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Abstract
Main conclusion  Recalcitrant seeds of Mauritia flexuosa show evidence of thermal stress tolerance, while germination 
is stimulated by a thermal regime typical of the rainy season.

Abstract  Recalcitrant seeds (sensitive to desiccation) are highly vulnerable to environmental changes, but little is known 
about their resilience to thermal stress, which will be particularly important in a scenario of climate change. Mauritia flexuosa 
L. f. is a neotropical palm of ecological and social importance that occurs in flooded environments. The species produces 
seeds with association of recalcitrance and dormancy (germination blockage) and has the ability to maintain persistent soil 
seed banks in ecosystems exposed to the markedly seasonal climate of the Cerrado biome. Thermal regimes (30/20, 35/25, 
40/30, and 45/35 °C) were employed to investigate the role of temperature on seed physiology (viability, germination, res-
piratory activity, micropylar biomechanics, oxidative stress, membrane functionality) and cytology (micromorphometry, 
ultrastructure, and compound dynamics). Germination was stimulated by the 30/20 °C regime (typical of the rainy season), 
with reduction of the resistance of the tissues adjacent to the embryo, reserve mobilization, and cell expansion. The 40/30 
and 35/25 °C regimes contributed to maintaining and increasing dormancy intensity, respectively. The 45/35 °C regime 
resulted in seed death due to reserve depletion and embryonic cell collapse. Tolerance mechanisms to moderate thermal stress 
include efficient antioxidant systems, cell homeostasis, and germination restriction. The capacity for differential responses 
to thermal regimes is important to the establishment of banks of recalcitrant M. flexuosa seeds and constitutes a factor in 
the adaptation of that species to the Cerrado seasonality. Nonetheless, rising global temperatures due to climate change and 
increasing local impacts pose risks to the species’ reproductive success.

Keywords  Abiotic stress · Antioxidant systems · Dormancy · Germination ecophysiology · Palms · Sensitivity to 
desiccation

Abbreviations
APX	� Ascorbate peroxidase
CAT​	� Catalase
FM	� Fresh mass
MDA	� Malondialdehyde

ROS	� Reactive oxygen species
SOD	� Superoxide dismutase

Introduction

Recalcitrant seeds are intolerant to desiccation and low tem-
peratures, and they therefore have low capacities for long-
term viability and the formation of persistent soil seed banks 
(Hong and Ellis 1996; Marques et al. 2018). Recalcitrance 
is associated with moist environments, although plants that 
produce recalcitrant seeds can also occur under seasonal 
conditions (Tweedle et al. 2003; Berjak and Pammenter 
2008). Most studies of recalcitrant seeds have emphasized 
their desiccation responses (Berjak and Pammenter 2008, 
2013; Marques et al. 2018; Dias et al. 2024). The roles of 
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other abiotic factors, such as temperature, are still only 
poorly understood, especially for tree species growing in 
tropical environments. Within this context, climate change 
(with increasing temperatures and greater rainfall instability) 
represents a real threat to the population dynamics of species 
that produce recalcitrant seeds (Marques et al. 2018; Pausas 
et al. 2022; Pritchard et al. 2022).

Temperature is one of the main environmental factors 
controlling seed germination, and provides indications of 
favorable periods for seedling establishment (Bewley et al. 
2013; Baskin and Baskin 2014). This role is especially 
important in the case of recalcitrant seeds, which are dis-
persed in hydrated and metabolically active states (Berjak 
and Pammenter 2008). There are indications that high tem-
peratures can increase germination rates of recalcitrant seeds 
but also reduce the available time for seedling establishment 
(Stevens et al. 2014). There have also been cases reported 
of associations between recalcitrance and dormancy (ger-
mination blockage due to intrinsic causes) (Tweddle et al. 
2003; Silva et al. 2014). In those cases, seed-temperature 
interactions are more complex and directly involve viability 
control, in addition to the regulation of germination restric-
tion (Baskin and Baskin 2014; Jaganathan 2021).

High temperatures intensify reactive oxygen species 
(ROS) production related to increased metabolic activ-
ity (Barreto and Garcia 2017; Marques et al. 2017; Bailly 
2019). Imbalances between the production and elimination 
of these radicals can result in potentially fatal oxidative 
stress, especially in the case of recalcitrant seeds (Berjak 
and Pammenter 2008; Wojtyla et al. 2016; Bailly 2019). 
Temperature is the main environmental factor related to 
overcoming physiological dormancy (the most common 
type of dormancy observed among tropical seeds, Orozco-
Segovia et al. 2003; Schlindwein et al. 2013; Baskin and 
Baskin 2014) as it acts to modulate endogenous hormone 
concentrations and weaken the tissues that restrict embry-
onic growth (Finch-Savage and Gerhard Leubner-Metzger 
2006; Baskin and Baskin 2014). Some of these processes 
may be mediated by ROS levels, involving the antioxidant 
apparatus and other signaling and control mechanisms of 
cellular homeostasis (Pagano et al. 2002; Wojtyla et al. 2016; 
Bailly 2019). In-depth information concerning the effects of 
heat stress on the physiology of recalcitrant seeds has been 
scarce. Studies examining this approach will be essential 
to estimating the impacts of climate change on seed bank 
dynamics in humid environments, which also can represent 
important and highly threatened sequestered carbon deposits 
(Long et al. 2015; Bastos et al. 2017; Marques et al. 2018; 
Cristaudo et al. 2019; Esser et al. 2019; Rajendran et al. 
2021).

Mauritia flexuosa L. f. (“buriti”) is a palm tree of Ama-
zonian origin that is widely distributed throughout tropical 
South America (Dransfield et al. 2008) and associated with 

swampy environments (Lorenzi et al. 2010; Lima et al. 2014; 
Melo et al. 2018). The species occurs in flooded environ-
ments (known as “veredas”) in the Brazilian Cerrado—a 
biome with a markedly seasonal climate (Lorenzi et al. 2010; 
Lima et al. 2014; Melo et al. 2018). Buriti is considered 
the most abundant palm tree in Brazil and a key species for 
vereda ecology, in addition to being an important source of 
income for traditional populations and raw material for the 
cosmetic industry (Lorenzi et al. 2010; Endress et al. 2013; 
Nunes et al. 2022). This palm produces recalcitrant seeds 
that show morphophysiological dormancy (Silva et al. 2014; 
Veloso et al. 2016; Dias et al. 2024). This class of dormancy 
is typical of seeds that have small embryos with hormonal 
imbalance, which results in low growth potential (Baskin 
and Baskin 2014). After hormonal adjustment (a process 
usually induced by changes in temperature), the embryos 
require a growth phase inside the seed before germination is 
complete. Some studies have indicated that M. flexuosa has 
a reproductive strategy that combines the establishment of 
seedling banks and the maintenance of persistent soil seed 
banks in microenvironments subject to dry and constant 
humid conditions, respectively (Porto et al. 2018; Salvador 
et al. 2022; Almeida et al. 2024). However, there are no 
studies on changes in the thermal regime on the reproduc-
tion of the species.

The survival of the buriti palm in the Cerrado biome is 
threatened by habitat destruction due to human actions as 
well as climate change (Endress et al. 2013; Silva et al. 2014; 
Virapongse et al. 2017; Nunes et al. 2022). The Brazilian 
Cerrado is predicted to experience increased temperatures 
and high-frequency extreme heat events, and is considered 
the biodiversity hotspot that will be most affected by climate 
change in South America (IPCC 2022)—which highlights 
the importance of studies on the potential impact of thermal 
stress on M. flexuosa seed bank dynamics.

