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Cocoa is a recalcitrant species, sensitive to low temperatures and reduced water levels. This may be related to the
inefficiency of its defense mechanisms against stressful conditions. The aim of this study was to determine the
activity of the enzyme SOD (superoxide dismutase) as a biochemical marker of drying sensitivity in cocoa seeds,
as this enzyme is responsible for removing free radicals that can led to cell death. To achieve this, two lots of
cocoa seeds, extracted from ripe fruits, were subjected to continuous drying in an oven with forced air circulation
at 34 + 2°C to obtain treatments with varying water contents. The seeds from each treatment were evaluated for
water content, germination, viability, and biochemical analysis to evaluate the activity of the SOD enzyme. It is
concluded that the quality of the lots can interfere with the response of SOD enzyme activity. However, a
tendency for a reduction in SOD activity was observed with the reduction of water content in both lots, which
adversely impacts the viability of the seeds. Therefore, the assessment of the activity of this enzyme can be used
as a reliable marker of drying sensitivity.
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Tolerancia a secagem em sementes de cacau e uso da superoxido dismutase

como marcador bioquimico. O cacau ¢ uma espécie recalcitrante, sendo sensivel a baixas temperaturas
e a baixos teores de agua. Isso pode estar relacionado a ineficiéncia dos mecanismos de defesa em condigdes de
estresse. O trabalho teve como objetivo determinar a atividade da enzima SOD (superoxido dismutase) como um
marcador bioquimico de sensibilidade a secagem em sementes de cacau, uma vez que essa enzima € responsavel
por remover os radicais livres que provocam a morte celular. Para isso, dois lotes de sementes de cacau, extraidas
de frutos maduros, foram submetidos a secagem continua em estufa com circulagao de ar forcada a 34 £ 2 °C para
obter tratamentos com diferentes teores de agua. As sementes de cada tratamento foram avaliadas quanto ao
teor de 4gua, germinacao, a viabilidade, e a analise bioquimica para a avaliagdo da atividade da enzima SOD.
Conclui-se que a qualidade dos lotes pode interferir na resposta da atividade da enzima SOD. Entretanto,
observou-se uma tendéncia de reducdo da atividade da SOD com a reducao do teor de 4gua em ambos os lotes,
o0 que impacta a viabilidade das sementes. Dessa forma, a avalia¢ao da atividade dessa enzima pode ser utilizada
como marcador de sensibilidade a dessecagao.
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Introduction

In 2022, the largest cocoa production was on the
African continent, representing 69.85% of world
production. The second largest producer was the
American continent, which accounts for 17.26% of world
production (FAOSTAT, 2024). This crop production,
especially in agroforestry systems, has a high economic,
social, and environmental value for the population, as it
can promote biodiversity, contribute to the economic
income of producers, and generate employment (Gama-
Rodrigues et al., 2021). Cocoa beans are used as raw
material for food and for producing seedlings for grafting,
especially for rootstock production (Sodré, 2013; Di
Mattia et al., 2017).

Cocoa seeds are considered recalcitrant (Li and Sun,
1999; Salles et al., 2019) due to their inability to survive
prolonged periods of storage, low temperatures, and low
water contents. This is in contrast to orthodox seeds, which
are more resilient (Gasparin et al., 2019). The analysis of
critical and lethal water contents in seeds is a parameter
used to identify recalcitrance. Nair et al. (2020) and Viana
et al. (2020) demonstrated that for the storage of
recalcitrant seeds, they should be kept with water contents
higher than the critical level, as lower values result in a
drastic loss of seed viability. Upon reaching the lethal
level, germination did not occur (Viana et al., 2020).

This drying sensitivity is related to the cellular
protection mechanisms present in seeds. The enzyme
superoxide dismutase (SOD) serves as a defense
mechanism against stresses such as water stress and
indicates vigor in aging conditions (Francini et al., 2006;
Liuetal., 2020). During the process of eliminating free
radicals, the enzyme functions by reducing the oxygen
ion (O,’) into hydrogen peroxide (H,0,) and oxidizing
another O, to form oxygen (O,) (Marcos-Filho, 2015).
Consequently, SOD plays a pivotal role in regulating the
level of free radicals and ensuring the retention of
proteins within living tissues. Its activity is subject to
change as seeds age, which consequently affects their
viability (Ardebili et al., 2019; Brar et al., 2019).

