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Abstract

The germination and post-seminal development of Arecaceae are notably complex due to the microscopic dimensions of
the embryonic axis, the occurrence of dormancy, and the diversity of reserve compounds. In-depth information on this
subject is still limited, especially in terms of the basal sub-family Calamoideae. Mauritiella armata is widely distributed
in the Amazon region and is considered a key species in flooded ecosystems (veredas) in the Cerrado biome. We sought
to describe histogenesis and reserve compound dynamics during the germination of M. armata, as well as the changes in
incubated seeds over time. Seeds with their operculum removed (the structure that limits embryonic growth) were evaluated
during germination using standard methods of histology, histochemistry, and electron microscopy. Evaluations were also
performed on intact seeds incubated for 180 days. The embryos show characteristics associated with recalcitrant seeds of
Arecaceae: a high water content (>80%), differentiated vessel elements, and reduced lipid reserves. Both the embryo and
endosperm store abundant reserves of proteins, neutral carbohydrates, and pectins. The completion of germination involves
cell divisions and expansions in specific regions of the embryo, in addition to the mobilization of embryonic and endospermic
reserves through symplastic and apoplastic flows. Intact seeds show dormancy (not germinating for 180 days), but exhibit
continuous development associated with cell growth, differentiation, and reserve mobilization. The anatomical and histo-
chemical characters of M. armata seeds indicate an association between recalcitrance and dormancy related to the species’
adaptation to flooded environments.
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Introduction

Germination and post-seminal development are the most
critical stages of a plant’s life cycle (Bewley et al. 2013).
During these phases, there is a transition from a condition
of low metabolism to one of intense activity, and from a
condition of relative protection inside the seed to exposure to
the external environment while still in an incipient phase of
development (Baskin and Baskin 2014a; Ribeiro et al. 2015).
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These processes are remarkably complex in palms, which are
widely distributed in tropical and subtropical regions, and
the group shows a wide diversity of diaspore and seedling
structures and sophisticated adaptive strategies (Orozco-
Segovia et al. 2003; Souza et al. 2016; Moura et al. 2019;
Visscher et al. 2020). Detailed studies of palm germination
and seedling development have been largely concentrated in
species of the Arecoideae subfamily because of economic
interests, with few in-depth studies of representatives of the
basal clades of Arecaceae, especially Calamoideae (Orozco-
Segovia et al. 2003; Dransfield et al. 2008; Baskin e Baskin
2014a; Silva et al. 2014). The generation of more informa-
tion concerning those basal clades will be important to
broadening our understanding of the evolutionary history of
palms and for developing efficient propagation technologies.

Germination is the resumption of embryo development
after any period of quiescence (or dormancy) and involves a
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series of structural and metabolic changes resulting in post-
seminal development (Donohue et al. 2010; Bewley et al.
2013; Visscher et al. 2020). Palm seeds have complex anato-
mies and linear embryos; the embryonic axis has micro-
scopic dimensions and is inserted within the cotyledonary
petiole (Mazzottini-dos-Santos et al. 2018). Germination
in Arecaceae is only completed with the displacement of
the operculum (the tissues adjacent to the embryo) and the
protrusion of the cotyledonary petiole, a pattern that differs
from most Angiosperm species (Carvalho et al. 2015). Many
species of palm trees demonstrate dormancy—the inability
of the seed to germinate even under favorable environmental
conditions—which is related to the low growth capacity of
the embryo (Orozco-Segovia et al. 2003; Baskin and Baskin
2014b; Silva et al. 2014). The causes and classifications of
dormancy in Arecaceae have not yet been fully defined
(Baskin and Baskin 2014a, 2021), so that studies of the roles
of seed structures in controlling germination can increase
understanding of the reproduction of this important plant
group (Ribeiro et al. 2015; Moura et al. 2019).

The establishment of palm seedlings requires the devel-
opment of a wide variety of tissues and specialized struc-
tures dependent on the mobilization of abundant endosperm
reserves (Henderson 2006; Souza et al. 2016; Dias et al.
2020). There is considerable morphological and anatomical
diversity among Arecaceae seedlings (Souza et al. 2016;
Moura et al. 2019), but little information is available con-
cerning their structures and adaptive strategies in different
environments, especially under flooding conditions (Silva
et al. 2014; Moura et al. 2019; Dias et al. 2020).

Mauritiella armata (Mart.) Burret (Calamoideae), “bur-
itirana” or “xiriri,” is widely distributed in South America in
both the Amazon Forest and Cerrado biomes (Dransfield et al.
2008). The species is dioecious and occurs along streams and
in swamps and seasonally flooded savannas; it is commonly
associated with the palm Mauritia flexuosa L.f. (Smith 2015;
Avila et al. 2022, 2023). M. armata is considered ecologically
important as it provides food for the regional fauna and helps
regulate the hydrological cycles of flooded environments
(“veredas”) in the Brazilian Cerrado, ecosystems that are
severely threatened by anthropic pressures (Smith 2015; Avila
et al. 2022; Nunes et al. 2022). The species is also of socio-
economic importance, as the mesocarp (which has nutritional
and antioxidant properties) can be consumed in the form of
juices, sweets, jellies, and ice cream; various parts of the plant
are used in making handicrafts (Souza et al. 2022). Addition-
ally, studies have indicated the potential use of fibers extracted
from the stems of that palm as adjuvants in the production of
epoxy (Souza et al. 2020). Botanical information concern-
ing this species is still extremely limited, however, with only
preliminary information being currently available concerning
seed characterization (Lorenzi et al. 2010), with no detailed
records focusing on its germination. As such, reproductive
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studies of M. armata may provide subsidies for its sustainable
use and conservation.

We provide here anatomical, histochemical, and ultras-
tructural descriptions of M. armata seeds throughout their
germination processes to address the following questions: (i)
what are the roles of cell division and cell expansion in the
embryo/seedling transition? (ii) what is the cellular struc-
ture of the seed, and what are the dynamics of its reserve
compounds during germination? (iii) what anatomical and
histochemical changes occur in incubated seeds over time?

Materials and methods
Fruit collection and preliminary procedures

Mauritiella armata fruits were collected after natural abscis-
sion in a population growing in the Veredas do Peruagu State
Park, in the municipality of Cénego Marinho, in northern
Minas Gerais State, Brazil (14° 56’ 13" S x 44° 37' 44" W).
Only whole fruits with no signs of predation or microbial
deterioration were selected. A yellowish abscission scar was
considered indicative of recent abscission (Silva et al. 2014).
The pericarp was manually removed, and any seeds dam-
aged by pathogens or insects were discarded. The seeds were
sectioned, the embryos extracted, and the water contents
of four replicates of 10 isolated embryos and endosperm
+ seminal envelopes were evaluated, considering the rela-
tionship between their fresh and dry weights after drying at
105°C for 24 h (Brasil 2009). The seeds were disinfected
in 6% sodium hypochlorite for 15 min, washed in running
water, treated with a fungicide (Derosal Plus® 50%), and
kept in closed polypropylene bags (500 um thick) at 20°C
until used (Veloso et al. 2016). Seeds not directly used in the
experiments were stored for 12 months and their viabilities
subsequently evaluated by the tetrazolium test (Brasil 2009).
Preliminary tests indicated that seeds sown into polyeth-
ylene containers (17x12x6cm) in sterilized sand (moistened
with distilled water to up to 80% of its retention capacity) and
subsequently held in a germinator at 30°C did not germinate
for 60 days (Silva et al. 2014). As these results suggested seed
dormancy, the seeds were divided into two lots and subjected
to additional treatments. The seeds of the first lot had the oper-
culum (the tissues adjacent to the embryo that limit its growth)
removed using a stylus—an efficient treatment for overcoming
dormancy in palm seeds (Silva et al. 2014). The seeds were
then sown into sand as described above. Samples were periodi-
cally removed for morphological, anatomical, and histochemi-
cal evaluations. The seeds of the second lot were sown intact,
and the germination of five replicates of 10 seeds each was
monitored weekly for 180 days. Those replicates were succes-
sively submitted to the same evaluations as described above.