The present study was therefore designed to evaluate the 
influence of thermal stress on M. flexuosa seeds by address-
ing the following questions: (i) What is the role of tem-
perature in controlling seed germination? (ii) What are the 
physiological and cytological responses of those seeds to 
thermal stress? We also examined ecophysiological aspects 
related to thermal stress tolerance and the implications for 
seed behavior in that environment under current and future 
climatic conditions.

Materials and methods

Collections and preliminary procedures

Mauritia flexuosa fruits were collected, in February 2021, 
after abscission, in a natural population located in the Rio 
Pandeiros Environmental Protection Area (APA-Pandeiros), 
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in the municipality of Bonito de Minas, in northern Minas 
Gerais State, Brazil (15°22′ 4.14″ S; 44°55′ 8.33″ W). The 
fruits were manually pulped and any seeds showing evidence 
of insect attacks and/or the presence of fungal mycelium 
were discarded. Four replications of 10 seeds and embryos 
(excised using a guillotine and stylet) were used to evaluate 
their water contents, considering the differences between 
fresh and dry masses (the latter obtained by drying the seeds 
in an oven at 105 °C for 24 h). Additionally, five replicates of 
10 embryos were tested for viability by immersing them in a 
1% solution 2,3,5-triphenyl tetrazolium chloride, incubating 
them in the dark (at 35 °C for five hours), and then visu-
ally inspecting them for staining (Spera et al. 2001; Ribeiro 
et al. 2010). The seeds were stored in plastic bags in an air-
conditioned chamber at 20 °C (Veloso et al. 2016) for up to 
one month before the start of the experiment. Climatological 
data (Fig. 1) were obtained from a weather station main-
tained by the National Institute of Meteorology (INMET 
2024) in the municipality of Januária, approximately 70 km 
from the study area; the sites there have the same geomor-
phological (Sanfransciscana depression) and climatic condi-
tions (type Aw, Köppen).

Induction of thermal stress

The seeds were first disinfected by immersion in 6% sodium 
hypochlorite for 15 min, followed by three rinses with dis-
tilled water. The seeds were then set to germinate in poly-
ethylene containers (22 × 16 × 5 cm, with lids) containing 
autoclaved sand that was moistened to retention capacity 
(Silva et al. 2014; Veloso et al. 2016). Five replications of 20 
seeds were held in germination chambers (under a 12/12 h 
light/dark cycle, 50 mmol m−2 s−1) and exposed to 30/20, 
35/25, 40/30, and 45/35 °C temperature regimes for 60 days. 
The temperature regimes used were selected to represent 

daily temperature fluctuations under local climatic condi-
tions as recorded in recent decades (Fig. 1), thus creating a 
moderate to severe thermal stress gradient while simulating 
current environmental conditions. Substrate moisture was 
controlled by monitoring the mass of an additional container 
(within each type of treatment regime) containing only mois-
tened autoclaved sand, replacing lost water when necessary. 
Germination was evaluated daily, considering the protru-
sion of the cotyledonary petiole (Ribeiro et al. 2011; Silva 
et al. 2014). At the end of 60 days, the seeds exposed to all 
of the different temperature regimes were transferred to the 
30/20 °C incubation regime (typical rainy season conditions, 
Fig. 1) and were maintained there for 30 additional days. The 
opercula (seed tissues that limit embryo growth, Silva et al. 
2014) of seeds that had not germinated in the final evaluation 
were manually removed using a stylet and the seeds were left 
again under the same 30/20 °C conditions for an additional 
15 days. At the end of the experiment, embryos still not 
germinated were excised from the seeds and subjected to the 
tetrazolium test to assess their viability (Spera et al. 2001; 
Ribeiro et al. 2010).

Biometric, physiological, and cytological evaluations, to 
be described below, were carried out using additional seed 
samples in the initial condition as well as after being sub-
jected to the thermal conditions described above.

Biometric evaluations

Five replicates of 10 intact seeds (endosperm plus seed coat 
and isolated embryos) were evaluated at the beginning of 
the experiment (initial condition) and again after 30, 60 and 
90 days of exposure to each thermal regime. The fresh and 
dry masses (after drying in an oven at 105 °C for 24 h) of 
the seeds and isolated embryos were determined and their 
water contents measured (Brasil 2009).

Estimation of embryo respiratory activity

Four replications of 10 embryos from seeds in the initial 
condition and those subjected to heat stress treatments for 
90 days were weighed to determine their fresh mass (FM), 
immersed in a 1% solution of 2,3,5-triphenyl tetrazolium 
chloride, and subsequently incubated in the dark at 35 °C 
for five hours. The material was then washed three times in 
distilled water and immersed in 5 mL of absolute ethanol for 
14 days. The supernatants from the absolute ethanol treat-
ments were collected, centrifuged at 1000g for 30 s, and the 
absorbances of the solutions were evaluated in a spectropho-
tometer at 490 nm against a white reagent (using dead boiled 
embryos). The respiratory activity indicator was expressed 
in absorbance (A) g−1 FM (Harding and Benson 1995, with 
adaptations).

Fig. 1   Monthly averages of maximum and minimum temperatures, 
thermal amplitude and rainfall in the municipality of Januária, state 
of Minas Gerais, Brazil, in the years 1991–2021. Vertical bars indi-
cate the deviation from the maximum daily temperatures recorded in 
this period
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Estimation of membrane integrity—solute leaching

Four replications of 20 embryos obtained from seeds in their 
initial condition, as well as from seeds subjected to each 
heat stress treatment for 90 days, had their fresh masses 
determined and then immersed in ultrapure water and sub-
sequently kept in a germination chamber for 4 h at 30 °C. 
The electrical conductivity of each solution was read using 
a bench conductivity meter (AK83, AKSO, São Leopoldo, 
Rio Grande do Sul, Brazil https://​loja.​akso.​com.​br/) and the 
results expressed in µS cm−1 g−1 FM [equivalent to the total 
conductivity after 4 h and subtracting blank conductivity 
(ultrapure water)] (Gonçalves et al. 2020).

Oxidative stress evaluation

Hydrogen peroxide (H2O2—one of the principal ROS) con-
centrations present in the embryos of seeds subjected to each 
thermal treatment were determined after the initial treat-
ment as well as after 30, 60 and 90 days of exposure to the 
various heat stress conditions. To that end, four replicates 
of 30 mg of embryo tissue were macerated in liquid nitro-
gen in 2 mL tubes; 400 µL of trichloroacetic acid (TCA 
0.1% m/v) was subsequently added. The plant extracts were 
then homogenized by vortexing for 1 min and centrifuged at 
9500g for 15 min at 4 °C. A 250 μL aliquot of the superna-
tant was extracted and added to 250 μL of 100 mM sodium 
phosphate buffer (pH 7.5) and 1000 μL of 1 M potassium 
iodide. The tubes with the samples were then placed on ice 
(in total darkness) for one hour. The samples were subse-
quently maintained in the dark at room temperature (25 °C) 
for 10 min (to stabilize the reaction) and then analyzed in 
a spectrophotometer (UV-1800, Shimadzu, Tokyo, Japan 
https://​www.​shima​dzu.​com/) at 390 nm. The amount of 
H2O2 identified was expressed in μmol g−1 of fresh mass, 
based on a pre-established standard curve (Alexieva et al. 
2001).