In recalcitrant seeds of Quercus robur L., the
decline in SOD activity in the embryonic axis was
observed to occur concomitantly with the loss of water
in the seed during drying, as well as the accumulation
of free radicals and increased lipid peroxidation in the
axes (Hendry et al., 1992). This increase in free radicals
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was also observed by Chandra et al. (2021) in seeds of
Madhuca latifolia Roxb., which exhibited a decrease in
water content. In cocoa seeds, SOD declined with drying,
and there was an increase in lipid peroxidation products
in the cotyledons, as reported by Li and Sun (1999).

In light of the aforementioned considerations,
biochemical markers (such as SOD) represent crucial
mechanisms for identifying seed quality, as they allow
for the elucidation of protection mechanisms against
oxidative stress. The objective of this study is to ascertain
the activity level of the enzyme superoxide dismutase
(SOD) as a biochemical marker of drying sensitivity in
recalcitrant cocoa seeds (Theobroma cacao L.).

Material and Methods

The present study involved the analysis of two
batches of cocoa beans procured from ripe fruit
purchased at the Campinas Supply Center (CEASA de
Campinas). Subsequently, the seeds were extracted and
processed to remove the pulp by manual rubbing through
a fine sand sieve. The seeds were then homogenized
and washed in running water, after which they were
dried on the surface using paper towels. For this work,
batches were not used for comparative purposes but
rather for repetition.

Following surface drying, the seeds were subjected to
continuous drying in an oven with forced air circulation at
36 °C to obtain 11 different treatments, which considered
different drying times, spaced at three-hour intervals, for a
total of 30 hours. The drying times were as follows: 0 h,
3h,6h,9h,12h, 15h, 18 h, 21 h, 24 h, 27 h, and 30 h.

The seeds from each treatment were evaluated for
water content (four replicates of five seeds) and
germination (four replicates of 25 seeds) and viability
using the tetrazolium test (four replicates of 10 seeds).
To determine the water content, the oven method was
employed at 105 + 3 °C for 24 hours (Brasil, 2009). For
the germination test, the seeds that germinated in
vermiculite within a closed germination chamber at 25°C,
following the methodology of Voigt et al. (1995) with
adaptations. The substrate was moistened to 60% of its
water retention capacity in order to ensure that sufficient
water would be available for germination. The seeds in
the germination test were not treated with sodium
hypochlorite because the presence of fungi is important
in the assessment of germination (Brasil, 2009).
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An evaluation of normal seedlings was conducted, with
particular attention to those that exhibited the growth of
primary and secondary roots. In the first batch,
germination was evaluated on four occasions, with the
final assessment occurring on the 26th day following the
initiation of the experiment. In Batch 2, three evaluations
were conducted concluding on the 27th day. The final
assessment was determined by considering the time at
which the formation of normal plants stabilized.

The tetrazolium test was carried out to assess the
viability of cocoa seeds. A preliminary test was conducted
to determine the optimal concentration of 0.075% and
the optimal immersion time in the tetrazolium solution of
7 hours. The concentrations tested in the preliminary
experiment were 0.075%, 0.1%, and 0.5%, while the
times analyzed were 2, 3, 4, 5, 6, and 7 hours.

Before immersion of the seeds in the tetrazolium
solution, they were wrapped in germination paper that
had been moistened to a weight ratio of 2.5 times the dry
weight of the paper. The seeds were then stored until the
tegument was removed. The seed coat was removed
using a razor blade with the objective of creating a
superficial lateral cut opposite the embryonic axis.
Subsequently, the seeds from each treatment were placed
in a 0.075% tetrazolium solution for a period of seven

hours. Afterward, the seeds were rinsed in running water
and maintained in water at a temperature of 25 °C in a
BOD until analysis. For the purposes of this analysis, the
viability of the seeds from each treatment was classified
according to the following criteria (Table 1 and Figure 1).