Histogenesis and reserve dynamics during the maintenance of dormancy and germination in seeds... 427

Seed and seedling morphology

One hundred seeds with their operculum removed were
observed daily for 30 days, and then every 3 days for up
to 180 days. Seed and seedling morphologies were charac-
terized according to the criteria established by Silva et al.
(2014). Images of those materials were recorded using a
digital camera (sx520 hs, Canon, Tokyo, Japan).

Embryo micromorphology

Five embryos in their initial condition were fixed in Karnovs-
ky’s solution (Karnovsky 1965), dehydrated in an ethanolic
series, and dried to their critical point in CO, in a Bal-Tec
apparatus (Leica Microsystems, Heidelberg, Germany). The
samples were subsequently coated with a 10-nm layer of gold
using a Bal-Tec-MD20 metallizer (Leica Microsystems, Hei-
delberg, Germany) (Robards 1978) and examined in a scanning
electron microscope (Quanta 200, FEI Company, Eindhoven,
Netherlands). Images were captured digitally at 12-20 kV.

Seed and seedling anatomy

Samples of the cotyledonary petiole, haustorium,
endosperm, and root were obtained from cultivated seeds
(without their operculum) before sowing, 3 days after
sowing, and then during the phases of protrusion of the
cotyledonary petiole, expansion of the ligule, and after the
emission of the main root (Silva et al. 2014; Dias et al.
2020). Samples of the cotyledonary petiole, haustorium,
and endosperm were also obtained from intact seeds after
180 days of incubation. Five seeds were evaluated on each
occasion. The material was fixed in Karnovsky’s solution
(Karnovsky 1965), dehydrated in an ethanolic series, and
included in 2-hydroxyethylmethacrylate (Leica®), follow-
ing Paiva et al. (2011). Cross and longitudinal sections
(3-5 pm thick) were obtained using a rotating microtome
(HistoCore Autocut, Nussloch, Germany), stained with
0.05% toluidine blue, pH 4.7 (O’Brien et al. 1964, modi-
fied), and mounted on slides with acrylic resin (Itacril,
Itaquaquecetuba, Brazil). The sections were evaluated by
viewing under a photomicroscope (Zeiss Lab Al/Axion
Cam ICC 3, Jena, Germany).

Histochemical evaluations

Additional sections of the same materials processed as above
for anatomical analyses were stained with periodic acid and
Schiff’s reagent-PAS to identify neutral polysaccharides
(Feder and O’Brien 1968), with choriphosphine to identify
acidic polysaccharides (Weis et al. 1988), with xylidine-
Ponceau (Vidal 1970) to identify proteins, and with neutral
red to identify lipophilic compounds (Kirk 1970).

Ultrastructural evaluation

The protoderm and ground meristem of the cotyledonary
petioles of embryos obtained from five intact seeds in the
initial condition, and then after 180 days of incubation, were
evaluated. The samples were fixed in Karnovsky’s solution
(Karnovsky 1965) for 24 h, post-fixed in 1% osmium tetrox-
ide (0.1 M phosphate buffer), dehydrated in an acetone series,
infiltrated in Araldite resin (Robards 1978; Roland 1978), and
sectioned using a UCB ultramicrotome (Leica Microsystems,
Heidelberg, Germany). The fragments were counterstained
with uraline acetate solution (Watson 1958) and lead citrate
(Reynolds 1963). Images were obtained digitally in a trans-
mission electron microscope (Tecnai G2-20-SuperTwin, FEI
Company, Eindhoven, Netherlands) at 200 kV.

Results

The water content of newly dispersed seeds and of isolated
embryos was 46.8% and 81.0% respectively. Eighty-two per-
cent of the seeds were viable; that value decreased to 58%
after 12 months of storage under humid conditions.

Seed and seedling morphology

Mauritiella armata seeds are oval, with a thin, dark brown
seed coat (Fig. 1A). The endosperm is abundant, rigid, and
whitish. The embryo is linear, is inserted into the micropylar
region, and has a conical shape with two distinct regions:
the cotyledonary petiole (yellowish and more dilated proxi-
mally) and the haustorium (whitish, with its distal portion
more elongated and narrow). The operculum is disc-shaped
in the micropylar region, and is composed of the opercu-
lar seed coat and the micropylar endosperm; it protects
the embryo but also restricts its growth. The operculum is
displaced under natural conditions when germination has
been completed; this occurs through the rupture of a zone
of weakness in the endosperm.

The germination of seeds with their operculum removed
occurred approximately 5 days after sowing, and was asso-
ciated with embryo elongation and the emission of the
cotyledonary petiole (Fig. 1B). The ligule (the lateral por-
tion of the cotyledonary petiole) then expands and forms a
protuberance—the germinative bud. The main root emerged
from the expanded ligule 15 days after sowing (Fig. 1C).
In this phase, the haustorium showed significant growth,
indicating an intense mobilization of endosperm reserves,
with the formation of a digestion zone. The first tubular-
shaped leaf sheath was emitted 17 days after sowing (in a
region of the germinative bud, opposite the root), concomi-
tant with the emission of adventitious roots from the ligule
(Fig. 1D). The second leaf sheath is emitted internally (in
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Fig. 1 Mauritiella armata seed and seedling morphology. Seeds sec-
tioned lengthwise. Intact seeds (A); seeds sown after the operculum
has been mechanically removed (B-G). Seed in initial condition,
showing embryo adjacent to operculum (arrow); detail of the micro-
pylar region in the lower right corner, highlighting the weakness zone
(arrowhead) (A). Cotyledonary petiole (arrow) protrusion phase (B).
Main root protrusion phase; root with developed cap (white arrow-
head) and haustorium with significant growth showing the digestion
zone (black arrowhead) (C). Emission phases of the first (D) and
second (E) leaf sheaths (white arrows), with the presence of adventi-

relation to the first), approximately 30 days after sowing
(Fig. 1E). The first eophyll (photosynthetic leaf) was emit-
ted after approximately 55 days. At 150 days after sowing,
the seedlings had an eophyll with expanded limbs, as well as
aroot system composed of a main root and numerous lateral
and adventitious roots (Fig. 1G). The haustorium grew to
occupy most of the seminal cavity and had a spongy aspect,
with the formation of a large cavity in the central region
(Fig. 1F-G). The digestion zone became even more evident
and had a peripheral disposition, indicating the final phase
of endosperm reserve mobilization (Fig. 1F).

Embryo micromorphology
The transition region between the cotyledonary petiole and

haustorium of M. armata is well delimited (Fig. 2A). The
petiole has a flat surface, with an opening that corresponds
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tious roots. Seed during the emission phase of the first eophyll, show-
ing the final consumption of endosperm reserves and increase in the
thickness of the digestion zone (black arrowhead), highlighting the
cavity formed inside the haustorium (asterisk) (F). Seed and seedling,
after 150 days of sowing, showing the developed structures; highlight
for the lateral roots (arrowhead) (G). ar, adventitious root; cp, coty-
ledonary petiole; el, first eophyll; ed, endosperm; em, embryo; ha,
haustorium; b, leaf blade; le, lateral endosperm; li, ligule; me, micro-
pylar endosperm; os, opercular seed coat; pr, main root; sc, seed coat;
s1, first leaf sheath; s2, second leaf sheath

to the cotyledonary cleft (disposed laterally), through
which the aerial portion is emitted (Fig. 2B); endosperm
remnants are observed in this region (Fig. 2C). At the
proximal end of the petiole, it is possible to observe the
scar of the persistent suspensor, which holds the embryo
in the micropylar endosperm and is ruptured when it is
extracted (Fig. 2A). The conical haustorium has villi on
its surface (Fig. 2A, D-E) and there are projections on the
protodermal cell walls (Fig. 2D) that increase the absorp-
tive surfaces.

