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Could the presence of preformed leaves inside the seed be more
important than seed size for the establishment and growth of
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ABSTRACT

The internal structure of seeds is relevant to germination, seedling establishment, and early plant growth. The objective
of this work was to evaluate whether internal seed structure can influence germination and initial growth in four
native woody species of the Cerrado. The species chosen for this study were Anadenanthera falcata, Stryphnodendron
adstringens, Stryphnodendron polyphyllum, and Tabebuia aurea. Seeds were dissected to evaluate: the lengths of the
hypocotyl-radicular axis, the epicotyl and the embryonic axis, mass of the cotyledons and the embryonic axis, and
eophyll number (preformed organs). Another group of seeds was germinated in a greenhouse for sixty days to verify
the emergence of the epicotyl, eophylls, metaphylls, and to measure seedling biomass. Only A. falcata presented a
plumule with differentiated eophylls. Anadenanthera falcata germinated before the other species in the greenhouse
and had faster epicotyl and leaf emergence. Possibly, the presence of eophylls inside the seed enabled A. falcata
seedlings to carry out photosynthesis, grow faster, and accumulate more aerial biomass than the other species soon
after emergence. The presence of eophylls in a differentiated embryo (as in A. falcata) may hasten germination and
favour seedling establishment.
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Introduction

Seeds have a complex structure and are relevant to the
life cycle of woody plants due to their propagation role.
In general, a seed consists of an embryo, reserve tissues,
and a tegument (Marcos Filho 2015). The formation of
a new plant begins with the restart of embryo growth
in the seed, during germination (Kramer & Kozlowski
1972; El-Maarouf-Bouteau 2022). Embryo development
is influenced by external factors, such as temperature and
light, and internal factors, such as genetic background
and seed physiology (Sousa et al. 2008), and is key for the
success of the most vulnerable phases of each species’ life
cycle: germination (Almansouri et al. 2001), and seedling
establishment (Fenner & Fenner 1985; Chesson et al. 2004;
Cipriotti et al. 2008; Lamb & Cahill 2006; Yang et al. 2008).
Mortality may be high at seedling establishment due to
conditions at the germination site (Poorter et al. 2005).
Suboptimal resource availability (water, nutrients, and
light), the lack of protective structures, and low levels of
resource storage may increase the susceptibility of seedlings
to herbivores and irregular water supply (Carreira & Zaidan
2003). Some morphological and functional traits of the
seedlings during the establishment period may increase
their probability of survival, allowing a sustained resource
supply (Ressel et al. 2004; Stanik et al. 2021).

Several studies have shown that large seeds present
advantages for seedling establishment (Westoby et al.
2002; Moles & Westoby 2004). Large seeds often have
high amounts of nutrient reserves and develop large
seedlings (Baskin & Baskin 1998) which in drought-prone
environments are more capable of competing with the
established vegetation than small seedlings (Tumpa et al.
2022). Compared to species with small seeds, those with
large seeds can mobilize resources for the photosynthetic
seedling structures over a longer period. In this way, more
resources could remain uncommitted at any time during
the initial period of seedling growth and become available
to maintain respiration during a period of carbon deficit
(Kidson & Westoby 2000; Gomes et al. 2020). In addition
to seed size, the development of more preformed organs
in the embryo may allow a seedling to establish faster and
withstand adverse events. Nonetheless, the significance
of embryo size and differentiation within the seed on
germination and seedling performance has been little
investigated.