Furthermore, a portion of the seeds from each
treatment was separated and frozen in a freezer set to
-10 °C for subsequent assessment of SOD enzyme
activity. The methodology employed was that of Sekita
(2012), with adaptations, using only the whole
embryonic axes for extraction.

Table 1. Cocoa seed viability class for the tetrazolium test.

Class Critéria
Class 1 Viable. Pink embryonic axis.
Viable. Pink embryonic axis. Presence of small
Class 2 spots with a more intense pink color, less than
50% of the total area.
Class 3 Viable. Embryonic axis with an intense pink color
ass that represents more than 50% of the total area.
Not viable. Embryonic axis with more than 50%
Class 4 . . . .
white color, mixed with intense pink tones.
Class 5 Dead. Embryonic axis completely white.

Class 1 Class 2 Class 3

00000

Class 4

Class 5

Figure 1. Viability analysis of cocoa seeds using the tetrazolium test and a zoomed image of the dead embryonic axis in class 5. Class 1:
Pink embryonic axis. Class 2: Embryonic axis with small patches of more intense pink color. Class 3: Embryonic axis with intense pink
color in more than 50% of the total area. Class 4: Embryonic axis colored white over 50% of the total area. Class 5: Embryonic axis

completely white.
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The results of the germination and viability
tests were subjected to analysis of variance
(ANOVA) to identify any significant effects.
In the event of a significant effect the means
were analyzed using the Tukey test at a 5%
probability. The R software was used for
statistical analysis.

Results

A reduction in the water content of the cocoa
seeds was observed with exposure to the different
drying times for both batches (Figure 2). For Batch
1, at time zero, the water content was 57.24%,
reaching a water content of 26.75% after 30 hours
of drying For Batch 2, the initial water content was

Water content (%)
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67.58%, reaching 23.91% after 30 hours of drying.

The data pertaining to the drying rate
(percentage of water loss in relation to the initial
water content), germination, and viability, as
determined by the tetrazolium test, are presented in
Table 2. It can be observed that following the drying
process, the viability of the seeds decreased for both
batches, as cocoa seeds are recalcitrant and cannot
tolerate losses in water content. For Batch 2, there

Figure 2. Water content (in percentage) of Theobroma cacao L. seeds in
batch 1 and batch 2 at different drying times (in hours) in a forced circulation
oven at 36° C.

was a loss of data during the collection process at
the 24-hour drying time, which is not reflected in the
table. For Batch 1, at a water content of 26.75%,
only 15% of the seeds germinated. For Batch 2,
germination was 51% when the seeds reached a
water content of 23.91%.

Table 2. Water content (WC), drying rate (DR), germination (G) and viability by tetrazolium (TZ), in percentage, in Theobroma cacao L.
seeds with different drying times in a forced circulation oven at 36 °C for Batchs 1 and 2.

Drying times

() WC(%) | DR(%)| G(%) | TZ(%) WC (%) | DR (%) G(%) | TZ(%)
0 57.24 0.00 68 a* 93.33 67.58 0.00 72.00a | 82.50a
3 59.29 3.58 51ab 87.50 ab 63.63 -5.84 83.00a | 82.50a
6 55.32 335 54ab 95.00 a 57.69 -14.63 73.00a | 85.00a
9 53.53 -6.48 61a 95.00 a 63.38 -6.21 73.00a | 87.50a
12 48.07 -16.02 40abed | 82.50abe 66.04 228 51.00b | 90.00a
15 42.33 26.05 46 abc 62.50 abed 58.35 -13.66 5442b | 87.50a
18 43.61 23.81 26bed | 65.00 abed 56.20 -16.84 5839b | 82.50a
21 40.23 29.72 12d 53.61 bed 53.84 2033 60.00b | 92.50a
24 33.86 -40.85 20cd 46.11 cd - - - -

27 27.45 -52.04 13d 37.50d 32.91 -51.30 5130b | 30.00b
30 26.75 5327 15d 30.00 d 23.91 -64.62 51.00b | 40.00b

CV (%) 31.34 16.89 24.42 20.60

*Means followed by the same letter in the columns do not differ by the Tukey test at 5% probability
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The critical water content, or the point at which
a significant decline in germination was observed,
was determined to be 43.61% (drying time of 18
h) for Batch 1 and 66.04% (time of 12 h) for Batch
2. This critical content is defined by the point at
which there is a notable decline in germination due
to the drying of the seeds.