Seed and seedling anatomy

The seed coat is formed by cells with thick, lignified walls
that accumulate phenolic compounds (Fig. 3A-B). Between
the lateral and micropylar endosperms, there is a zone of
weakness formed by longitudinally elongated cells that favor
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Fig.2 Micromorphology of the Mauritiella armata embryo. Embryo,
showing the cotyledonary petiole and the haustorium and the transi-
tion region between the structures (arrowhead) (A); scar left by the
rupture of the suspensory (white arrow). Cotyledonary cleft (arrow-

the displacement of the operculum during the conclusion of
germination (Fig. 3B). The embryonic axis is inserted within
the cotyledonary petiole and is positioned obliquely in rela-
tion to the longitudinal axis of the embryo; the plumule is
disposed laterally towards the cotyledonary cleft, while the
hypocotyl-radicle axis is projected towards the micropylar
region (Fig. 3A, C). The plumule is composed of two leaf
sheaths surrounding the shoot promeristem (Fig. 3C); it is
covered by the lateral portion of the cotyledonary petiole,
the ligule (Fig. 3A). The hypocotyl-radicle axis is evident,
but does not have a differentiated protoderm,; it is contigu-
ous to the fundamental meristem of the cotyledonary peti-
ole and is formed by small peripheral procambial cells as
well as elongated and vacuolated cells, positioned centrally
(Fig. 3C). The protoderm delimits the entire cotyledon,
being uniseriate and composed of cuboidal and compactly
arranged cells. There is a deep invagination of the protoderm
adjacent to the plumule, forming an opening to the external
environment—the cotyledonary cleft (Fig. 3A, F). Procam-
bial strands depart from the embryo axis in the region of the
cotyledonary node, forming a sympodium, towards the haus-
torium (Fig. 3A). A ground meristem is abundant through-
out the cotyledon, consisting of thin-walled cells with large
vacuoles with mucilaginous accumulations (Fig. 3E, G). Dif-
ferentiated vessel elements occur near the cotyledonary node
(Fig. 3D). The haustorium has small invaginations in the
protodermis (Fig. 3A, G) and is permeated by peripherally
disposed procambial cords (Fig. 3A, G—H). The endosperm

head) (B). Surface of the cotyledonary petiole, with endosperm resi-
dues (C). Surface of the haustorium, with shallow villi (arrowhead)
and cells with small projections from the wall (D-E). cp, cotyledon-
ary petiole; ha, haustorium

is formed of cells with thick walls and voluminous vacuoles
that store mucilage (Fig. 3H). There is a thin layer of col-
lapsed cells in the endosperm adjacent to the haustorium that
is indicative of reserve mobilization during the pre-dispersal
phase (Fig. 3H).

Alterations of the embryo were evident 3 days after
sowing seeds without their operculum, including the
elongation of the embryo axis and the mobilization of
reserves in the cotyledonary petiole (Fig. 4A—C). Cells in
the medullary region of the hypocotyl-radicle axis became
more elongated (Fig. 4B), and the plumule showed a slight
expansion (Fig. 4C). Cell divisions could be observed in
the ground meristem, in the region opposite the ligule
(Fig. 4D). Cell expansion occurred in the ground mer-
istem at the proximal end of the cotyledonary petiole
(Fig. 4E), and a proliferation of procambial cords in the
middle region of the petiole was quite notable (Fig. 4F).
The beginning of endosperm reserve mobilization was
evident, associated with the dilation of the primary pit
fields that indicated symplastic translocation (Fig. 4G-H).
Concomitantly, granular material accumulated along the
periphery of the haustorium.

During the phase of cotyledonary petiole protrusion, the
tissues of the primary structure of the seedling demonstrated
signs of differentiation. The formation of the germinative
bud was associated with cell divisions and cell expansion
(Fig. 5A). Differentiation of the epidermis and parenchyma
was evident throughout the cotyledon (Fig. SB-I). Idioblasts
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Fig.3 Longitudinal (B-G) and cross (H) sections of Mauritiella
armata seed. Scheme of the embryo and the micropylar region, high-
lighting the embryo axis and distribution of the procambial strands
(black dotted lines); red dotted lines represent regions shown in B-H
(A). Micropylar region showing the opercular seed coat, micropylar
endosperm, and zone of weakness (arrows) (B). Embryo axis show-
ing the plumule and the hypocotyl-radicle axis (C). Procambial strand
with differentiated vessel elements (D). Ground meristem cells of the
cotyledonary petiole, with accumulation of granular material (E).

with accumulations of phenolic compounds became dif-
ferentiated in the ligule, the apex of the root, and in the
proximal region of the cotyledonary petiole adjacent to the
epidermis (Fig. 5SB-D). The expressive growth of the plu-
mule, as a result of cell divisions and expansion, forced a
partial opening of the cotyledonary cleft (Fig. 5B). Cells in
the medullary region of the root became even more elon-
gated, and meristematic activity was notable in the region
adjacent to the root apex (Fig. 5C); the cells in the proximal
end of the cotyledonary petiole collapsed due to the pres-
sure generated by this meristematic activity. The cells in the
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Peripheral region of the cotyledon showing the cotyledonary cleft
(arrows) (F). Haustorium, highlighting invaginations in the proto-
dermis (arrowhead) (G). Haustorium/endosperm interface (H). cc,
layer of collapsed cells; cn, cotyledonary node; en, endosperm; gm,
ground meristem; li, ligule; ma, shoot apical meristem; me, micropy-
lar endosperm; mg, granular material; mr, meristematic region; pd,
protoderm; ps, procambial strands; ra, hypocotyl-radicle axis; sc, seed
coat; s,, first leaf sheath; s,, seconde leaf sheath; ve, vessel element

proximal region of the cotyledonary petiole were observed
to be dividing and expanding intensely (Fig. 5D). Rows of
raphidic idioblasts were conspicuous in this region. Cell
divisions were also observed in the ligule (Fig. SE). The
parenchyma and epidermal cells in the distal region of the
cotyledonary petiole became more elongated as compared
to other regions, highlighting their roles in seedling pro-
trusion (Fig. 5G). Differentiating vascular bundles could
be identified along the cotyledonary petiole (Fig. SH). The
mobilization of endosperm reserves intensified during this
phase, with evident thickening of the layer of collapsed
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Fig.4 Longitudinal (B-F) and cross (G-H) sections of Mauritiella
armata seeds, whose opercula were mechanically removed, 3 days
after sowing. Scheme of the cotyledonary petiole showing the pro-
cambial strands (black dotted lines); the red dotted rectangles cor-
respond to the regions shown in B-F (A). Hypocotyl-radicle axis
with expanded cells in the medullary region (arrow) (B). Plumule
with first and second leaf sheath (C). Proximal region of the petiole,
opposite the ligule, showing cells with evidence of recent divisions
(arrowheads) (D). Extremity of the cotyledonary petiole, highlight-

cells adjacent to the haustorium (Fig. 5I). Vascular bundles,
with differentiated vessel elements, were also evident in the
haustorium.