Several studies dealt with the germination and
establishment of woody Cerrado seedlings (Rizzini 1965;
Oliveira & Silva 1993; Ranal et al. 2010; Saboya & Borghetti
2012; Sales et al. 2013; Silveira et al. 2013; Pellizzaro et al.
2017; Escobar et al. 2018; Daibes et al. 2019). However, there
is alack of studies on the relationship between the degree of
embryo development inside the seed and the establishment
and growth of Cerrado species. Cerrado occupies about
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21% of the Brazilian territory, being considered the most
diverse savanna in the world (Colli et al. 2020). Seasonal
precipitation, low soil fertility and drainage, and fire
disturbance are important factors determining Cerrado
distribution (Oliveira-Filho & Ratter 2002; Lira-Martins et
al. 2022). The most representative Cerrado physiognomy is
the cerrado stricto sensu (Paula et al. 2021). Cerrado stricto
sensu has a savannah-like physiognomy in which the two-
layered vegetation consists of a continuous herbaceous
stratum beneath sparse shrubs and trees (Ribeiro & Walter
2008; Souza et al. 2021). In this physiognomy, seedlings
should overcome fire events, seasonal droughts, and
competition with herbaceous plants in order to establish and
grow (Fontenele & Miranda 2022). The ability of seedlings
of Cerrado woody species to withstand adverse events such
as seasonal drought and fire during their establishment is
a characteristic of great importance for species persistence
in the Cerrado (Hoffmann & Moreira 2002; Hoffmann et
al. 2004; Franco et al. 2014). Cerrado seedlings invest more
biomass in roots than in stems, probably as an adaptation
to the high frequency of adverse events, such as seasonal
drought and fire, in these communities (Oliveira & Silva
1993; Franco et al. 1996; Moraes & Prado 1998; Franco et
al. 2005; Cirne & Miranda 2008; Rossell et al. 2023). In the
Cerrado, the relationship between seed mass and seedling
survival has been documented (Hoffmann 2000; Lahoreau
et al. 2006; Ribeiro et al. 2021). Cerrado species with large
seeds could present greater survival rates after fire and
drought events than those with small seeds, as found in
other savannas throughout the world (Lahoreau et al. 2006).

The seeds of some of the native woody species of the
Cerrado may have eophylls (i.e. embryonicleaves other than
the cotyledons, Duke 1965), and it has been suggested that
this feature would result in faster initial seedling growth
compared to that of other coexisting species (Botelho et
al. 2000; Melo et al. 2004). Thus, the woody species that
establish themselves faster would be able to withstand
adverse events throughout their first growth cycle. The
relationship between organ preformation in the buds of
adult plants and shoot growth rate (Damascos et al. 2005;
Damascos 2008; Melo et al. 2022) are well documented for
the Brazilian Cerrado (Ronquim et al. 2003; Rossatto et al.
2009). However, the influence of organ preformation (as
eophylls) inside seeds, on both germination and seedling
establishment for Cerrado woody species is unknown. To
test if embryo development influences the germination
and establishment of plant species, we choose four Cerrado
woody species based on their wide occurrences in cerrado
stricto sensu areas (Ratter et al. 2003). We hypothesized that
preformed organs and differentiation of the seed embryo
could affect germination rate and seedling establishment.
It may be proposed as a prediction that those species whose
seeds include more differentiated embryos (with more
eophylls) would exhibit the highest rates of germination
and probability of seedling establishment.
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Materials and methods

Plant species and growth site

The four woody species selected were: Anadenanthera
falcata (Benth.) Speg., Stryphnodendron adstringens (Mart.)
Coville, Stryphnodendron polyphyllum Mart., and Tabebuia
aurea (Silva Manso) Benth. & Hook. f. ex. S. Moore. We
chose these species because they occur widely in cerrado
stricto sensu areas. Anadenenthaera falcata occurs in 10.4%,
S. adstringens in 25.5%, Stryphnodendron polyphyllum in
7.4%, and T. aurea in 58.0% of the 376 Cerrado areas
sampled by Ratter et al. (2003). Cerrado stricto sensu is
an open phytophysiognomy (savannah-like vegetation),
where trees do not form a closed canopy; instead, it is a
two-layered system with a continuous herbaceous layer
under a discontinuous cover of shrubs and trees (Ribeiro
& Walter 1998). Three of the selected species belong
to the Fabaceae family: Anadenanthera falcata (angico),
Stryphnodendron adstringens (barbatimio-do-cerrado), and
Stryphnodendron polyphyllum (barbatimio-da-mata). The
fourth species is Tabebuia aurea (ipé-amarelo) and belongs
to the Bignoniaceae family (Ratter et al. 2003).