In general, viability, as determined by the
tetrazolium test exhibited a similar trend to that
observed for germination (Table 2). However, a
difference was observed between the viability of
the seeds assessed by these two methods.

Regarding the drying rate it was observed that
this was lower in Batch 1 (-53.27%) than in Batch
2 (-64.62%) in comparison to the initial period up to
30 h (Table 2).

As for SOD activity it can be observed that in
Batch 1, no clear trend in activity was evident
(Table 3). However, for Batch 2, a correlation was
observed between the reduction in SOD activity and
the drying process.

The observed difference in SOD activity
between the two batches may be attributed to
differences in seed quality. Batch 1 (Figure 3A) was
found to be of lower quality than Batch 2 (Figure
3B), which may explain some of the observed
variations in the results.

Table 3. Drying time and percentage of photoreduction by the
superoxide dismutase (SOD) sample in Theobroma cacao L.
seeds with different drying times in a forced circulation oven
at 36 °C.

i e % of photoreduction by sample (SOD)
(h) Batch 1 Batch 2
0 81.52 231.35
3 88.40 170.64
6 114.58 156.67
9 82.70 173.91
12 121.03 189.98
15 75.02 137.49
18 98.65 134.30
21 83.75 125.65
24 104.40 89.60
27 76.03 127.48
30 111.10 132.64
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Figure 3. Effect of drying on batch 1 (A) and 2 (B) in relation to
germination percentage and the percentage of inhibition of
photoreduction by the sample (SOD).

Discussion

Drying, which causes a reduction in water content,
negatively impacts germination of recalcitrant species, as
seen in this study for cacao species. Seiffert et al. (20006),
Negi and Rawal (2019), and Viana et al. (2020) observed
that the viability of recalcitrant seeds decreased when the
water content in the seed was reduced. Also, in Viana et
al. (2020), seeds showed a significant decline in germination
after reaching the critical water content, similar to that
observed in cacao seeds.

The observed difference in drying rate between Batch
1 and Batch 2, despite their exposure to the same drying
time, may be attributed to the initial water content of the
seed, which was higher in Batch 2. Additionally, there was
adiscrepancy in germination rates between the two batches,
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suggesting that Batch 2 exhibited superior physiological
potential due to its higher germination rates at 30 hours.

This discrepancy in germination, between the
batches, may also be attributed to the drying rate. As
elucidated by Marcos-Filho (2015), when drying occurs
at a slower pace, there is a heightened susceptibility to
damage to the seed, which can culminate in damage to
biochemical processes and cell structure. Some observed
damages caused by drying include changes in protein
structure, changes in the concentration of sugars in the
embryonic axes and cotyledons (Connor and Sowa,
2003), and even in the activity of enzymes such as SOD
(Liand Sun, 1999; Ardebili et al., 2019; Brar et al., 2019;
Anusha et al., 2022; Walt et al., 2022).

One hypothesis for the decline in germination when
the water content of the seeds is reduced is related to
the failure of some biochemical mechanisms that did
not preserve the viability of the seed (Connor and Sowa,
2003). Some of the observed damage is electrolyte
leakage, which increases with drying time and negatively
affects seed viability (Vieira et al., 2022). It was
observed in recalcitrant Camellia sinensis seeds that
drying resulted in changes in the responses of stress
proteins, such as catalase and ascorbate peroxidase, and
proteins related to metabolic activity. Prolonged drying
resulted in changes in the activity of proteins related to
metabolic activity due to the use of energy to overcome
the stress caused by drying. The authors also observed
that the use of ROS scavengers helped to increase the
germination of the seeds studied (Chen etal.,2011). As
stated by Sharanya et al. (2023), the exposure of seeds
to drying conditions has been shown to compromise
germination and the cell membrane, thereby interfering
with their physiological quality.