The ligule expansion phase was associated with intense
cell divisions, expansion, and differentiation (Fig. 6A-F).
The differentiation of raphidic idioblasts in the ligule and
their accumulation of phenolic compounds was evident
(Fig. 6B). Phenolic compounds could also be observed
along the peripheries of the leaf sheaths. Meristematic activ-
ity adjacent to the root intensified; a set of those generated
cells differentiated into phenolic idioblasts associated with
the formation of the root cap (Fig. 6C). Phenolic compounds
accumulated at the proximal end of the petiole as well as at
the proximal end of the petiole (Fig. 6D). The cells in this
region showed significant expansion, and the differentiation
of numerous raphide idioblasts was evident. Intense cell
divisions could be seen in the innermost regions of the ligule
and in the distal regions of the germinative bud, occurring
concomitantly with the differentiation of idioblasts contain-
ing phenolic compounds (Fig. 6E-F). The vascular bundles
in the haustorium had expanded, with evident xylem dif-
ferentiation, with phenolic idioblasts proliferating in the

ing part of the suspensor (arrowhead) (E). Procambial strand close
to the cotyledonary node, with cell proliferation (arrow) (F). Hausto-
rium, indicating the peripheral procambial strands (arrowheads) (G).
Haustorium/endosperm interface, showing evidence of translocation
of endosperm reserves by symplastic flow (arrows) (H). cc, layer of
collapsed cells; cn, cotyledonary node; ec, empty cell; ed, endosperm;
me, radicular apical meristem; gm, ground meristem; me, radicular
apical meristem; pd protoderm; ps, procambial strand; sl, first leaf
sheath; s2, second leaf sheath

peripheral region (Fig. 6G). Numerous intercellular spaces
could be observed in the inner region of the haustorium,
with the formation and differentiation of phenolic idioblasts
(Fig. 6G-H).

During the root protrusion phase, there was differentia-
tion of the first eophyll at the shoot apex and significant
expansion of the plumule (Fig. 7A-B). The root showed a
well-developed cap, with accumulations of phenolic com-
pounds (Fig. 7C). The parenchyma cells of the cortical
region were elongated, with rows of large idioblasts con-
taining raphides forming large spaces within the root. An
intense proliferation of idioblasts containing phenolics was
seen in the inner region of the root, being most prominent
adjacent to the vascular cylinder; intense vascularization and
meristematic activity were evident at the root-shoot interface
(Fig. 7D). The significant increase in the thickness of the
collapsed endosperm cell layer in the haustorium indicated
intense reserve mobilization (Fig. 7E), and the formation of
an aerenchyma could be observed in the innermost region
(Fig. 7TE-F).

Intact seeds incubated for 180 days did not germi-
nate. However, some anatomical characteristics indicated
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Fig.5 Cross (B, I) and longitudinal (C-H) sections of seeds and
seedlings of Mauritiella armata in the cotyledonary petiole protru-
sion phase. Scheme of the cotyledonary petiole, showing the pro-
cambial strands/vascular bundles (black dotted lines); red dotted
lines represent regions shown in B-H (A). Plumula region, highlight-
ing phenolic idioblasts (arrowheads) and opening in the cotyledon-
ary cleft (arrow) (B). Proximal region of the cotyledonary petiole,
showing the growing root, the accumulation of phenolic compounds
(arrow) and the region of compression of the cells at the end of the
petiole (arrowheads) (C). Region opposite the ligule, showing accu-
mulation of phenolic compounds (white arrow), idioblasts contain-
ing raphids (black arrow) and cells with evidence of divisions (black
arrowheads) (D). Ligule, showing cells with evidence of divisions
(arrowheads) (E). Expanded parenchyma cells in the region oppo-

a continuous development typical of recalcitrant seeds.
Reserve consumption in the cotyledonary petiole was nota-
ble, with some cell divisions being evident at the proxi-
mal end (Fig. 8A-B). A symplastic flow of reserves in the
endosperm could be identified (Fig. 8C), and slight accu-
mulations of mucilaginous substances were observed the in
the haustorium.

Seed and seedling histochemistry

In their initial condition before sowing, the cells of the
ground meristem and procambial strands of the cotyledon-
ary petiole (Fig. 9A—C), as well as the haustorium (Fig. 9D,
F), had abundant protein reserves stored in large vacuoles;
similar reserves were also observed in the endosperm
(Fig. 9D-E). Evidence of protein mobilization in the pre-dis-
persal phase was seen in the cotyledonary petiole (Fig. 9A,
C) and endosperm cells (Fig. 9E); extravasation of protein
compounds into the intercellular spaces was observed in the
haustorium, indicating apoplastic flow (Fig. 9F).
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site the ligule (F). Distal region of the cotyledonary petiole, show-
ing elongated parenchyma cells and accumulation of phenolic com-
pounds close to the epidermis (arrowheads) (G). Vascular bundle
with differentiated vessel elements (arrowhead) (H). Haustorium/
endosperm interface highlighting vascular bundles with differenti-
ated vessel elements (black arrowheads) and accumulation of gran-
ular material (white arrowheads) in the haustorium, expansion of
the collapsed cell layer and gradient of reserve mobilization in the
endosperm (I). cc, layer of collapsed cells; cn, cotyledonary node; ec,
empty cell; ed, endosperm; ep, epidermis; fc, full cell; md, medullary
region of the root; me, shoot meristem; mr, meristematic region; pa,
parenchyma; ps, procambial strands; sl, first leaf sheath; s2, second
leaf sheath; vb, vascular bundle

After 3 days of cultivation of the seeds without their
operculum, protein reserve mobilization intensified in the
cotyledonary petiole and endosperm (Fig. 9G-K), and the
proteins in the proximal end of the petiole (region adja-
cent to the suspensor) were largely mobilized (Fig. 9H). A
digestion gradient was evident in the endosperm near the
haustorium, with symplastic flows of reserve degradation
products (Fig. 9J-K). While proteins were not very evident
in haustorial protoderm cells in the initial condition, they
now showed accumulations of these compounds (Fig. 9J);
the cells located in the central region, however, did not dif-
fer from their initial condition (Fig. 9L). During the cotyle-
donary petiole protrusion phase, the petiole protein reserves
were mostly mobilized (Fig. 9M). The endosperm evidenced
a significant increase in protein reserve mobilization as com-
pared to the previous phases (Fig. 9N), with the proteins
now being concentrated in regions close to the primary pit
fields as is characteristic of symplastic flow. Accumula-
tions of protein compounds in the epidermis and subepi-
dermal layer of the haustorium were evident, as well as the
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Fig.6 Longitudinal (B-F) and cross (G-H) sections of seeds and
seedlings of Mauritiella armata, during the ligule expansion phase.
Scheme of the cotyledonary petiole, showing the embryo axis and
vascularization (black dotted lines); red dotted lines correspond to
regions shown in B-F (A). Plumule region highlighting phenolic idi-
oblasts (arrowheads) (B). Proximal region of the petiole, showing
the root apex and the accumulation of phenolics at the end and in the
root cap formation region (arrowhead) (C). Petiole end with numer-
ous raphidic idioblasts (black arrowhead) (D). Region adjacent to the
shoot apex, showing cells with evidence of intense division (white
arrows) and idioblasts containing phenolics (arrowheads) (E). Dis-

beginning of their mobilization in the innermost regions of
the parenchyma, with those cells showing flocculated protein
remnants (Fig. 90). In the ligule expansion phase, protein
reserves were observed to have been partially mobilized in
the shoot apex region (Fig. 9P). The protein contents of the
endosperm cells adjacent to the haustorium had been mostly
mobilized, leaving flocculated reserve remnants (Fig. 9Q).
Protein reserve mobilization was also evident in the paren-
chyma cells of the haustorium (Fig. 9R). In the root, protein
depositions were observed in the peripheral region of the
root cap and in the medullary region (Fig. 9S-U).

In their initial condition, the cells of the cotyledon-
ary petiole held an abundance of neutral polysaccharides
(Fig. 10A—C), mostly in the plumule region, with evidence
of their partial mobilization in some cells (Fig. 10B-C).
Neutral polysaccharides were concentrated in the thick cell
walls and, to a lesser extent, in the vacuoles of endosperm
cells (Fig. 10D). The same distribution patterns of these
compounds were observed in all of the haustorium cell types
(Fig. 10E-F).