The study was conducted in a greenhouse (19°52’29”
S, and 44°25’12” W). The seeds were submitted to two
different experiments: (1) dissection and analysis of
internal structures, and (2) germination and early growth
in a greenhouse. Temperature and radiation factors in the
greenhouse were provided naturally, without artificial
additions. All seeds used in the experiments were acquired
as cleaned seeds (without the fruit covers) from Arbocenter.
These seeds were collected in 2017 and showed the same
developmental stage.

Seed dissection

Fifty seeds per species were dissected. Initially, the seeds
were sanitized with sodium hypochlorite (5% commercial
bleach) for five minutes and washed with deionized water.
Subsequently, they were placed in a container with deionized
water for approximately two hours to facilitate the removal
of the tegument; alongitudinal cut was performed on each
seed with a carbon-steel scalpel blade n° 20 (ADVANTIVE®).
The weights of the embryonic axis and the cotyledons (CEW)
were evaluated with an analytical balance to the nearest
0.001 g. Afterwards, we measured the width and length
of the cotyledons (CW and CL respectively), the lengths of
the embryonic axis (EAL) and of the epicotyl (EL), and the
number of eophylls (leaves following the cotyledons and
previous to the first metaphylls, Duke 1965) in plumules
(ENP), with the aid of a stereomicroscope and calipers.

Germination essay

On August 9 and 10, 2018, we started a germination
experiment. Thirty seeds of each species were cleaned with

sodium hypochlorite (5%) for five minutes, and then washed
with deionized water. Since S. adstringens and S. polyphyllum
present physical dormancy (Martins et al. 2008), their seeds
were scarified with sandpaper to facilitate water absorption
and germination. In the greenhouse, three seeds were placed
at1 cm depth in each of 10 pots per species (n=30 seeds per
species). Each pot had a capacity of 0.008 m® and was filled
with typical Cerrado soil (described below). We determined
the germination percentage of all four species after a period
of 60 days.

Early growth in the greenhouse and relative growth
rate evaluation

The follow-up of the seedlings that emerged in the
greenhouse lasted until October 10, 2018, resulting in 60
days of observations after the beginning of the experiment.
Measurements of each plant’s early growth were performed
every day; a 30 cm graduated ruler was used to measure
seedling size. Early growth was evaluated from the day when
the tegument broke and the embryonic axis emerged from
the seed coat; epicotyl length, the number of eophylls, and
metaphylls were recorded daily for each seedling.

Relative growth rates in terms of epicotyl length (RGRep,
d™*) and number of eophylls (RGReo, d*) were calculated
using the following equations:

RGRep = [(epicotyl length at time 2) - (epicotyl length
at time 1)] / [(epicotyl length at time 1) * (time 2 — time 1)]

RGReo = [(number of eophylls at time 2) - (number
of eophylls at time 1)] / [(number of eophylls at time 1) *
(time 2 — time 1)],

where times 1 and 2 are two successive weeks in which
epicotyl length and number of eophylls were recorded. The
units of RGRep and RGReo thus obtained were 1/week.

Biomass allocation and morphometric analysis of
seedlings

A sample of 50 seeds of each species were dried out (105
°C by 24h) to determine seed mass. Root and stem lengths
were measured with a graduated ruler, and eophylls and
metaphylls were counted. Eophylls and metaphylls were
scanned in black and white and saved in image format; leaf
areas were determined using the Image-Pro 5.0 software
(Media Cybernetics, Inc., Silver Spring, MD, USA).

At the end of the greenhouse experiment, seedlings were
measured by removing the plant from the soil and separating
the organs (root, stem, eophylls, and metaphylls). Roots,
stems, and leaves were dried separately in an oven at 70 °C
for 48 hours; dry matter contents were determined using
an analytical balance (to the nearest 0.001 g).