The water content of cocoa seeds interferes with
the biochemical activity of SOD. The reduction of SOD
was also observed by Feng et al. (2017) in their study
of Ginkgo biloba seeds, the activity of superoxide
dismutase increased when the water content was 25%
in the seed and subsequently decreased along with the
drying of the seeds. In Peng et al. (2023), SOD was
also found to be affected by drying in recalcitrant seeds
of Sassafras tzumu (Hemsl.) Hemsl.

It is important to note that SOD is one of the initial
response mechanisms against stress. Additionally, other
enzymes, such as catalase and peroxidase, play a role
in the capture of free radicals and contribute to the
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protection against seed deterioration (Marcos-Filho,
2015). Consequently, the behavior (increase or decrease
in activity) of these enzymes during drying varies with
the presence of these radicals and the efficiency of these
mechanisms (Varghese and Naithani, 2002; Viana et
al., 2020).

According to Liu et al. (2020), SOD activity can act
as an indicator of batch vigor, as the inefficiency of the
enzyme system has been shown to indicate loss of vigor
in Metasequoia glyptostroboides seeds. Another study
found that in recalcitrant Syzygium maire seeds, the
water content of the seed influenced SOD activity, which
decreased with rapid drying (Walt et al., 2022).
Furthermore, the authors observed that SOD exhibited
no activity when the seed was not viable. This indicates
that SOD activity can be a parameter of viability, as
observed in this study. Batch 1 was found to have lower
physiological quality than Batch 2, as it exhibited lower
levels of SOD activity, which coincided with low viability
(both in the germination test and in the tetrazolium test
at 30 hours).

In light of these observations, it can be postulated
that the oscillation in SOD activity observed in Batch 1
may be attributed to the presence of the superoxide
anion. This suggests that the enzyme is still functioning
to protect the seed, albeit with the seed’s physiological
potential being affected. This hypothesis can be
corroborated by the findings of Varghese and Naithani
(2002), who demonstrated that SOD activity can
increase due to the growth of superoxide anion in seeds,
even after the seed has reached critical water content.
This indicates that the defense mechanism is still active.
In this same study, it was observed that the enzymes
catalase and peroxidase exhibited a reduction in their
activity following the critical content, likely due to a
failure in the underlying mechanism, even with the
observed increase in lipid peroxidation.

It can be observed that in Batch 2, the decline in
SOD activity occurred subsequent to the seeds reaching
the critical content (66.04%). Similarly, in the study by
Viana et al. (2020), it was observed that in Garcinia
gardneriana seeds, SOD activity decreased following
the attainment of the critical level. In contrast, catalase
exhibited an increase. This correlation between the
decline in SOD activity and the point at which the seed
reaches the critical level suggests the potential use of
biochemical analysis of SOD enzyme activity as a marker
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of drying sensitivity. This is because the decline in SOD
activity after reaching the critical level has also been
observed in intermediate seeds (Vieira et al., 2022), not
only in recalcitrant seeds.

In general, viability using the tetrazolium test followed
the same trend as the germination test (decline). But
the difference between the germination test and
tetrazolium viability may have been due to the presence
of fungi in the seeds, which may have affected root
growth during germination in the germination test.
Cocoa seeds with root blackening and no adventitious
growth were considered abnormal and were not
included in the germination percentage. Consequently,
the germination percentage was found to be lower than
that indicated by the tetrazolium test. This discrepancy
may be due to the fact that the tetrazolium test is not
influenced by the action of certain fungi, which can
result in high viability values in this test (Neto and West,
1989). In Brasil (2009), seedlings infected with
microorganisms are considered normal at germination
if the seedlings are intact. Therefore, seedlings were
abnormal if their full structure did not develop. This
indicates that the germination test is more sensitive
than the tetrazolium test.

Conclusion

The physiological quality of the batches may influence
the response of the superoxide dismutase enzyme.
Furthermore, it was determined that the analysis of SOD
activity can be utilized as a marker of drying sensitivity,
but not as a sole indicator of recalcitrance.

Acknowledgments

We would like to thank the Sao Paulo Research
Foundation (FAPESP) for granting a Scientific Initiation
scholarship under process n° 21/13689-3.