The activities of the main enzymes of the antioxidant 
system catalase (CAT), superoxide dismutase (SOD), and 
ascorbate peroxidase (APX), were evaluated. Plant extracts 
were obtained by macerating (in liquid nitrogen) four rep-
etitions of 20 mg of embryo tissues in the initial condition 
and after each thermal treatment (of 30, 60, and 90 days). 
The samples were homogenized in polyvinylpyrrolidone 
(PVPP, 10% w/v), 500  μL of sodium phosphate buffer 
(50 mM, pH 6.8), 10 μL of ethylenediaminetetraacetic acid 
(EDTA, 100 μM), and 490 μL of deionized water by vortex-
ing for 1 min. The extracts were then centrifuged at 9500g 
at 4 °C for 15 min. SOD activity was determined by adding 
100 μL of the extract supernatant to a solution containing 
methionine (13 mM), nitro blue tetrazolium (NBT, 75 μM), 
100 μM riboflavin EDTA (2 μM), and sodium phosphate 
buffer (50 mM pH 7.8). The tubes were then illuminated 

with fluorescent light (15 W tubes) for 10 min at 25 °C. 
Enzyme activity was terminated by interrupting the illumi-
nation. Control reactions were kept in the dark for 10 min. 
The blue formazan compound formed was analyzed at 
575 nm using a spectrophotometer (UV-1800, Shimadzu). 
One unit (U) of SOD was defined as the amount of enzyme 
required to inhibit 50% of NBT photoreduction; the results 
were expressed as U min−1 mg−1 protein (Giannopolitis and 
Ries 1977). To determine CAT activity, 100 μL of the extract 
supernatant was added to sodium phosphate buffer (50 mM, 
pH 7.0) together with freshly prepared H2O2 (12.5 mM); 
the reaction was followed for one minute at 240 nm in a 
spectrophotometer. CAT activity was estimated using the 
molar extinction coefficient (ɛ) equal to 39.4 mM−1 cm−1 
and expressed as μmol of H2O2 min−1 mg−1 protein (Cakmak 
and Horst 1991). APX activity was determined by adding 
100 μL of the extract supernatant to sodium phosphate buffer 
(50 mM, pH 6.8) with freshly prepared ascorbate (0.25 mM) 
and H2O2 (1.0 mM). The oxidation rate of ascorbic acid 
was monitored every 10 s for 1 min at 290 nm in a spectro-
photometer. APX activity was determined using ɛ equal to 
2.8 mM−1 cm−1, and the results expressed as μmol ascorbate 
(AsA) min−1 mg−1 protein (Nakano and Asada 1981).

Quantification of the lipid peroxidation indicator malon-
dialdehyde (MDA) was also carried out. Four replicates of 
30 mg of embryo tissue from seeds in the initial condition 
and those subjected to thermal treatments for 30, 60 and 
90 days were used. The samples were macerated in liquid 
nitrogen and 1.5 mL of 0.1% (w/v) TCA was subsequently 
added. The samples were vortex homogenized for 1 min and 
subsequently centrifuged at 13700g for 15 min. A 1 mL ali-
quot of the supernatant was then added to a 3 mL aliquot of 
0.5% (w/v) thiobarbituric acid solution (prepared in 20% 
TCA). The solution was maintained at 95 °C for 60 min and 
then cooled in an ice bath for 10 min. The samples were sub-
sequently analyzed at 532 and 660 nm in a spectrophotom-
eter. Interferences were eliminated by subtracting the two 
values (532–660), and the quantities of malondialdehyde 
(MDA) were expressed in nmol g−1 of fresh mass (Health 
and Packer 1968, adapted).

Operculum resistance to displacement

Four replications of 10 seeds each in the initial condition as 
well as seeds subjected to thermal stress for 60 and 90 days 
were sectioned parallel to the operculum, maintaining it 
intact; the embryos were removed with the aid of a hypo-
dermic needle. The force required to displace the operculum 
(seed tissues that limit embryo growth, Silva et al. 2014) 
was then measured using a digital dynamometer (IP-90DI, 
Impac, Vargem Grande Paulista, São Paulo, Brazil https://​
impac.​com.​br/) coupled to a probe with a diameter corre-
sponding to that of the embryos’ cotyledonary petiole. The 

https://loja.akso.com.br/
https://www.shimadzu.com/
https://impac.com.br/
https://impac.com.br/
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probe was inserted into the embryonic cavity, through the 
sectioned part, and pushed until the operculum was dis-
placed; the force required was recorded in N cm−2 (Mazzot-
tini-dos-Santos et al. 2018).

Micromorphometric, histochemical, 
and ultrastructural evaluations

Fragments of the cotyledonary petiole and the haustorium 
plus adjacent endosperm excised from seeds from each 
thermal treatment were used. Samples were collected in 
the initial condition and after 30 and 60 days. The samples 
were fixed in Karnovsky solution (Karnovsky 1965) for 24 h, 
dehydrated in an ethanol series, and embedded in 2-hydroxy-
ethyl methacrylate according to the protocol described by 
Paiva et al. (2011). Cross and longitudinal sections (3 µm 
thick) were obtained using a rotary microtome, stained with 
0.05% toluidine blue, pH 7.4 (O’Brien et al. 1964, modified), 
and mounted on permanent slides using acrylic resin.

The regions of the embryos evaluated were selected con-
sidering those that exhibited pre-germination cellular mor-
phological changes associated with overcoming dormancy 
in M. flexuosa seeds (based on previous work by Moura et al. 
2019; Salvador et al. 2022). The lengths and diameters of 10 
cotyledonary petiole cells (chosen at random) were meas-
ured in the medullary region of the radicle, in the meristem 
adjacent to the radicle, in the protodermis, in the ground 
meristem of the ligule (the region adjacent to the embryonic 
axis), in the protodermis, and in the ground meristem of the 
region opposite the ligule. The thickness of the digestion 
zone (the layer of collapsed endosperm cells adjacent to the 
haustorium), and the lengths and diameters of 10 cells in 
the protoderm, subprotoderm, and ground meristem of the 
haustorium were likewise determined. Assessments were 
carried out on sections (obtained as described above) from 
10 fragments of each structure per treatment, using image 
analysis software (Zen, Zeiss, Jena, Germany; https://​www.​
micro-​shop.​zeiss.​com/​en/​de).

For histochemical evaluations, histological sections were 
obtained as described above. The sections were subjected to 
periodic acid-Schiff-PAS tests (O’Brien and McCully 1981, 
adapted) to detect neutral polysaccharides, and exposed to 
toluidine blue (O’Brien et al. 1964, modified) to detect of 
phenolic compounds. Photographic documentation was car-
ried out using a photomicroscope (Scope A1/Axiocam 105 
Color, Zeiss).

For ultrastructural evaluations, fragments of the periph-
eral region of the cotyledonary petioles of embryos from 
seeds in the initial condition, as well as those subjected to 
thermal treatments for 60 days, were fixed in Karnovsky’s 
solution (Karnovsky 1965) for 48 h and post-fixed in 1% 
osmium tetroxide in 0.1 M phosphate buffer, pH 7.2 (Roland 
1978). Ultrathin sections were subsequently treated with 

uranyl acetate and lead citrate and examined under a trans-
mission electron microscope (Tecnai G2-12-Spirit, Philips/
FEI Company, Eindhoven, Netherlands) at 80 kV.

Short‑term effects of the 45/35 °C thermal regime

To evaluate the short-term effects of exposure to a lethal 
temperature after 60 days (defined based on the results of 
the previously described evaluations), seeds from newly dis-
persed fruits were subjected to a 45/35 °C thermal regime. 
After 2, 5, 10, 15, 20, and 30 days of exposure, biometric 
characteristics, viability, germination, estimation of res-
piratory activity and membrane integrity, concentrations of 
H2O2 and MDA, and the activities of antioxidant system 
enzymes were evaluated, following the procedures described 
above. Seeds not subjected to heat stress were considered as 
the control.

To evaluate the maintenance of germination capacity dur-
ing the evaluation periods described above, the opercula of 
seeds kept at 45/35 °C were removed to subsequently germi-
nate for 15 days at 30 °C in the dark. Ultrastructural analyses 
were subsequently carried out in the peripheral regions of 
the cotyledonary petiole of embryos subjected to thermal 
stress for 5, 15, and 30 days, as previously described.