After 3 days of cultivation of seeds without an operculum,
there was expressive mobilization of neutral polysaccharides

tal region of the petiole, showing elongated parenchyma cells, cells
with evidence of divisions (white arrows), and idioblasts with phe-
nolic accumulation (arrowheads) (F). Peripheral region of the haus-
torium, with vascular bundles with differentiated vessel elements
(arrows) and idioblasts containing phenolics (black arrowhead) (G).
Internal region of the haustorium, highlighting intercellular spaces
(arrows) and accumulation of phenolic compounds (arrowheads) (H).
cn, cotyledonary node; ep, epidermis; li, ligule; me, apical meristem;
mr, meristematic region; pa, parenchyma; pi, phenolic idioblasts; ri,
raphidic idioblast; s1, first leaf sheath; s2, second leaf sheath; vb, vas-
cular bundle

in the cotyledonary petiole, with the formation of small tran-
sitory starch grains (Fig. 10G). Evidence of neutral polysac-
charide mobilization was also observed in the endosperm
cell walls (Fig. 10H), but no alterations were observed in
the haustorium in relation to the initial condition (Fig. 10I).
During the petiole protrusion phase, the neutral polysac-
charide reserves of the cotyledonary petiole were mostly
consumed, leaving only flocculated remnants (Fig. 10J-K).
The beginning of the mobilization of haustorial reserves
was observed mainly in the parenchyma cells adjacent to
the vascular bundles, where starch grain accumulations
were evident (Fig. 10L). The intensification of polysac-
charide accumulation in the endosperm cell walls indicated
apoplastic reserve flow. Starch deposition increased in the
plumule and haustorium region during the ligule expansion
phase (Fig. 10M, O). There were reductions of polysaccha-
rides in the endosperm vacuoles and increases in their con-
centrations in the cell walls and in the collapsed cell layers
(Fig. 10N). Neutral polysaccharides were observed in root
cell walls and were abundant in the root cap (Fig. 10P-R).
Starch grains were distributed throughout the root, but were
more concentrated in the meristematic region.
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Fig.7 Longitudinal (B-D) and cross (E-F) sections of seeds and
seedlings of Mauritiella armata during root protrusion phase.
Scheme of the germinative bud, showing the vegetative and the vas-
cularization (black dotted lines); red dotted rectangles indicate the
regions shown in B-D. Stem apex, with shoot meristem, leaf sheaths
and first eophyll (B). Main root, highlighting the large spaces formed
by the fusion of raphidic idioblasts (arrowheads) (C). Shoot/root
interface with intense vascularization and meristematic activity (D).
Haustorium/endosperm interface, showing accumulation of granular
material in the subepidermal layers and intercellular spaces (arrow-

heads); emphasis on the highly enlarged layer of collapsed cells
(E). Internal region of the haustorium showing the formation of aer-
enchyma by the fusion of intercellular spaces (asterisks) (F). cc, col-
lapsed cell layers; cn, cotyledonary node; cp, cotyledonary petiole;
el, first eophyll; ep, epidermis; li, ligule; me, apical meristem; mr,
meristematic region; pa, parenchyma; pi, phenolic idoblasts; ps, pro-
cambial strands; rc, root cap; ro, root; sl, first leaf sheath; s2, second
leaf sheath; sc, subepidermal layer; vb, vascular bundle; vc, vascular
cylinder

Fig.8 Longitudinal (A-B) and cross (C)-sections of dormant seeds
of Mauritiella armata, 180 days after sowing. Plume with cells show-
ing expansion (A). Proximal region of the cotyledonary petiole with
vacuolated ground meristem cells without accumulation of reserves
(white arrowheads) and with evidence of division (black arrowhead)

In the initial condition, pectins were observed in the
cell walls of the cotyledonary petiole as well as in the mid-
dle lamella and in the protoderm and ground meristem
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(B). Haustorium/endosperm interface showing mucilage accumu-
lation in the haustorium (white arrowheads) and translocation of
endospermic reserves (black arrowheads) (C). cc, collapsed cell lay-
ers; ed, endosperm; gm, ground meristem; pd, protoderm; ps, pro-
cambial strands; s1, first leaf sheath; s2, second leaf sheath

(Fig. 11A). In the endosperm, pectins were likewise found
in the middle lamella, inner cell wall, and vacuole, with
evidence of their mobilization through symplastic flow
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(Fig. 11B). The occurrence of pectins in the haustorium was
limited to the protoderm cell walls (Fig. 11C).

Both the cotyledonary petiole and haustorium showed
significant pectin depositions in their cell walls and vac-
uoles 3 days after sowing (Fig. 11D, F). The endosperm
adjacent to the haustorium also showed pectin accumula-
tions in the middle lamella, vacuoles, cell walls, and the
collapsed cell layer (Fig. 11E). Pectin deposition in the coty-
ledonary petiole increased considerably after its protrusion,
especially in the epidermis and underlying layers, and was
concentrated in the intercellular spaces, middle lamella,
cell walls, periplasmic spaces, cytoplasm, and vacuoles
(Fig. 11G). At this stage, pectins were being mobilized in
the endosperm by symplastic flow (Fig. 11H), and in the
haustorium by apoplastic flow (as was evidenced by their
deposition in the intercellular spaces) (Fig. 111). During the
ligule expansion phase, the deposition of pectic substances
significantly increased in all cell types of the cotyledonary
petiole (Fig. 11J), epidermis, and in the subepidermal layer
of the haustorium (Fig. 11K-L). Enhanced symplastic flows
of endosperm pectic reserves were also notable (Fig. 11K).
Pectins were only abundant in the cell walls of the median
region of the root (after its protrusion) (Fig. 11M-0).

Dormant seeds, after 180 days of cultivation, showed par-
tial mobilization of protein reserves in the cotyledonary peti-
ole, with greater intensity in the plumule (Fig. 12 A-B); an
expressive mobilization of these reserves was evident in the
endosperm (Fig. 12C). No significant changes were observed
in the haustorium, however, in relation to the initial condi-
tion. Neutral polysaccharides, which were initially stored in
the vacuoles of the ground meristem cells of the cotyledon-
ary petiole, were observed to have been largely mobilized
(Fig. 12E-F). The reduction of neutral polysaccharides in
the vacuoles of the endosperm adjacent to the haustorium,
and their accumulation in the cell walls and collapsed cell
layers was notable (Fig. 12G). The haustorium did not evi-
dence any significant alteration in comparison to the initial
condition. Pectic substances had become concentrated in the
middle lamella, cell walls, and vacuoles of the protoderm and
ground meristem of the cotyledonary petiole (Fig. 121-]). In
the endosperm, these substances had become deposited in the
middle lamella, periplasmic space, and vacuoles (Fig. 12K).
Pectin accumulation was also evident in the cell walls and
vacuoles of the haustorial protoderm (Fig. 12L).

Tests to identify lipid reserves (using neutral red) showed
negative results in all structures during all of the evaluated
phases of seeds with their operculum intact (initial condi-
tion, ligule expansion, and 180 days of cultivation).

Ultrastructural evaluations

In their initial condition, the cells of the embryo were organelle-
poor, although there was evident storage of diverse metabolic

reserve substances. The protoderm cells of the cotyledonary
petiole had thin walls, cytoplasm with abundant granular mate-
rial (Fig. 13A-B), and a conspicuous nucleus with condensed
chromatin (Fig. 13C); lipid droplets, small vesicles, and plastids
were evident in the peripheral cytoplasm (Fig. 13B, D). The
ground meristem cells had thin walls and a large central vacuole
containing abundant granular material (Fig. 13E); smaller vacu-
oles and small lipid droplets surrounded the central vacuole
and appeared along the periphery of the cytoplasm (Fig. 13F).
Sinuosities were evident in the plasma membrane, with accu-
mulations of substances in the periplasmic spaces.

