ between the genus Astrocaryum and other palms,
such as the characteristic formation of the root system. The results
presented in our study enhance our knowledge of the Amazonian flora
natural history, enabling future studies and assisting conservation.
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