Statistical analysis

Quantitative data on the biometry, biodynamics (operculum 
resistance), physiological (germination, viability, embryonic 
respiratory activity, solute leaching, oxidative stress indica-
tors) and micromorphometric parameters (cellular dimen-
sions) were tested for normality and homogeneity variance.

The data were subjected to analysis of variance, consid-
ering a factorial scheme, with thermoperiods and analysis 
times (30, 60 and 90 days) as factors, and the initial condi-
tion as an additional treatment. Means were compared using 
the Tukey test (P < 0.05). In the case of data relating to seeds 
subjected to the lethal thermoperiod (45/35 °C), the means 
were compared using the t test (P < 0.05). The analyses were 
carried out using the R software statistical package (version 
3.4.4).

Results

Germination

Seeds incubated at 30/20  °C began to germinate after 
21 days, and attained 31% germination in 30 days, which was 
a higher average than the other thermoperiods (P < 0.001). 
The germination percentages of the other thermoperiods did 
not significantly diverge from each other, with all of them 
having averages below 5% (Fig. 2). This pattern remained 

https://www.micro-shop.zeiss.com/en/de
https://www.micro-shop.zeiss.com/en/de
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constant for 60 days (P = 0.002). The 30/20 °C thermoperiod 
(when applied to all of the seeds from all treatments for 
60 and 90 days after the initiation of the experiment) was 
observed to stimulate the germination of seeds initially incu-
bated at 40/30 °C, although that cooler thermoperiod did not 
affect seeds subjected to other thermoperiods. At 90 days, 
there was no statistical difference between the germination 
percentages of the initial 30/20 °C treatment (37%) and the 
initial 40/30 °C thermoperiod (45%). Thus, the 30/20 °C 
treatment was the most efficient in reducing the seed dor-
mancy intensity [the level of restriction to germination, a 
concept derived from Finch-Sagave and Leubner-Metzger 
(2006) and Carvalho et al. (2015)], while the 35/25 °C treat-
ment favored the maintenance of dormancy. The removal of 
the operculum, carried out at 90 days, promoted a drastic 
increase in the germination percentages of the 30/20, 35/25, 
and 40/30 °C thermoperiods (81, 69, and 76%, respectively) 
at 105 days. These means did not differ statistically from 
each other. Seeds from the 45/35 °C thermoperiod demon-
strated only 2% germination, and the non-germinated seeds 
from this treatment did not show viable embryos by the 
tetrazolium test. Together, these results indicate that, except 
for the 45/35 °C treatment, the thermoperiods tested did not 
cause lethal stress levels in the seeds.

Biometric evaluations

The water contents of the seeds in their initial condition was 
47.74% and, at the end of the experiment, was higher for 
seeds subjected to 45/35 °C (48.31%, P = 0.0005) (Fig. 3a). 
The dry mass of the seeds (7.72 g in the initial condition) 
became progressively reduced over time (P = 0.0168) 
(Fig. 3b), without the influence of temperature. Embryos 
from seeds maintained at 45/35 °C evidenced lower dry 
masses (8 mg, P < 0.0001) (Fig. 3c, d), while their water 
contents were always higher than in the initial condition 

Fig. 2   Germination percent-
ages of M. flexuosa seeds. 
The seeds were subjected to 
different temperature regimes 
for 60 days, and then transferred 
to a temperature of 30/20 °C for 
30 days, followed by removal 
of the operculum of non-germi-
nated seeds, and incubation at 
30/20 °C for 15 additional days. 
Red vertical lines indicate no 
statistical difference between 
treatments, using the Tukey test 
(P ≤ 0.05)

Fig. 3   a-f Effect of time and temperature on biometric characteris-
tics of seeds and embryos of M. flexuosa. The seeds were subjected 
to different temperature regimes for up to 60  days, and then trans-
ferred to the temperature 30/20 °C for another 30 days. Vertical bars 
indicate the standard error of the mean (n = 5). Asterisks (*) indicate 
difference in relation to the initial condition. Different lowercase let-
ters indicate differences between treatments, using the Tukey test 
(P ≤ 0.05)
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and higher also than those of embryos maintained in other 
thermoperiods (average of 87.8%, P < 0.0001) (Fig. 3e, f).

Viability, respiratory activity, and cell membrane 
functionality

Initial seed viability was 94% (Fig. 4a). Seed viability did 
not become altered after exposure to the 30/20, 35/25, and 
40/30 °C thermoperiods during the entire experimental 
period (91, 88, and 79.3%, respectively), while seed viabil-
ity after exposure to the 45/35 °C thermoperiod dropped 

to zero (P < 0.0001) (Fig. 4a). There was an increase in the 
respiratory activity from 1.5 A g−1 FM in the initial condi-
tion, to 3.6, 2.8, and 2.9 A g−1 FM after 90 days of exposure 
to the 30/20, 35/25, and 40/30 °C thermoperiods, respec-
tively; the respiratory activity of embryos in the 45/35 °C 
treatment was essentially zero (0.01 A g−1 FM, P < 0.0001) 
(Fig. 4b). The electrical conductivity of embryos in the ini-
tial condition was 57.9 µS g−1 FM, and was not statistically 
different from that recorded for the 35/25 °C treatment at 
the end of the experiment (68.7 µS g−1 FM) (Fig. 4c). The 
45/35 °C treatment affected membrane permeability more 
intensely, resulting in an approximately seven-fold increase 
in electrical conductivity in relation to the initial condition 
(405.1 µS g−1 FM, P < 0.001). It was not possible to carry 
out similar tests for the 30/20 and 40/30 °C treatments, as 
the breaking of dormancy and subsequent germination of the 
majority of the seeds in both treatments led to a reduction in 
samples available for conductivity evaluations.

Oxidative stress evaluation

The initial average H2O2 level of the embryos was 
2.86 mM g−1 FM (Fig. 5c), with reductions in the concen-
trations of H2O2 after 60 and 90 days (1.62 and 1.54 mM g−1 
FM, respectively; P = 0.0053) (Fig. 5a). The 45/35 °C ther-
moperiod evidenced the lowest H2O2 value after 90 days 
(1.06 mM g−1 FM) in relation to the other thermoperi-
ods, which did not differ from each other (Fig. 5b). After 
30 days of exposure to the different thermoperiods, H2O2 
levels in the embryos remained statistically similar to the 
initial level, regardless of the thermoperiod (P = 0.0260) 
(Fig. 5c). There were pronounced reductions in H2O2 levels 
at 30/20 and 45/35 °C at 60 days (1.53 and 0.78 mM g−1 FM, 
respectively) in relation to the initial condition (P < 0.0001) 
(Fig. 5c). A similar pattern was observed at the end of the 
experiment in terms of the 45/35 °C treatment (Fig. 5c). Due 
to the lack of samples (as a result of the germination of most 
seeds), it was not possible to evaluate the H2O2 levels of the 
30/20 and 40/30 °C treatments after 90 days.

The initial CAT activity was 15.95  µmol  min−1  g−1 
protein. The activity of this enzyme varied over time 
(P = 0.0003) (Fig. 5d), but no thermoperiod effects were 
observed (P = 0.1928). The activity of that enzyme increased 
to 11.05 and 12.85 µmol min−1 g−1 protein after 30 and 
60 days, respectively, and then to 19.40 µmol  min−1 g−1 
protein after 90 days, associated with reductions of H2O2 
levels in the embryos (Fig. 5a). In the initial condition, SOD 
activity was 0.30 U min−1 g−1 protein, and did not vary over 
time (P = 0.7067); likewise, no differences were observed 
among thermoperiods tested (P = 0.8279). APX activity 

Fig. 4   Percentage of viability (a), estimated respiratory activity (b), 
and electrical conductivity of water after immersion (c) of M. flexu-
osa embryos. The seeds from which the embryos were extracted were 
subjected to different temperature regimes for 60 days, and then trans-
ferred to the temperature 30/20 °C for another 30 days. Vertical bars 
indicate the standard error of the mean (n = 4). Asterisks (*) indicate 
difference in relation to the initial condition. Different letters indi-
cate differences between treatments within time, using the Tukey test 
(P ≤ 0.05)
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was 6.30 μmol AsA min−1 mg−1 protein at the beginning of 
the experiment, and enzyme activity did not vary over time 
(P = 0.3796) nor in relation to the different thermoperiods 
applied (P = 0.2869).