The cells of intact seeds, after 180 days of cultivation,
showed increased internal activities, especially in the ground
meristem, with organelles notably more differentiated and
numerous as compared to the initial phase. The cytoplasm of
the protoderm remained rich in granular substances and lipid
droplets (Fig. 13G-H), with a proliferation of vesicles along the
peripheries of the cells and their mitochondria, the latter being
small and with poorly developed cristae (Fig. 13H-I). Plastids
with well-differentiated internal membrane systems evidenced
accumulated starch grains or lipophilic compounds (Fig. 131-]);
the plasma membrane was sinuous and there were accumulated
substances in the periplasmic spaces (Fig. 13J). The cells of
the ground meristem had vacuoles with only remnants of their
reserve contents, indicating intense mobilization associated
with the accumulation of phenolic compounds and vacuolation
(Fig. 13K-L); there was a notable proliferation of vesicles along
the periphery of the cytoplasm, with numerous amyloplasts,
elaioplasts, and mitochondria around the nucleus (Fig. 13L).

Discussion

This is the first study focusing on germination and seedling
development of the basal palm M. armata. Our results allowed
us to identify associations between seed recalcitrance and
dormancy, the role of cell divisions and expansions, and the
dynamics of reserve compounds during the completion of
germination, as well as to define its pattern of post-seminal
development. This information contributes to the expansion of
basic knowledge concerning palm tree reproduction and their
evolutionary history, as M. armata is inserted within the sub-
family Calamoideae, a sister group of the other lineages of
Arecaceae (Baker and Couvreur 2013). This information can
also subsidize the development of propagation technologies
for this species, which is ecologically and socially important
in the wetlands of South America.

Morphological aspects of germination completion
and post-seminal development

The protrusion of the cotyledonary petiole signals the com-
pletion of germination of M. armata seeds (Fig. 1B). The
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«Fig.9 Longitudinal (A-C, G-I, M, P, S-U) and cross (D-F, K-L,
N-0O, Q-R)-sections of seeds and seedlings of Mauritiella armata
showing protein reserves stained red by the xylidine-Ponceau (XP)
test. The column on the left indicates the stage of development. Coty-
ledonary petiole with proteins stored in vacuoles and evidence of par-
tial mobilization of reserves (black arrowheads) (A—C). Haustorium/
endosperm interface showing abundant protein reserves, which are
absent in the collapsed cell layer (D). Endosperm cells, highlighting
partial consumption of reserves (arrowhead) and translocation by
symplastic route through primary pit fields (E). Abundance of protein
reserves in the haustorium, with extravasation into the intercellular
space (white arrowhead) (F). Cotyledonary petiole with remnants of
proteins on the periphery of the cells (arrowheads) (G). The suspen-
sor region whose protein content was mostly mobilized (H). Region
adjacent to the root apical meristem with accumulation of proteins
(arrowheads) (I). Haustorium/endosperm interface showing expan-
sion of the digestion zone (J). Endosperm cells showing mobiliza-
tion of reserves in the periphery (arrowheads) and translocation by
symplastic flow (K). Ground meristem cells of the haustorium with
protein reserves (L). Proximal region of the cotyledonary petiole
with absence of protein reserves in the parenchyma cells (M). Evi-
dence of symplastic flow of proteins in the endosperm (arrowheads)
(N). Haustorium with accumulation of proteins in the epidermis
and adjacent layers (arrow) and granular material concentrated in
the periphery of parenchyma cells (arrowheads) (O). Plumule, with
partial mobilization of reserves (arrowheads) (P). Endosperm cells
showing progress in reserve mobilization (arrowheads) (Q). Hausto-
rium showing parenchyma cells with protein remnants (arrowheads)
(R). Root with cells without protein reserves (arrowheads) (S-T),
protein accumulation in the root cap (arrow) (T), and cells with par-
tially mobilized reserves in the cortical region (arrowheads) (U). cc,
layer of collapsed cells; cp, cotyledonary petiole; dz, digestion zone;
en, endosperm; ep, epidermis; gm, ground meristem; ha, haustorium;
ma, shoot apical meristem; me, root apical meristem; pd, protoderm;
pl, plumule; ps, procambial strands; rc, root cap; ro, root; sl, first
leaf sheath; s2, second leaf sheath; sur, suspensor region; (*), spaces
formed by the fusion of raphidic idioblasts

species demonstrates a post-germination development pattern
of the adjacent ligular type, characterized by the absence of
accentuated growth of the cotyledonary petiole and involving
the formation of a germinative bud from which the root and
the aerial portion are emitted adjacent to the seed (Henderson
2006). This pattern is predominant in the Calamoideae and
Arecoideae sub-families (Dransfield et al. 2008) and is con-
sidered a primitive feature among palms (Rocha 2022). Other
palm species with the same pattern of development, such as
M. flexuosa and Euterpe precatoria Mart., are also adapted to
grow in swampy environments (Silva et al. 2014; Moura et al.
2019; Ferreira et al. 2020). This type of developmental pat-
tern is considered to represent an adaptive advantage in these
environments, as the initial development of the vegetative axis
occurs close to the soil surface, with its more favorable access
to oxygen (Moura et al. 2019).

Roles of cell division and expansion in the embryo/
seedling transition

The germination and initial development of M. armata
seeds reflect the association between cell divisions and cell

expansions in specific regions of the embryo/seedling. In most
angiosperms, cell elongation (usually in the hypocotyl-radicle
axis) is sufficient to promote the completion of germination
(Bewley et al. 2013; Steinbrecher and Leubner-Metzger 2017).
Palm seeds, however, have embryos with complex anatomies
that do not follow this pattern (Mazzottini-dos-Santos et al.
2018). It was evident in the present study that the elongation
of the cells of the hypocotyl-radicle axis, observed after 3
days of sowing (Fig. 14), represents one of the first indications
of germination, as described in other palms (Ribeiro et al.
2012; Oliveira. et al. 2013; Moura et al. 2019). This event is
associated, however, with the occurrence of cell divisions in
the periphery of the cotyledonary petiole and in procambial
cords. The formation of the germinative bud, in turn, relies
on the participation of meristematic regions in the proximal
and median regions of the petiole, whose activities occur con-
comitantly with cell expansion related to the differentiation of
the parenchyma (Fig. 14). The dependence on cell divisions in
the cotyledonary petiole for the completion of palm germina-
tion has been related to the anatomy of the embryonic axis,
which has only microscopic dimensions and therefore an only
limited ability to overcome the resistance of the operculum
(Oliveira et al. 2013; Moura et al. 2019). The influence of
meristematic regions on germination and seedling develop-
ment in palms was first proposed by DeMason (1984). The
“M zone” (Haccius and Philip 1979) (the meristematic region
between the protoderm and the root) contributes to the for-
mation of the root cap as well as to the displacement of the
operculum (Oliveira et al. 2013).

Cellular expansion occurs in a generalized manner 3 days
after sowing in the different regions of the cotyledonary
petiole of M. armata, although it is more expressive in the
distal region (Fig. 14). This expansion process is associ-
ated with the differentiation of voluminous raphide idi-
oblasts. The functions of those raphides (acicular crystals
of calcium oxalate) are still being discussed (Paiva 2021),
however, and it has been proposed that they are related to
calcium storage (Zona 2004). During the development of
M. armata seedlings, the raphidic idioblasts fuse—giving
rise to large spaces in the cotyledonary petiole and root
(Fig 14). The expansion of haustorial parenchyma cells also
results in the formation of an aerenchyma—which has been
linked to the storage of the oxygen necessary to metabolize
the endosperm reserves (DeMason 1984; Dias et al. 2020).
Considering the adaptation of M. armata to swampy envi-
ronments, these spaces in the haustorium and root may have
similar functions related to oxygen storage.

Cellular composition and dynamics of reserve
compounds during germination

The cellular composition of the embryo and endosperm of
M. armata indicates the recalcitrant condition of the seeds.
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Recalcitrance (intolerance to desiccation and low tempera-
tures) is determined by the absence of quiescence (block-
age of development due to desiccation in the pre-dispersal
phase) and has crucial implications for seed behavior in soil
banks and under storage conditions (Tweddle et al. 2003;
Berjak and Pammenter 2008a, 2008b; Marques et al. 2018;
Salvador et al. 2022). The identification of recalcitrance is
commonly based on physiological studies of the behavior of
stored seeds (Hong and Ellis 1996), although the integration
of information related to cellular composition also allows
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that diagnosis (Berjak and Pammenter 2000, 2008a, 2008b;
Veloso et al. 2016).