Nutrient analysis of soil used in the experiment

Soil chemical analysis was performed at the Agricultural
Chemistry Laboratory of the Instituto Mineiro de
Agropecudria (IMA, Brazil). The soil was classified as
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dystrophic, as the base saturation value was lower than 30%
(Embrapa 2009). The soil chemical characteristics were: pH
in H,0=6.1; P=0.8 (mg/dm?); K=8.0 (mg/dm?); Ca?*=0.33
(cmolc/dm?®); Mg*=0.07 (cmolc/dm?); Al*=1.83 (cmolc/
dm?®); effective cation exchange capacity=2.25 (cmolc/dm?);
saturation aluminum index=81.2%; and base saturation
index=10.7%.

Statistical Analysis

The R program, version 3.0.0 (R Core Team 2016) was
used to calculate mean and standard deviation (or standard
error) for the following parameters: cotyledon length (CL),
cotyledon width (CW), cotyledon + embryonic axis weight
(CEW), hypocotyl-radicular axis length (HRAL), epicotyl
length (EL), eophylls number on plumule (ENP), embryonic
axis length (EAL), root dry mass (RDM), stem dry mass
(SDM), eophylls dry mass (EDM), metaphylls dry mass
(MDM), total dry mass (TDM), root length (RL), stem length
(SL), number of metaphylls (NM), number of eophylls (NE),
leaf area of metaphylls (LAM), leaf area of eophylls (LAE),
and relative growth rate (RGR) of eophylls and stem. The
Shapiro-Wilk test was used to verify normality for each data
set. Data sets that did not show normal distribution were
log-transformed (base 10). Afterward, the Levene test was
used to verify variance homogeneity. Analysis of variance
(one-way ANOVA) and a posteriori Tukey’s tests were applied
to compare pairs of mean values. For CL, CW, CEW, HRAL,
EL, ENP, EAL, RDM, SDM, EDM, MDM, TDM, RL, SL, NM,
NE, LAM, LAE, Cb, significant differences among species
means were sought after. For EL, ENP, and RGR, we used
Mixed Design Analysis of Variance (MIXED ANOVA) with
a Mauchly’s sphericity test with one factor and repeated
measures, considering species as a between-subjects factor
and time as a within-subjects factor, followed by a posteriori
Tukey’s tests to compare pairs of species means over time.
For epicotyl length in seedlings and epicotyl length in
seeds we used two-way ANOVA followed by Tukey’s tests
to compare species means at different times.

Spearman correlation coefficient (tho) was used to verify
the degree of correlation between morphological variables.
The correlations were performed using the R program,
version 3.0.0 (R Core Team 2016). A p<0.05 significance
level was adopted in all comparisons.

Results

Germination and seed morphology

Germination rates were 42%, 15%, 78% and 12%
for A. falcata, S. adstringens, S. polyphyllum and T. aurea,
respectively. All four species presented embryos with fleshy
cotyledons, i.e. cotyledons with storage tissues (Fig. 1). Only
A. falcata presented seeds in which cotyledons, embryonic
axis and plumule with eophylls were differentiated (Fig. 1).
The other three species presented seeds with apparent
cotyledons and embryonic axis. All four species presented
a differentiated but small embryonic axis.

Compared to all other species, A. falcata showed higher
values of CL (F-test =1189.0, p < 0.05; Table 1), CEW (F-test
=58.4, p < 0.05), HRAL (F = 150.6, p<0.05), EL (F-test =
109.86, p < 0.05), ENP (F-test = 3372.8, p < 0.05) and EAL
(F-test=319.0, p < 0.05). However, T. aurea presented greater
CW than the other studied species (F-test = 158.4,p < 0.05).