Time (P = 0.0325) and temperatures (P < 0.0001) influ-
enced MDA activity levels, without, however, there being 
any interaction between these factors (Fig.  5e, f). The 
MDA concentration in embryos in the initial condition was 
26.90 nmols g−1 FM. At 30 days, the concentration was 
27.73 nmols g−1 FM, a value that did not change signifi-
cantly until day 60 of the experiment (Fig. 5e). By 90 days, 
MDA concentrations had decreased to 19.87 nmols g−1 FM. 
The 45/35 °C thermoperiod evidenced the lowest value for 
this parameter (average of 16.12 nmols g−1 FM) in relation 
to the other treatments, which did not differ from each other 
(Fig. 5f).

Operculum resistance to displacement

In the initial condition, the force required to displace 
the operculum was 88.13 N  cm−2 (Fig. 6b). Operculum 

resistance became reduced throughout the course of the 
experiment in the different thermoperiod treatments of 
30/20, 40/30, and 45/35 °C (66.0, 75.3, and 75.5 N cm−2, 
respectively) (Fig. 6a). Only the seeds in the 35/25 °C treat-
ment (which led to dormancy intensification, Fig. 2) main-
tained their operculum resistance equal to that observed in 
the initial condition (77.8 N cm−2) until the end of the exper-
iment (Fig. 6b). At 60 days, the 30/20 °C thermal regime 
(the treatment that favored germination, Fig. 2) provided 
the greatest reduction in operculum resistance (66.0 N cm−2, 
P = 0.0330). After 90 days, there were slight reductions in 
operculum resistance in the 40/30 and 45/35 °C treatments 
(72.37 and 69.19 N cm−2, respectively), with no statistical 
difference between them (Fig. 6b). Operculum resistance 
was related to the dormancy intensity observed in seeds 
subjected to the 35/25 °C thermoperiod, and its reduction 
was related to the breaking of dormancy as a result of the 
30/20 °C treatment (Fig. 2, 6a).

Micromorphometric evaluations

The effects of the different thermal regimes on micromor-
phometric and histochemical characteristics of M. flexuosa 
embryos are presented in Supplementary Fig. S1, S2 and 
S3, respectively, and summarized in Fig. 7. The embryo has 
two morphological regions: (i) a proximal region consisting 
of the cotyledonary petiole, facing the micropyle, where the 
embryo axis is inserted; (ii) a distal region consisting of the 
haustorium, which constitutes the cotyledonary limbus and 
is responsible for mobilizing endospermic reserves (Fig. 7). 
The embryo axis is composed of the hypocotyl-radicle axis 
and the plumule, which is surrounded by the ligule, a lateral 
region of the cotyledonary petiole.

Cell expansion in the radicle and peripheral regions of 
embryos was observed at 30 days in seeds subjected to the 
35/25 and 40/30 °C thermoperiods, respectively (Fig. 7). 
The 45/35 °C thermoperiod caused cell expansion in both 
regions. At 60 days, cell expansion occurred in embryos 
subjected to all treatments, although with different patterns. 
The 30/20 °C thermoperiod (more favorable to germination) 
evidenced cell expansion in the radicle, peripheral regions 
of the cotyledonary petiole, and (in a pronounced way) in 
the peripheral and internal regions of the haustorium. The 
thermoperiods of 35/25 and 40/30 °C led to less cell expan-
sion in the haustorium, compared to the 30/20 °C treatment. 
The 45/35 °C thermoperiod, on the other hand, resulted in 
significant expansion of the peripheral cells of the cotyle-
donary petiole and the central region of the haustorium. 
None of the treatments affected the thickness of the layer of 
collapsed cells (digestion zone) of the endosperm adjacent 
to the haustorium.

Fig. 5   Effect of time and temperature on H2O2 (a–c), malondial-
dehyde (MDA) (e–f) contents, and the enzymatic activity of cata-
lase (CAT) (d), in embryos obtained of M. flexuosa seeds subjected 
to different thermal regimes for up to 60  days, and then transferred 
to a temperature of 30/20 °C for another 30 days. Vertical bars indi-
cate the standard error of the mean (n = 4). Asterisks (*) indicate 
difference in relation to the initial condition. Different lowercase 
letters indicate differences between treatments, using the Tukey test 
(P ≤ 0.05)
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Histochemical evaluations

The embryonic cells in their initial condition evidenced 
abundant mucilage reserves (Supplementary Fig. S3a–b, 
h). Reserve consumption generally intensified in the coty-
ledonary petiole and haustorium regions after 30 days, as 
evidenced by mucilage content and transient starch deposi-
tion reductions (Fig. 7 and Supplementary Fig. S3c–d, i). 
Metabolite translocation towards the embryonic axis was 
notable (Supplementary Fig. S3). Mucilage consumption 
and starch deposition were greater in the cotyledonary peti-
oles of embryos subjected to the 30/20 °C thermal regime 
(the more favorable regime for germination) and in the haus-
torium of embryos subjected to higher temperatures (40/30 
and 45/35 °C); those alterations were lower in embryos 
subjected to the 35/25 °C thermal regime (associated with 
greater dormancy intensity) (Fig. 7). The cells of the ligule 
and haustorium of embryos maintained at 45/35 °C showed 
signs of cellular disorganization at 30 days (Supplementary 
Fig. S2 e–g and S3j). At 60 days, mucilage reserve mobili-
zation and starch deposition were intense in the cotyledon-
ary petioles of embryos subjected to all treatments, except 
in the 45/35 °C thermoperiod. Starch deposition was only 
observed in the haustorium of embryos subjected to the 
30/20 °C regime (Fig. 7). Endosperm reserve mobilization 
was more evident in embryos maintained at higher tempera-
tures (Supplementary Fig. S3f-g). At 60 days, embryos from 
seeds incubated at 45/35 °C exhibited collapsed cells, with 
vacuolar contents dispersed in the cytoplasm (Supplemen-
tary Fig. S2 j–m).

The accumulation of phenolic compounds was observed 
at the proximal end of the cotyledonary petiole in embryos in 
the initial condition, without significant differences among 
the 30/20, 35/25, and 40/30 °C treatments throughout the 
duration of the experiment (Fig.  7 and Supplementary 

Fig. S2d). Increases in phenolic compound accumulations 
(including in the plumule) were observed in embryos main-
tained at 45/35 °C at 30 days; at 60 days, more significant 
quantities of these compounds were observed at the apex of 
the cotyledonary petiole and extravasated from the ruptured 
cells (Fig. 7 and Supplementary Fig. S2 h, i, m, n).