Literature Cited

ANUSHA, S.; ANILKUMAR, C.; GANGAPRASAD, A.
2022. Desiccation induced physiological and
biochemical changes of Gymnacranthera canarica
(King) Warb. seeds in the Myristica swamp forests,
Southern Western Ghats, India. Plant Science Today
9(4): 1110-1121. https://doi.org/10.14719/pst. 1887

ARDEBILI, Z. M. et al. 2019. Evaluation of germination
and antioxidant activity in GA3-Primed deteriorated
wheat seed. Russian Journal of Plant Physiology
66(6):958-965.https://doi.org/10.1134/
S1021443719060025

BRAR, N. S.; KAUSHIK, P.; DUDI, B. S. 2019.
Assessment of natural ageing related physio-
biochemical changes in onion seed. Agriculture 9(8):
163. https://doi.org/10.3390/agriculture9080163

BRASIL. Ministério da Agricultura, Pecuaria e
Abastecimento. Secretaria de Defesa Agropecuaria.
2009. Regras para analise de sementes. Brasilia,
Mapa/ACS. 399p.

CHANDRA, J. et al. 2021. Towards understanding the
basis of desiccation-induced oxidative stress in
recalcitrant seeds: The case of Madhuca latifolia
Roxb. South African Journal of Botany 142: 100-
105. https://doi.org/10.1016/j.sajb.2021.06.012

CHEN, Q. etal. 2011. Proteomic profiling and redox status
alteration of recalcitrant tea (Camellia sinensis) seed
in response to desiccation. Planta 233(3): 583-592.
https://doi.org/10.1007/s00425-010-1322-7

CONNOR, K. F.; SOWA, S. 2003. Effects of desiccation
on the physiology and biochemistry of Quercus alba
acorns. Tree Physiology 23(16): 1147-1152. https:/
/doi.org/10.1093/treephys/23.16.1147

DI MATTIA, C. D. et al. 2017. From cocoa to chocolate:
the impact of processing on in vitro antioxidant
activity and the effects of chocolate on antioxidant
markers in vivo. Frontiers in immunology 8(1207):
1-7. https://doi.org/10.3389/fimmu.2017.01207

FENG, J. etal. 2017. Changes in seed germination ability,
lipid peroxidation and antioxidant enzyme activities
of Ginkgo biloba seed during desiccation. Forests
8(286): 1-13. https://doi.org/10.3390/f8080286

FOOD AND AGRICULTURE ORGANIZATION
STATISTICS - FAOSTAT. 2024. Crops and
livestock products. Available from: https://
www.fao.org/faostat/en/#data.

FRANCINI, A. et al. 2006. Enzymatic and non-enzymatic
protective mechanisms in recalcitrant seeds of
Araucaria bidwillii subjected to desiccation. Plant
Physiology and biochemistry 44(10): 556-563. https:/
/doi.org/10.1016/j.plaphy.2006.09.002

GAMA-RODRIGUES, A. C. et al. 2021. Cacao-based
agroforestry systems in the Atlantic Forest and

Agrotrépica 38(1) 2026



82 Tronco, Tronco and Forti

Amazon Biomes: An ecoregional analysis of land use.
Agricultural Systems 194(103270): 1-12. https://
doi.org/10.1016/j.agsy.2021.103270

GASPARIN, E. et al. 2020. Viability of recalcitrant
Araucaria angustifolia seeds in storage and in a soil
seed bank. Journal of Forestry Research 31(6): 2413-
2422. https://doi.org/10.1007/s11676-019-01001-z

HENDRY, G. A. F. et al. 1992. Free radical processes and
loss of seed viability during desiccation in the
recalcitrant species Quercus robur L . New
Phytologist 122(2): 273-279. https://doi.org/10.1111/
j-1469-8137.1992.tb04231.x

LI, C.; SUN, W. Q. 1999. Desiccation sensitivity and
activities of free radical-scavenging enzymes in
recalcitrant Theobroma cacao seeds. Seed Science
Research 9(3): 209-217. https://doi.org/10.1017/
S0960258599000215

LIU, H. etal. 2020. Effect of artificially accelerated aging
on the vigor of Metasequoia glyptostroboides seeds.
Journal of Forestry Research 31(3): 769—779. https:/
/doi.org/10.1007/s11676-018-0840-1

MARCOS-FILHO, J. 2015. Fisiologia de Sementes de
Plantas Cultivadas. Londrina, ABRATES. 660 p.