The cytological characteristics associated with recalci-
trance observed in the present work with M. armata seeds,
and recognized in previous studies, include: (i) a water con-
tent greater than 40% in the seed and 80% in the embryo
(Hong and Ellis 1996; Marques et al. 2018); (ii) reduced
lipid reserves (Berjak and Pammenter 2000; Veloso et al.
2016); (iii) protein reserves associated with pectins and
stored in large vacuoles (Veloso et al. 2016); (iv) restricted
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«Fig. 10 Longitudinal (A-C, G, J-K, M, P-R) and cross (D-F, H-1,
L, N-O)-sections of Mauritiella armata seeds and seedlings show-
ing neutral polysaccharides revealed by magenta staining by peri-
odic acid and Schiff-PAS reagent. The column on the left indicates
the stage of development. Cotyledonary petiole (A) and plumule (B)
with neutral polysaccharides in the vacuoles. Indicative of partial
mobilization of reserves in the plumule (arrowheads) (C). Endosperm
cells with accumulation of reserves in the vacuole and, mainly, in the
cell walls; areas of the cell wall with evidence of partial mobiliza-
tion (arrowheads) (D). Haustorium/endosperm interface with accu-
mulation of polysaccharides in endosperm cells, collapsed cell lay-
ers, and in haustorium cells; endosperm cells show some areas with
partial mobilization (arrowheads) (E). Detail of the accumulation of
neutral polysaccharides in vacuoles and cell walls at the periphery of
the haustorium (F). Cotyledonary petiole showing starch grain and
remnants of flocculated material (arrowheads) (G). Endosperm cells
with areas of mobilization in cell walls (arrowheads) (H). Hausto-
rium cells showing maintenance of neutral polysaccharides reserves
(I). Periphery of the cotyledonary petiole with cells showing the
remnants of reserves with a flocculated appearance (arrowheads) (J).
Internal region of the cotyledonary petiole with cells in an advanced
phase of mobilization of reserves, with remnants with a flocculated
aspect (K). Haustorium/endosperm interface showing deposition of
reserves in the endosperm cell walls (arrowheads) and starch grains
in the haustorium (white arrowhead) (L). Plumule region with starch
grains (arrowheads) (M). Endosperm cells, showing evidence of
reserve mobilization in vacuoles (arrowhead) (N). Periphery of the
haustorium with accumulation of neutral polysaccharides in the cell
walls of the epidermis (arrow) and starch grains in the parenchyma
cells (arrowheads) (O). Accumulation of neutral polysaccharides
and starch grains (arrowheads) in the root cap (P—Q). Deposition of
neutral polysaccharides in the vascular cylinder of the root (R). cc,
collapsed cell layers; cp, cotyledonary petiole; en, endosperm; ep,
epidermis; gm, ground meristem; ha, haustorium; pd, protoderm; ph,
phloem; pl, plumule; ps, procambial strands; rc, root cap; ro, root;
sl, first leaf sheath; s2, second leaf sheath; vb, vascular bundle; xy,
xylem; (*), raphidic idioblasts

cytoplasm (Panza et al. 2004; Dias et al. 2020); and (v) sig-
nificant accumulations of phenolic compounds during seed-
ling development (Moura et al. 2019). Additionally, there
is evidence of the mobilization of proteins (Fig. 9A-C, E)
and neutral polysaccharides (Fig.10B—C) in the embryo and
endosperm, and a flux of pectic substances in the endosperm
(Fig. 11B) in newly dispersed seeds, which suggests their
occurrence in the pre-dispersal phase. These processes, com-
bined with the presence of differentiated vessel elements
in the embryo (also observed in M. flexuosa; Silva et al.
2014), can be associated with the continuous development
related to recalcitrance (Veloso et al. 2016). Recalcitrance
favors the adaptation to flooded environments, but also com-
monly restricts those species’ distributions to humid habitats
(Tweddle et al. 2003; Marques et al. 2018). Thus, it is likely
that this condition is an important component of that niche
and conditions the spatial distribution of M. armata.

The dynamics of reserve compound during the germina-
tion and early development of M. armata involve embryo/
seedling and endosperm interactions, mobilization, and
deposition of those compounds in specific regions, and
their translocation through symplastic and apoplastic

pathways. Reserve mobilization in the cotyledonary petiole
and endosperm in M. armata is precocious as compared to
other palm species (Oliveira et al. 2013; Mazzottini-dos-
Santos et al. 2017), including species that evidence recalci-
trant behaviors (Panza et al. 2004; Moura et al. 2019; Dias
et al. 2020; Ferreira et al. 2020). The mobilization of neutral
polysaccharides results in the formation of transient starch
grains 3 days after sowing, with the intensification of their
deposition in growth regions in later stages and the simulta-
neous reduction of mucilaginous reserves (Fig. 14). These
results are in line with other studies that attest to the impor-
tance of starch reserves during the growth of palm seedlings
(Mazzottini-dos-Santos et al. 2017; Dias et al. 2018).

Throughout the mobilization of protein and pectic
reserves, those compounds become concentrated in the
protodermis/epidermis of the haustorium (Fig. 90, 11k-L)
and cotyledonary petiole (Fig. 14), concomitant with their
reduction in the endosperm (Fig. 9K , N, Q, 11H). The roles
of these structures in the dynamics of reserve mobilization
in palm seeds have been described in other studies (DeMa-
son 1985; Mazzottini-dos-Santos et al. 2017; Dias et al.
2018; Moura et al. 2019; Dias et al. 2020). The haustorium
mobilizes its own reserves, and acts in the absorption and
translocation of reserves from the endosperm to the cotyle-
donary petiole, from which they are subsequently directed
to the vegetative axis (DeMason 1981; Moura et al. 2019;
Dias et al. 2020). The haustorium also induces the mobiliza-
tion of endosperm reserves through oxygen diffusion, and
increases the contact surface and pressure on this tissue due
to its growth (Mazzottini-dos-Santos et al. 2017; Dias et al.
2018). Our results indicate that the haustorium protoderm
cell wall villi and projections favor the increased absorption
capacity of endospermic reserves in M. armata (Fig. 2A, D).

The integration of the symplastic and apoplastic pathways
observed in the embryo/seedling and endosperm of M. armata
contributes to the efficiency of reserve mobilization. The flow
of endosperm reserves initially occurs through symplastic
flow through the primary pit fields (Fig. 9N, 11B), and is
followed by apoplastic flow (Fig. 10L)—a pattern similar to
that described for the palm M. flexuosa (Dias et al. 2020).
Apoplastic flow predominates through cell walls and intercel-
lular spaces in the embryo/seedling (Fig. 9F, 11 G, I, J-L). The
combination of these two translocation pathways is one pos-
sible explanation for the faster mobilization of reserves in M.
armata seeds in relation to the other palms (Dias et al. 2020;
Mazzottini-dos-Santos et al. 2020). There is an intense accu-
mulation of hydrophilic pectic substances during the initial
development of M. armata (Fig. 14), and they may contribute
to the maintenance of the hydrated water status essential to
seedling homeostasis. These aspects likely contribute to the
establishment of seedlings in the midst of dense herbaceous
vegetation and in environments with seasonal climates, such
as the “veredas” of the Cerrado biome.
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Fig. 11 Longitudinal (A, D, G, J, M-O) and cross (B-C, E-F, H-I,
K-L)-sections of seeds and seedlings of Mauritiella armata show-
ing acidic polysaccharides (pectins) highlighted by orange fluores-
cence by choriphosphine. The column on the left indicates the stage
of development. Pectins (arrowheads) in the middle lamella and cell
walls of the cotyledonary petiole (A), inner cell walls, median lamella
and endosperm vacuoles (B), and cell walls of the haustorium pro-
toderm (C). Accumulation of pectins (arrowheads) in the outer cell
walls of the protoderm, cell walls, vacuoles, and middle lamella of
the ground meristem of the cotyledonary petiole (D). Accumulation
of pectins (arrowhead) in the middle lamella, internal walls, and vac-
uoles of the endosperm (E). Accumulation of pectins in vacuoles and
cell walls (arrowhead) in the haustorium parenchyma (F). Cotyledon-