Ultrastructural evaluations

The protodermal cells in the cotyledonary petiole exhib-
ited a thicker external periclinal wall compared to the 
others (Fig. 8a, d, e, g). In the initial condition, the cyto-
plasm of those protodermal cells was thin, and periph-
eral, has flocculated content, small mitochondria and 
lipid droplets (Fig. 8b). Flocullar material (mucilage, 
confirmed by testing for neutral polysaccharides) was 
abundant in the vacuoles (Fig. 8a–c). The 30/20 °C ther-
moperiod treatment provoked small deformations of the 
cell wall (Fig. 8d); a proliferation of mitochondria around 
the nucleus, associated with poorly differentiated plastids, 
was observed in the cytoplasm (Fig. 8e, f). Invaginations 
were observed in the plasma membrane as well as the 
formation of vesicles to transport compounds originat-
ing from the endosperm (Fig. 8d–f). There was a slight 
accumulation of phenolic compounds in the vacuoles of 
the innermost cells of the ground meristem (Fig. 8f). The 
cells of embryos subjected to the 35/25 °C thermoperiod 
(the more restrictive treatment for germination) did not 
undergo evident changes in relation to their initial state 
(Fig. 8g–i), except that their cell walls showed sinuosities 
(Fig. 8g). Cells of the ground meristem evidenced dense 
protoplasts almost entirely filled with vacuoles contain-
ing mucilage, both in the initial condition and in embryos 
maintained at 35/25 °C (which were also rich in lipid 
droplets) (Fig. 8c, i). Protodermal cells from embryos 
subjected to the 40/30 °C treatment showed cytoplasm 
rich with organelles associated with the nucleus, the for-
mation of autophagic vacuoles, and notable reductions 
in their mucilage reserve (electron translucent proto-
plast) the same was observed in the 30/20 °C treatment 
(Fig. 8d–f, j, k). The cells of the ground meristem evi-
denced the accumulation of phenolic compounds in their 
vacuoles, and small sinuosities in their cell walls (Fig. 8l).

Short‑term effects of severe thermal stress 
(45/35 °C) on seeds

The dry masses of embryos subjected to the 45/35 °C ther-
moperiod regime became reduced after five days of eval-
uation, with the lowest values being observed at 30 days 
(Fig. 9a). The initial water content of the embryos was 
82.3%, but increased after 5 days at 45/35  °C (85.0%), 

Fig. 6   Force required to displace the operculum of M. flexuosa seeds 
subjected to different thermal regimes for 60  days and then trans-
ferred to the temperature 30/20  °C for another 30  days. a Isolated 
effect of temperature on the resistance of the operculum. b Variation 
in the resistance of the operculum as a function of time and tempera-
ture. Vertical bars indicate the standard error of the mean (n = 4). 
Asterisks (*) indicate difference in relation to the initial condition. 
Different lowercase letters indicate differences between treatments, 
using the Tukey test (P ≤ 0.05)
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Fig. 7   Scheme of micromorphometric changes and histochemical 
evaluations in M. flexuosa embryos from seeds kept under thermo-
periods of 30/20, 35/25, 40/30 and 45/35 °C, for 30 and 60 days. The 
evaluations were carried out on longitudinal sections of the cotyle-
donary petiole and cross sections of the embryos’ haustorium. The 

cell expansion dynamics represented are relative to the dimensions of 
the cells in the initial condition. cp cotyledonary petiole, ha hausto-
rium, gm ground meristem, li ligule, ol region opposite the ligule, pr 
protoderm, rd radicle, sp subprotoderm
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continuing to increase until 30 days, when it reached 86.1% 
(Fig. 9b).

Maintaining the seeds at 45/35 °C for up to 30 days did 
not affect embryo viability (92.5% in the initial condition, 
P = 0.1158). The seeds also demonstrated the maintenance 
of their ability to germinate after being transferred to 

30 °C, with an average germination percentage of 68.6%, 
without divergence from the initial condition (P = 0.0702). 
However, the respiratory activity of the embryos increased 
from 1.85 A g−1 FM in the initial condition to 3.80 A g−1 
FM (P < 0.001) at 20 days (Fig. 9c). The electrical con-
ductivity of embryos observed in the initial condition was 

Fig. 8   TEM images of the cotyledonary petiole obtained from Mau-
ritia flexuosa seeds grown at different temperatures (indicated on the 
left) for 60 days. a Protodermal cell of newly dispersed embryos with 
a thick external cell wall and cytosol containing a floccular-looking 
substance. b Mitochondria and lipid droplets arranged peripherally. c 
Ground meristem cells with prominent electron-dense vacuoles and 
sinuosities in the plasma membrane (arrowheads). d Pronounced 
sinuosity of the cell wall (ellipse) and the plasma membrane (arrow-
heads). e Proliferation of mitochondria, plastids and vesicles (arrow-
heads) in protodermal cells. f Accumulation of phenolic compounds 
and abundant vesicles (arrowheads) in cells of the fundamental mer-

istem. g Sinuosity of the cell wall and large vauoles with floccular 
material. h Numerous mitochondria and sinuosities in the plasma 
membrane (arrowheads). i Large vacuole rich in mucilage and lipid 
accumulation in plastids in the peripheral cytosol. j-k Formation of 
autophagic vacuole and vesicles. l Reduced amounts of mucilage and 
accumulation of phenolic compounds in the vacuole av autophagic 
vacuole, ct cytosol, cw cell wall, er endoplasmic reticulum, is inter-
cellular space, li lipids, me plasma membrane, mi mitochondria, nu 
nucleus, ph phenolic compounds, pl plastids, ps periplasmic space, to 
tonoplast, va vacuole, vs vesicles
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131.8 µS  g−1 FM, which was the same as observed for 
embryos from seeds kept at 45/35 °C (P = 0.3583).

The initial average H2O2 concentration in the embryos 
was 2.86 mM g−1 FM; this average did not change through-
out the experimental period (P = 0.7983). The initial 

activities of CAT and APX were 1.13 µmol min−1 g−1 pro-
tein and 1.15 μmol AsA min−1 mg−1 protein, respectively; 
no differences were observed due to thermal stress. Superox-
ide dismutase activity was detected after 5, 10, and 30 days 
at 45/35  °C (0.054; 0.060; 0.042  U  min−1  g−1 protein, 

Fig. 9   Dry mass (a), water 
content (b), estimated respira-
tory activity (c), SOD activity 
(d) and MDA content (e) of 
embryos obtained from M. 
flexuosa seeds before and after 
being subjected to 45/35 °C, 
for up to 30 days. Vertical bars 
indicate the standard error of 
the mean (n = 4). Asterisks (*) 
indicate difference in relation to 
the initial condition, using the 
Tukey test (P ≤ 0.05)
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respectively) at levels higher than the initial condition 
(Fig. 9d). The MDA concentration in the initial condition 
(15.24 nmols g−1 FM) became reduced after 5 days of incu-
bation, reaching 9.35 nmols g−1 FM and remaining lower 
than the initial condition throughout the course of the experi-
ment (P = 0.0051) (Fig. 9e).

Cytological changes indicative of cell collapse occurred 
gradually between 5 and 30 days of cultivation under the 
45/35 °C thermoperiod regime (Fig. 10a–l), culminating in 
cell death at 60 days (Fig. 10m–p). At five days, the cyto-
plasm of the protoderm cells remained rich in organelles that 
were markedly differentiated, with a notable proliferation 
of vesicles (Fig. 10a, b). From 15 days onwards, however, 
it was possible to identify intense deformity of the cell wall 
(Fig. 10e, m) and intense retraction of the plasma membrane, 
with the accumulation of substances in the periplasmic space 
(Fig. 10f, j). At 30 days, vacuolar contents were partially 
mobilized, with visible phenolic deposition (Fig. 10 i). The 
cells of the ground meristem likewise maintained a proto-
plast rich in organelles and lipid droplets, and the vacuoles 
contained remnants of mucilage and evidenced the gradual 
accumulation of phenolic compounds as well as the forma-
tion of autophagic vacuoles (Fig. 10c, d, g, h). At 30 days, 
there was a notable retraction of the plasma membrane 
and accumulations of substances in the periplasmic space 
(Fig. 10k, l). At 60 days, the protoplast evidenced wide-
spread degradation, with the disintegration of the plasma 
membrane and organelles, with only the remnants of floc-
culated material, phenolic compounds, autophagic vacuoles, 
and vesicles dispersed in the cytosol (Fig. 10m-p).