Early growth in the greenhouse

Anadenanthera falcata seedlings had an emerging
epicotyl from the second week and, compared to the other
species under survey, developed a longer epicotyl from
the fourth week onwards (Mauchly’s W-test = 1.1, p <
0.05, species x measurement period interaction; Fig. 24).
Epicotyl emergence was evident from the fifth week in S.
polyphyllum, and from the sixth week in S. adstringens and
T. aurea (Fig. 2A). After the sixth week and up to the end
of the experiment, S. polyphyllum plants showed higher
numbers of eophylls (Mauchly’s W-test = 4.3, p < 0.05,
species x measurement period; Fig. 2B). From the fifth
week, only A. falcata showed metaphylls production (1.00 +
0.28). Anadenathera falcata showed a higher RGRep (F-test
= 6.8, p < 0.05, species x measurement period; Fig. 2C) in
relation to the other species. However, after the sixth week
S. polyphyllum showed higher RGReo (F-test =7.8, p < 0.05,
species x measurement period; Fig. 2D).

Morphometry and biomass allocation

Seed dry mass (n=50 seeds of each species) was 5.3 g for
A. falcata, 4.3 g for S. adstringens, 4.5 g for S. polyphyllum, and
5.8 g for T. aurea. The highest mean values of stem length
(F-test=172.9,p < 0.05), number of metaphylls (F-test = 33.3,

Table 1. Mean + standard deviation of cotyledon length (CL), cotyledon width (CW), cotyledon + embryonic axis weight (CEW),
hypocotyl-radicular axis length (HRAL), epicotyl length (EL), eophylls number on plumule (ENP), embryonic axis length (EAL) of
seeds of four woody species native to the Brazilian Cerrado. Capital letters in columns compare significant differences between species

(p<0.05, Tukey’s test). N = 50 seeds per species.

Species CLm) |  CW(em) |  CEW(g)
A. falcata 140+011A  117:016B  0.19:0.05A
S. adstringens 1.07 + 0.08 B 0.46 + 0.06 C 0.04+0.01C
S.polyphyllum 098+ 0.12C  041:0.06D  0.04+0.01C
T. aurea 106+007B  147:010A  0.13:012B

WRAL(cm) | EL(em) | ENP | EAL(m)
031:005A  032:007A 888:1.07A  0.63+0.07A
015:0.04B  012:004D  000:000B  027+0.03C
014+0.04B  020:006B  000:000B  034+0.08B
014:003B  015:004C  000:000B  0.30%0.03C
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Figure 1. Seeds of four woody species native to the Brazilian Cerrado. A, D, F, and I= seeds with coat; B, E, G, and J= cotyledon and
embryonic axis without seed coat; C= embryonic axis without cotyledon; H and K= embryonic axis with cotyledons separated. The
seeds were soaked in water to facilitate the coat removal, which is why the cotyledonary leaves, and the embryonic axis are swollen
and larger than the unopened seeds.
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Figure 2. Mean (+ standard error) initial growth (A, B) and relative growth rate (C, D) in terms of epicotyl length (A, C) and eophylls
production (B, D) for seedlings of four woody species native to the Brazilian Cerrado growing in a greenhouse. Differences between
species or among measurement periods are indicated: * main effect, ** double interaction (p <0.05, Tukey’s test). N = 11 (A. falcata),

N = 3 (S. adstringens), N = 2 (T. aurea), N = 16 (S. polyphyllum).

p < 0.05) and leaf area of metaphylls (F-test = 93.0, p <
0.05) were those found for A. falcata plants (Table 2).
Stryphnodendron polyphyllum, S. adstringens and A. falcata
plants had more eophylls (F-test = 24.9, p < 0.05; Table 2)
and area of eophylls (F-test = 24.9, p < 0.05; Table 2) than
T. aurea. There were no differences among species in root
length (F-test = 0.9, p < 0.05; Table 2).

Anadenanthera falcata, S. adstringens, and T. aurea had
higher values of stem biomass (F = 21.0, p < 0.05). In
addition, A. falcata and S. polyphyllum had higher eophylls
biomass (F = 7.7, p < 0.05; Table 3) and plant biomass (F-test
=6.4, p < 0.05). Anadenanthera falcata was the only species
that presented metaphylls (F-test = 12.2, p < 0.05, Table
3). All four species were similar regarding root biomass (F=
5.2, p < 0.05; Table 3).