NAIR, P. S. et al. 2020. Recalcitrant behaviour of the
seeds of Syzygium cumini (L.) Skeels during
embryogeny and natural desiccation. Plant
Physiology Reports 25(3): 426-431. https://doi.org/
10.1007/s40502-020-00528-2

NEGI, M.; RAWAL, R. S. 2019. Desiccation response of
seeds of himalayan oak, Quercus floribunda Lindl.
ex A. Camus. National Academy Science Letters-
India 42(3): 291-294. https://doi.org/10.1007/
$40009-018-0741-z

NETO, J. B. F.; WEST, S. H. 1989. Effects of
Colletotrichum truncatum and Cercospora kikuchii
on viability and quality of soybean seed. Journal of
Seed Technology 13(2): 136-149.

PENG, C. et al. 2023. Study on desiccation tolerance and
biochemical changes of Sassafras tzumu (Hemsl.)
Hemsl. seeds. Forests 14(11): 2183. https://doi.org/
10.3390/f14112183

SALLES, B.P. A. etal. 2019. Viabilidade de sementes de
cacau ¢ limitagdes no armazenamento. Revista de
Ciéncias Agrarias 42(4): 1010-1014. https://doi.org/
10.19084/rca.18166

Agrotropica 38(1) 2026

SEIFFERT, M. et al. 2006. Efeito da secagem e de
diferentes temperaturas na germinac’abo de
sementes de Protium widgrenii Engler. Ciencia
Agrotecnologia 30(1): 35-42. https://doi.org/10.1590/
S1413-70542006000100005

SEKITA, M. C. 2012. Determinagdo da atividade de
enzimas associadas com o mecanismo de defesa
antioxidativo em plantas. Vigosa, MG.

SHARANYA, K. P.; KUMAR, K. G. A.; NAIR, P. S. 2023.
Recalcitrant behaviour of the seeds of endangered
Syzygium Zeylanicum (L.) DC. Journal of Plant
Growth Regulation 42: 2626-2636. https://doi.org/
10.1007/s00344-022-10732-z

SODRE, G. A. 2013. Formagédo de mudas de Cacaueiro,
onde nasce a boa cacauicultura. I1Théus, CEPLAC/
CEPEC. 48 p.

VARGHESE, B.; NAITHANI, S. C. 2002. Desiccation-
induced changes in lipid peroxidation, superoxide level
and antioxidant enzymes activity in neem
(Azadirachta indica A. Juss) seeds. Acta Physiologiae
Plantarum 24(1): 79-87. https://doi.org/10.1007/
s11738-002-0025-5

VIANA, W. G. et al. 2020. Physiological performance of
Garcinia gardneriana (Planch. & Triana) Zappi: a
species with recalcitrant and dormant seeds. Journal
of Seed Science 42(e202042001): 1-12. https://
doi.org/10.1590/2317-1545v42222357

VIEIRA, P. H. M. et al. 2022. Physiological behavior trend
of Campomanesia xanthocarpa (Myrtaceae) seeds
under desiccation and their implication for germplasm
conservation. Trees 36: 53-66. https://doi.org/
10.1007/s00468-021-02178-9

VOIGT, J. et al. 1995. Developmental stage-dependent
variation of the levels of globular storage protein and
aspartic endoprotease during ripening and germination
of Theobroma cacao L. seeds. Journal of Plant
Physiology 145(3): 299-307. https://doi.org/10.1016/
S0176-1617(11)81894-8

WALT, K. V.D.; BURRITT, D. J.; NADARAJAN, J. 2022.
Impacts of rapid desiccation on oxidative status,
ultrastructure and physiological functions of
Syzygium maire (Myrtaceae) zygotic embryos in
preparation for cryopreservation. Plants 11(8): 1056.
https://doi.org/10.3390/plants11081056