Taken together, the results revealed the ability of seeds to 
buffer the effects of thermal stress for short periods, but were 
highly vulnerable to prolonged exposure to extreme condi-
tions – associated with reserve depletion and the collapse of 
the embryonic cells.

Discussion

High temperatures and germination control

Exposure to high temperatures affects the germination of 
M. flexuosa seeds, causing maintenance or intensification of 
dormancy or loss of viability (Fig. 11). The most extreme 
thermal regime tested in the present work (45/35 °C, which 
has not yet been recorded in historical climate records in the 
study region; Fig. 1) caused the loss of seed viability when 
continued for 60 days. On the other hand, seeds respond to 
non-fatal high-temperature situations by halting germination 
(Fig. 2). The 40/30 °C thermoperiod contributed to main-
taining the initial dormant state of the seeds, as some of the 
seeds quickly germinated when transferred to the 30/20 °C 
regime. The 35/25 °C thermoperiod regime induced an 

increase in dormancy intensity, as the seeds did not germi-
nate when transferred to a 30/20 °C regime. Such thermo-
periods normally occur in the transition between dry/rainy 
periods (September and October, the austral Spring), when 
rainfall is irregular and scarce, or during heat waves associ-
ated with drought (known as ‘veranicos’, which frequently 
occur during the austral summer rainy season in December 
and January). These periods of low water availability limit 
germination and pose risks to seedling survival. It is impor-
tant to note that the Cerrado veredas phytophysiognomy 
(where M. flexuosa occurs) is generally a humid environ-
ment, but shows accentuated cross-stratification and soils 
subject to humidity fluctuations throughout the year, espe-
cially at the edges of the veredas (Araújo et al. 2002; Porto 
et al. 2018; Almeida et al. 2024). High temperatures likewise 
inhibit the germination of Euphorbia sp. (Euphorbiaceae) 
seeds during occasional rains in the Mediterranean region 
(Cristaudo et al. 2019).

The germination of M. flexuosa seeds was favored by the 
30/20 °C thermal regime (the typical regime of the rainy sea-
son; Fig. 1, 2). So adjusting the germination rate in response 
to temperature appears to represent a viable strategy favoring 
seedling recruitment during the rainy season. A similar pat-
tern was observed with the orthodox seeds of Annona cras-
siflora (Annonaceae) and Acrocomia aculeata (Arecaceae) 
that show morphophysiological dormancy in soil seed banks 
in the same biome (Silva et al. 2007; Souza et al. 2022).

Previous research pointed to the control of buriti palm 
germination by pronounced seed dormancy, the capacity 
to maintain seed banks, and environmental temperatures 
(Silva et al. 2014; Salvador et al. 2022). According to these 
studies, the seeds of M. flexuosa will germinate in a wide 
range of temperatures after dormancy is overcome natu-
rally as the seeds pass through the soil bank. In the present 
work, additional evidence was found that temperature acts 
to reduce the resistance of tissues adjacent to the embryo 
(Fig. 6) in seeds exposed to seasonal cycles in seed banks, 
thus overcoming the physiological component of mor-
phophysiological dormancy and increasing their growth 
potential (Fig. 7) (concepts by Baskin and Baskin 2014). 
The 30/20 °C treatment appeared as more effective in 
reducing the resistance exerted by the operculum, a critical 
mechanical restriction that maintains dormancy in palm 
seeds (Neves et al. 2013; Silva et al. 2014; Carvalho et al. 
2015; Mazzottini-dos-Santos et al. 2018). Furthermore, 
significant cytological changes were observed in embryos 
while breaking dormancy (when exposed to 30/20 °C), 
such as cell expansion and reserve mobilization towards 
the embryonic axis (Fig. 7).

Variations in dormancy intensity are common within 
seed populations (Finch-Savage and Leubner-Metzger 
2006; Baskin and Baskin 2014; Carvalho et al. 2015), and 
the resulting uneven germination represents a strategy to 
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Fig. 10   TEM images of the cotyledonary petiole obtained from Mau-
ritia flexuosa seeds cultivated at 45/35 °C at different times (indicated 
on the left). a Accumulation of a floccular-looking substance in small 
vacuoles and in the cytosol. b Periphery of the cell showing small 
accumulation of substances in the periplasmic space; the cytoplasm 
is dense, containing mitochondria, vesicles from the endoplasmic 
reticulum and some lipid droplets. c Peripheral cytoplasm and volu-
minous vacuole containing remnants of substances with a floccu-
lated appearance. d Periphery of the cell indicating dense cytoplasm, 
with a conspicuous nucleus, mitochondria, plastids and proliferation 
of autophagic vacuoles (arrows). e Large sinuosities in the cell wall 
(ellipse) and retraction of the plasma membrane (arrows). f Periph-
ery of the cell with evident vacuolation (rectangle). g Beginning of 
accumulation of phenolic compounds in the vacuole. h Periphery 
of the cell with intact mitochondria and lipid droplets. i Accumula-

tion of phenolic compounds in the vacuole. j Strong retraction of the 
plasma membrane (arrows) and proliferation of small vacuoles in the 
cytosol. k, l Retraction of the plasma membrane (black arrows) and 
accumulation of phenolic compounds in the vacuole and substances 
in the periplasmic space; in the peripheral cytoplasm, mitochondria 
and plastids are intact. m Sinuosity of the wall (ellipse) and protoplast 
with remnants of flocculated substances (arrow). n Periphery of cells 
indicating damage to the plasma membrane (arrowheads) and proto-
plast remnants (black arrows). o, p Remnants of the protoplast with 
autophagic vacuole (white arrow) and proliferation of vesicles (rec-
tangle). ct cytosol, cw cell wall, di dictyosome, er endoplasmic reticu-
lum, is intercellular space, li lipids, mi mitochondria, nu nucleus, ph 
phenolic, pl plastids, pm plasmosdemata, ps periplasmic space, va 
vacuole, vs vesicles
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distribute seedling emergence over time (bet-hedging) and 
thus maximize the chance of survival under unfavorable cli-
matic conditions (Ooi et al. 2007; Silva et al. 2007; Long 
et al. 2015; Pausas et al. 2022; Zhang et al. 2022). Our 
results indicate that M. flexuosa seeds overcome dormancy 
during the rainy season, while seeds that do not germinate 
can increase their dormancy intensity (through exposure to 
high temperatures), being capable of germination only in 
subsequent rainy periods. Temperatures as high as 45/35 °C, 
which are predicted to occur in the region in the future due 
to climate change (Cristaudo et al. 2019; Oliveira et al. 2019; 
IPCC 2022), may exceed seed tolerance limits and become 
lethal (Fig. 4a).

Cytological and physiological responses 
to thermal stress

Buriti palm seeds are capable of high levels of cellular 
homeostasis in response to thermal stress, although they 
appear highly vulnerable to a 45/35 °C regime (Fig. 11). 
None of the other treatments presented severely stressful 
conditions to the seeds. Progressive cell expansion and 
reserve mobilization were observed during the evaluation 
periods, associated with high germination rates, especially 
in the 30/20 °C treatment (Figs. 2, 7). Additionally, buriti 
seeds respond well to short periods of high temperatures, 
maintaining levels of cellular metabolism that, in due course, 
will contribute to germination. Exposure to a 40/30 or 
40 °C thermal regime, followed by 30 °C, was also found to 

promote high germination rates among seeds of the Brazilian 
palm Butia odorata (Schlindwein et al. 2013).