Changes in dormant seeds over time
M. armata seeds exhibit dormancy. Seeds with their oper-

cula mechanically removed germinate within a few days,
while intact seeds, sown under the same conditions, do not

@ Springer

ary petiole showing abundance of pectic substances, with emphasis
on the intercellular spaces (arrowheads) (G). Evidence of mobiliza-
tion of pectic substances in the endosperm, with concentration in the
periplasmic space (arrowheads) (H). Haustorium with evidence of
mobilization and extravasation of pectins in the intercellular spaces
(arrowheads) (I). Accumulation of pectins (arrowheads) in the epi-
dermis and parenchyma of the cotyledonary petiole (J). Evidence
of symplastic flow of pectic substances into the endosperm (arrow-
heads) (K). Accumulation of pectins (arrowheads) in the epidermis
and parenchyma of the haustorium (L). Root, showing accumulation
of pectins in cell walls (M—O). cc, layer of collapsed cells; cp, cotyle-
donary petiole; en, endosperm; ep, epidermis; gm, ground meristem;
ha, haustorium; pd, protoderm; ro, root

germinate for 180 days. Baskin and Baskin (2014a) consider
that the absence of germination for 30 days under favorable
conditions characterizes dormancy. As with other angio-
sperm seeds, palm germination is controlled by the abil-
ity of the embryo to overcome the resistance imposed by
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Coriphosphin-pectins

Fig. 12 Longitudinal (A-B, E-F, I-J) and cross (C-D, G-H, K-L)-
sections of dormant Mauritiella armata seeds, after 180 days of sow-
ing, submitted to histochemical tests. The dyes and identified sub-
stances are listed in the left column. Cotyledonary petiole (A) and
plumule region (B), showing partial mobilization of protein reserves
(arrowheads). Areas with partial mobilization of protein reserves in
endosperm cells (black arrowheads) and evidence of translocation, by
symplastic flow, and accumulation in the collapsed cell layers (white
arrowheads) (C). Haustorium with abundant protein reserves in the
vacuoles of ground meristem cells (D). Cotyledonary petiole show-
ing remnants of neutral polysaccharides with a flocculated appear-
ance in the ground meristem cells (arrowheads) (E-F). Indicative

adjacent tissues (Steinbrecher and Leubner-Metzger 2017,
Mazzottini-dos-Santos et al. 2018). The operculum of palm
seeds, formed by the opercular tegument and micropylar
endosperm, offers the embryo protection but also limits its
growth, thus contributing to the maintenance of dormancy
(Ribeiro et al. 2011; Silva et al. 2014; Mazzottini-dos-Santos
et al. 2018).

Dormancy has great ecological importance because it
distributes germination over time and allows for the for-
mation of seed banks (Finch-Savage and Leubner-Metzger
2006; Baskin and Baskin 2014b). The association between
dormancy and recalcitrance is a rare condition, and has
been reported in only 9% of species in a large study (Twed-
dle et al. 2003). Recent work has shown that, although

1000

100
R

of the mobilization of reserves in the vacuoles and emphasis on the
accumulation of substances in the cell walls (arrowheads) of the
endosperm adjacent to the haustorium (G). Haustorium with abun-
dance of neutral polysaccharides in the vacuoles (H). Pectins found in
abundance in the vacuoles, cell walls, and middle lamella in the pro-
toderm and ground meristem of the cotyledonary petiole (I-J), pro-
toderm of the haustorium (L), and vacuoles and periplasmic spaces
of the endosperm (arrowhead) (K). cc, layer of collapsed cells; cp,
cotyledonary petiole; en, endosperm; gm, ground meristem; ha, haus-
torium; pd, protoderm; ps, procambial strand; s1, first leaf sheath; s2,
second leaf sheath

recalcitrant, dormant M. flexuosa seeds form persistent
seed banks in humid environments (Salvador et al. 2022).
M. armata and M. flexuosa (both Calamoideae, Mauritii-
nae, Dransfield et al. 2008) share many characteristics,
among them the abundance of mucilage in their seeds and
an association between dormancy and recalcitrance.

The dormant seeds of M. armata show remarkable
changes over time that are related to tissue differentia-
tion and the mobilization of embryonic and endospermic
reserves indicative of high cellular activity levels. Dur-
ing the incubation of dormant M. armata seeds, protein
reserve mobilization intensifies in the cotyledonary peti-
ole and endosperm (Fig. 12A-C) and the neutral polysac-
charides of the cotyledonary petiole are largely mobilized
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Fig. 13 Images obtained by transmission electron microscopy of the
protoderm and ground meristem of the cotyledonary petiole of Mau-
ritiella armata embryos. Newly dispersed seeds (A-F) and dormant
seeds, 180 days after sowing (G-L). Cytoplasm containing granular
material (A); cell periphery with vesicles and lipid droplets (B); con-
spicuous nucleus (C) and plastids (D). Voluminous vacuole contain-
ing granular material (E); sinuosity of the plasma membrane (arrow-

(Fig. 12E-F). Mobilization of the vacuolar contents of the
endosperm and their deposition in the cell walls are like-
wise evident (Fig. 12G), with accumulations of pectins
in the cotyledonary petiole and protoderm of the hausto-
rium and the flow of reserve substances in the endosperm
(Fig. 12I-L). Vacuolation also occurs in embryonic cells
(Fig. 13L), together with the accumulation of starch grains

@ Springer

head) (F). Proliferation of mitochondria, vesicles, and lipid droplets
at the periphery of the cell (G-H). Plastid proliferation and plasma
membrane sinuosity (black arrowhead) (I-J). Reserve remnants in
the vacuole and accumulation of phenolic compounds (arrowheads)
(K-L); vacuolation and proliferation of vesicles (L). ct, cytosol;
cw, cell wall; is, intercellular space; li, lipid; mi, mitochondria; nu,
nucleus; pl, plastid; st, starch; va, vacuole; vs, vesicles

and phenolic compounds and the proliferation of vesicles
and mitochondria (Fig. 13H) that indicate increased cellu-
lar activity. These processes are similar to those described
in the dormant seeds of M. flexuosa (Moura et al. 2019),
and are associated with the continuous development inher-
ent to recalcitrance, and, on the other hand, to the gradual
overcoming of dormancy. These results, taken together,
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Fig. 14 Scheme showing

morphogenesis and compound Phases
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column on the left indicates the
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suggest that M. armata seeds, despite their recalcitrant
condition, have the capacity to maintain soil seed banks
in which seeds develop only slowly until dormancy is
overcome.

Conclusions
The results obtained in the present work allow us to conclude

that M. armata seeds demonstrate both recalcitrance and
dormancy. The cytological characteristics of the embryo and

endosperm of M. armata indicate a recalcitrant condition of
the seeds. The germination and the initial development of
its seedlings are characterized by associations between cell
divisions and expansions occurring in specific regions. The
mobilization of seminal reserves involves embryo/seedling
and endosperm interactions and their translocation through
both the symplastic and apoplastic pathways. Dormant intact
seeds, after 180 days of cultivation, show cell divisions in
the embryo, mobilization of embryonic and endospermic
reserves, and indications of high cellular activity, which all
contribute to overcoming dormancy. The anatomical and
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histochemical characteristics of M. armata seeds, as well
as their germination pattern, contribute to the successful
adaptation of this species to humid environments and its
reproductive success.
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