Anadenanthera falcata, S. adstringens, and S. polyphyllum
showed greater epicotyl length in seedlings (T2) than in
seeds (T1) (F = 37.4, p < 0.05, species x time interaction;
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Fig. 3). Anadenanthera falcata showed greater epicotyl length
in both seedlings (T2) and seeds (T1) than all other species
(F = 37.4, p < 0.05; Fig. 3).

Morphological correlations

Seedlings from seeds with large embryos presented
higher RGRep resulting in larger stems (Spearman’s rank
correlation rho = 0.55, p <0 .05) and total dry matter
accumulation after eight weeks (tho = 0.44 p < 0.05; Fig. 4).
The A. falcata seeds presented larger embryos and higher
RGRep, and stem and total dry matter production.
Accordingly, seedlings with high RGRep showed higher
leaf area of eophylls (tho = 0.36, p < 0.05; Fig. 4), total dry
mass (tho = 0.73, p < 0.05; Fig. 4), and embryos dry mass
(rho = 0.50, p < 0.05; Fig. 4). Also, seedlings with a higher
leaf area of eophylls showed a high total dry mass (tho =
0.51, p < 0.05; Fig. 4).
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Di Scussion at early growth stages compared to the other species. Also,
during the two months of the survey, A. falcata seedlings
were the only ones that produced metaphylls, and those
that accumulated the highest levels of biomass in roots and
embryonic axis than those of the other three species. The  gtems. Possibly due to the higher embryo mass/total seed
development of preformed leaves in the embryos of A. falcata  mass ratio, A. falcata seeds can exhibit faster aerial and
may explain the higher growth rate reached by this species  underground growth at the critical establishment stage.

The seeds of A. falcata have larger and more differentiated

Table 2. Mean =+ standard deviation of root length (RL), stem length (SL), number of metaphylls (NM), number of eophylls (NE),
area of metaphylls (LAM), and area of eophylls (LAE) of four woody species native to the Brazilian Cerrado after 60 days of growth
in a greenhouse. Capital letters in columns compare significant differences between species (p<0.05, Tukey’s test). N = 11 (A. falcata),
N = 3 (S. adstringens), N = 16 (S. polyphyllum), N = 2 (T. aurea).

Species RLem) | stem) | NM | NE | LAM | LAE
A fitns 10.04 +3.44 A 7.16 + 0.44 A 1.09+ 053 A 1154+ 1.86A  17.72+524A  17.12+545A
S e 10.50 + 4.09A 273+ 051B 0.00:0.00B  1866+1285A  0.00:0.00B  26.70+27.10A
S R 9.08+4.91A 1.36+0.82C 0.00+0.00B  2260+1329A  000:0.00B  1810+1563A
% o 485+1.62A 1.25 + 0.07C 0.00 £ 0.00 B 2.00 £ 0.00 B 0.00 +0.00 B 240+ 0.56 B

Table 3. Mean + standard deviation of root dry mass (RDM), stem dry mass (SDM), eophylls dry mass (EDM), metaphylls dry mass
(MDM), and total dry mass (TDM) of four woody species native to the Brazilian Cerrado after 60 days of growth in a greenhouse. Capital
letters in columns compare significant differences between species (p<0.05, Tukey’s test). N = 11 (A. falcata), N = 3 (S. adstringens),
N =16 (S. polyphyllum), N = 2 (T. aurea).