The high temperatures used in the present work promoted 
rapid cell expansion and the activation of reserve mobili-
zation processes. Ultrastructural changes (cell expansion, 
vacuolization, reserve mobilization) that occur in recalci-
trant seeds during storage (or the maintenance of dormancy) 
are comparable to germination initiation events in orthodox 
seeds (Farrant et al. 1985; Moothoo-Padayachie et al. 2016; 
Veloso et al. 2016). This increased metabolic activity con-
tributes to preparing the seed for rapid germination when 
appropriate environmental conditions are available. In the 
present work, the states of the embryos kept at 35/25 °C 
(a treatment that favors the maintenance of dormancy), 
however, were more similar to that observed in the initial 
condition (Figs. 7, 8). In a study with simulated seed banks 
of A. crassiflora (Annonaceae), Silva et al. (2007) likewise 
observed the absence of significant changes at the cellular 
level in non-germinated seeds after an emergence peak, sug-
gesting a relationship between cellular status and the level 
of dormancy.

Oxidative damage associated with active metabolism is 
normally the main cause of viability losses in recalcitrant 
seeds (Berjak and Pammenter 2008). On the other hand, the 
negative impacts of ROS tend to remain reduced in seeds 
exhibiting physiological dormancy, due to the presence of 
antioxidants and hormones associated with dormancy (Long 
et al. 2015; Moothoo-Padayachie et al. 2016). We verified 
here that enzymatic antioxidant systems were important 
for controlling oxidative stress in buriti seeds subjected to 
high temperatures, and that those systems have fundamental 

Fig. 11   Synthesis scheme of Mauritia flexuosa seed responses to different thermal regimes. cc collapsed cells, cn collapsed nucleus, em embryo, 
en endosperm, gm ground meristem, mu mucilage reserve, op operculum, sc seed coat, st starch, va vacuoles, wz weakness zone
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roles in the persistence of seeds in soil banks (Salvador et al. 
2022). The concentration of H2O2 became reduced over time, 
indicating that CAT activity was efficient in preventing lipid 
peroxidation from reaching harmful levels (Fig. 5a, d). Fur-
thermore, SOD activity increased rapidly in response to the 
intensification of cellular metabolism (Fig. 9d), demonstrat-
ing its relevant role in the immediate containment of ROS 
in seeds under severe heat stress. Another important aspect 
is that groups of compounds showing antioxidant activities 
present in buriti fruits and seeds (e.g., phenolics and vitamin 
E; Siles et al. 2013; Silva et al. 2014) are effective as protec-
tive mechanisms against oxidative damage (Bailly 2019). 
In the present work, we identified greater accumulations of 
phenolic compounds in embryonic tissue subjected to high 
temperatures (Fig. 9, 10g, l), thus reinforcing the importance 
of these substances under stress conditions.

The 45/35 °C condition caused seed death in a short 
period of time, as seen by the high levels of cellular degra-
dation observed from 30 days onwards (Fig. 10e–p). Before 
that time, oscillations of the evaluated physiological param-
eters were noted, reflecting homeostatic attempts to adjust 
the physiological status of the embryos exposed to high-
temperatures and maintain short-term viability. Our short-
term evaluation of the effects of the 45/35 °C regime did 
not allow us to associate cell death with oxidative stress, 
as H2O2 and MDA levels remained controlled for 30 days 
(Fig. 9e). Reserve exhaustion was evident, however, as a 
result of high respiratory activity (9c), and was associated 
with irreversible cellular disorganization (Fig. 10m–p).

No studies were found in the literature relating thermal 
stress to oxidative stress in recalcitrant seeds, however, simi-
larities can be noted between cell damage caused by thermal 
stress and damage resulting from seed dehydration (Veloso 
et al. 2016; Gonçalves et al. 2020; Dias et al. 2024). Veloso 
et al. (2016) reported collapsed protoplasts in embryonic 
cells in M. flexuosa seeds dehydrated to 20% water content, 
with the disintegration of organelles and the leaching of 
cellular contents into the periplasmic space. In the present 
work, treatments that did not promote cell death maintained 
cell integrity, with large mucilaginous vacuoles and cyto-
plasm rich in organelles and reserve compounds (Fig. 8d–l). 
Buriti seeds, therefore, evidence resistance mechanisms 
that can withstand high temperatures, restrict germination, 
but maintain an active metabolism—although these resist-
ance mechanisms can be overcome by drastic temperature 
increases.

Ecophysiological implications of high temperatures 
on recalcitrant M. flexuosa seeds

The differential responses of seeds to thermal regimes rep-
resent an important adaptive factor for M. flexuosa in the 

highly seasonal Cerrado environment (Fig. 11), although 
its seeds are vulnerable to extreme temperatures and may 
impact its conservation in future scenarios. Temperature 
cycles were shown to be important in controlling the germi-
nation of the Cerrado palms A. aculeata (Souza et al. 2022) 
and Butia capitata (Gonçalves et al. 2020; Soares et al. 
2021), which are tolerant to desiccation and high tempera-
tures. For these palms, temperature is a factor for overcom-
ing morphophysiological dormancy and an indicator of the 
allocation of germination during the rainy season. Doubts, 
however, persist in the case of the buriti palm, considering 
that the species produces recalcitrant and dormant seeds 
and is native to the same seasonal environment—although 
restricted to humid environments (veredas).

Veredas sites experience the same climatic regime 
as neotropical savanna formations (Cerrado), but their 
edaphic characteristics are quite unique (Ribeiro and 
Walter 2008; Ávila et al. 2021). Veredas are quite long 
and narrow (associated with shallow runoff), with a per-
manently humid central region but a considerable border 
area subject to drying (a drying that would intensify as a 
result of irregular precipitation rates and rising tempera-
tures). Our research has shown that M. flexuosa seeds use 
thermal cycles as indicators, which may help explain why 
it is one of only two species of palm trees of Amazonian 
origin (along with Mauritiella armata) that have adapted 
to semi-arid environments (Nunes et al. 2022; Almeida 
et al. 2024). The long-term persistence of buriti in Cer-
rado veredas, however, remains uncertain. The increased 
temperatures expected due to climate change will likely 
alter regional precipitation patterns (IPCC 2022), upset-
ting the interactions established between the seeds and 
their environment, thus putting the maintenance of natu-
ral populations at risk (Stevens et al. 2014; Pausas et al. 
2022). Species with high degrees of specialization tend to 
be more sensitive to climate change (Borges et al. 2019), 
and their persistence will depend on both seed and habitat 
resilience.

Recent studies have drawn attention to the poten-
tial collapse of veredas ecosystems, as they are highly 
vulnerable to human local impacts and climate change 
(Silva et al. 2014; Ávila et al. 2021; Nunes et al. 2022; 
Almeida et al. 2024). In this sense, the prospect of rising 
global temperatures and increased occurrences of extreme 
weather events is worrying, as they could impact seed 
bank dynamics and the reproduction of this iconic South 
American palm tree. Our results therefore highlight that 
investigating the effects of environmental variables on 
seed physiology will be important for predicting future 
ecological dynamics and for proposing appropriate con-
servation practices.
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Conclusions

Temperature affects the viability and germination of M. 
flexuosa seeds. Germination is stimulated by the thermal 
regime typical of the Cerrado rainy season (30/20 °C) 
and is associated with the reduction of the mechanical 
resistance exerted by the seed operculum, the mobiliza-
tion of metabolic reserves, and embryo cell expansion. 
The seeds react preventively to high temperatures, restrict-
ing germination while maintaining an active metabolism, 
and relying on mechanisms of resistance to thermal stress 
(including an enzymatic antioxidant system efficient in 
controlling oxidative stress at high temperatures). The 
extreme thermal regimes expected to occur in the future, 
however, would cause extensive seed deaths if prolonged. 
The responses of buriti seeds to temperature cycles are 
important for controlling the dynamics of the species’ seed 
banks, so that any significant increases in local tempera-
tures will put the reproductive success of the species at 
risk.
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