Species RDM(g) \ SDM(g) \ EDM(g) \ MDM(g) \ TDM(g)
A. falcata 0.025 £ 0.01 A 0.012 = 0.006 A 0.023 £ 0.014 A 0.019 + 0.016 A 0.081 + 0.036 A
S. adstringens 0.006 = 0.002 A 0.004 = 0.001 AB 0.007 + 0.008 AB 0.00 +0.000 B 0.018 + 0.01 B
S. polyphyllum 0.009 = 0.008 A 0.001 = 0.001 B 0.012+ 0.010 A 0.000 + 0.000 B 0.022 + 0.018 AB
T. aurea 0.006 + 0.002 A 0.004 + 0.001 AB 0.0015 + 0.0007 B 0.000 + 0.000 B 0.012 + 0.000 B

Figure 3. Mean (z standard error) epicotyl length inside the seed (T1) and in the first week after emergence (T2). Capital letters
compare values between T1 and T2 within the same species. Lowercase letters compare values between T1 or T2 among different
species (p <0.05, Tukey’s test). N = 50 (T1, all species), N = 27 (T2, A. falcata and T. aurea), N = 6 (T2, S. adstringens), N = 30 (T2, S.
polyphyllum).
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Figure 4. Spearman correlation coefficient (tho) and p-value between morphological variables of four woody species native to the
Brazilian Cerrado growing in a greenhouse. N = 11 (A. falcata), N = 3 (S. adstringens), N = 16 (S. polyphyllum), N = 2 (T. aurea).

These characteristics may help this species to get established
in different savannah phytophysiognomies and explain its
high level of dominance in this biome (Ratter et al. 2003).
Thus, the hypothesis that a larger and more differentiated
embryonic axis could exhibit hastened germination and favor
seedling establishment is, to some extent, supported by this
study. However, even without the presence of leaves inside
the seed, S. adstringens, S. polyphyllum, and T. aurea present
high distribution ranges in Cerrado areas (Ratter et al. 2003).
The seedlings of these species present high investment in the
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dry mass and length of roots (see Table 2 and 3), which may
allow their establishment and development in Cerrado areas
with seasonal precipitation and oligotrophic soils (Kanegae
et al. 2000; Ronquim et al. 2009).

The establishment of woody plants in the Cerrado of
Brazil is a hazardous process (Rossatto et al. 2018). The
development of large seeds has been envisaged as an attribute
that increases the probability of seedling establishment
(Cicek 2007; Metz et al. 2010; Tilki 2010), although the
advantage of large-seeded species may be counterbalanced
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by the higher numbers of small seeds produced by other
species (Moles & Westoby 2004), or by raises in the growth
rates of small-seeded plants (Dalling & Hubbell 2002). In
general terms, the formation of large seeds is related to high
germination rates and fast growth (Deb & Sundriyal 2017;
Tumpa et al. 2021). However, some species with large seeds
present underdeveloped embryos, so that germination may
be delayed (Hayat 1963). Our study provides evidence in
support of the idea that having seeds with a differentiated
embryonic axis, i.e. with preformed organs such as eophylls
(as in A. falcata) could be more important than seed size
for germination and early growth. Also, this differentiated
embryonic axis can provide an advantage in growth rate
over other species with seeds of similar size, but devoid of
preformed leaves. Having a seed with a little-differentiated
embryonic axis may imply a longer intra-seed growth period
before germination (Sim&o & Scatena 2003), as found here
for S. adstringens, S polyphyllum, and T. aurea.

The seedlings of S. polyphyllum - a species with a less
differentiated embryonic axis in its seeds compared to
A. falcata - presented higher eophyll production with a
delay of three weeks. This implies that even with small
seeds and without an embryonic axis as differentiated as
that of A. falcata, S. polyphyllum could reach high leaf and
biomass production. It becomes evident that embryonic axis
differentiation may provide an early advantage to a species,
but that some species with a less-differentiated embryonic
axis in their seeds may be able to make up for their early
handicap and increase biomass accumulation. The fleshy
cotyledons in S. adstringens, S. polyphyllum, and T. aurea
could help these species in early growth and establishment
in the natural environment as cited for other species (Polli
etal. 2020; Gutiérrez-Soto et al. 2021; Kowalski et al. 2021).

The relative growth rate may be negatively correlated
with seed mass (Houghton et al. 2013). Nonetheless, notable
differences in relative growth rate may be found even within
a species and despite similarities in seed size (Turnbull et
al. 2008). Because of this variability, large-seeded species
could have low colonization capacity but high competitive
ability in the long term (Turnbull et al. 2008). In our study
A. falcata showed larger embryos and high relative growth
rate of the epicotyl, which may provide high competitive
ability during early growth. It is important to notice that
large seeds with undifferentiated embryos or with a small
and little-differentiated embryonic axis could have a delayed
germination and thus affect seedling establishment in
natural areas. Therefore, it would be important to identify
whether the seed has an embryo with preformed structures,
which could accelerate germination and favor establishment.
Even presenting differentiated embryo S. adstringens, S
polyphyllum, and T. aurea presented a delay in germination
and production of metaphylls. Lacking leaf preformation
in the embryo could be key in delaying seedling growth.

For the Cerrado, it has already been shown that those
species that present vegetative buds with preformed organs

(leaves) produce leaves throughout a short period before the
onset of heavy rains (Damascos et al. 2005; Damascos 2008;
Souza et al. 2009a; b; Melo et al. 2022). Thus, even before the
onset of the rainy season, these species could present fully
developed foliage, reducing the risks of herbivory events
(Arasaki 1993) and leaching of foliar nutrients (Aradjo &
Haridasan 2007). The same pattern could be considered for
preformed organs inside the seeds, as found for A. falcata
species in our study. The high number of leaves inside the
embryo of A. falcata seeds (average of eight leaves) may
help carry out photosynthesis in seedlings resulting in a
higher relative growth rate (relative epicotyl growth) and
biomass allocation to the roots. In Cerrado, woody plants
allocate more biomass to the roots due to intense resource
competition (mainly water and nutrients) with grass species
(Hoffmann & Franco 2003; Melo et al. 2018). So, it is
important to consider the embryo structures inside the
seed in germination and establishment studies of Cerrado
species. Among the four species included in this study,
only one species presented a differentiated embryo with
eophylls inside the seed, and this trait may be positively
influencing its establishment in the Cerrado. In addition to
higher RGR, seedlings of A. falcata showed higher stem and
total biomass production, showing that seedlings directed
more resources to growth, which could result in a greater
probability of survival.

In species of the Fabaceae family both the seed and the
embryo it contains tend to be relatively large (Martin 1946;
Baskin & Baskin 2007). Even though the Fabaceae is one
of the most studied families regarding seed structure and
post-seminal development (Bispo et al. 2017; Nonato et al.
2022; Cruz et al. 2021; Teixeira et al. 2023), more studies
are needed to better understand the influence of preformed
structures within the seed and the degree of differentiation
of the embryonic axis on plant establishment. All four
species here, including three species of Fabaceae, had well
differentiated embryos in their seeds. However, according
to our results, the development of preformed structures (as
eophylls) within the seeds would not occur in the majority
of woody Fabaceae species that are common in the Cerrado.
Studies with a larger number of species of this and other
plant families would be advisable to test the hypothesis that
organ preformation in seeds has been favored throughout
the evolution of some plant lineages in the Cerrado. This
hypothesis does not rule out the possibility that other
ways of achieving rapid seedling establishment may also
have been favored.

Our study shows that the degree of embryo development
may be more important than seed size for the germination
and establishment process of woody species of the Cerrado.
The embryo with eophylls preformation may be an advantage
for the initiation of photosynthesis at a critical stage of
a plant’s life cycle. Further studies should be devoted
to investigating the relationship between seed content,
seed mass, and seedling establishment to improve our
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knowledge about the mechanisms behind the complex
process of establishment and survival of woody species
in the Cerrado as well as in other biomes. Seed traits are
relevant to surpass the environmental constraints in Cerrado
areas (as fire, seasonal precipitation, and poor soils) and
allow the coexistence of woody species with large seeds with
small-seeded grasses to generate and maintain the structure
(two-layered system) and the high biodiversity of Cerrado.
Additional experimental studies with species presenting
large and small seeds and with variable environmental
traits, such as light and soil, are needed to elucidate the
early growth constraints of Cerrado species.
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