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ABSTRACT: Erythrina velutina Willd. (Fabaceae) is a tree species that bears social, ecological,
and economic importance for northeastern Brazil, a region with frequent temperature
variations. The objective of this work was to evaluate the mobilization of reserves during
seed germination and seedling establishment of E. velutina at different temperatures, and
how these mechanisms are affected in a thermal-stress situation. The seeds germinated
at 5, 15, 25, 35, and 45 °C, and the physiological and biochemical aspects of reserve
mobilization (starch, lipids, and total proteins) were assessed during seedling establishment.
Germination, vigor, and the mobilization of reserves from the cotyledons to the embryonic
axis are affected according to the incubation temperature. The temperature of 25 °C favors
the mobilization of reserves during seed germination and seedling establishment in E.
velutina. In a situation of thermal stress, high temperatures affect the establishment of the
seedlings, whereas low temperatures compromise the mobilization of reserves.

Index terms: germination ecophysiology, reserve compounds, seed biochemistry, semiarid,
thermal stress.

Aspectos moleculares durante a germinacdao de sementes de
Erythrina velutina Willd. sob diferentes temperaturas (Parte 1):
mobiliza¢dao de reservas

RESUMO: Erythrina velutina Willd. (Fabaceae) é uma espécie arborea de importancia
social, ecoldgica e econ6mica para o Nordeste do Brasil, regido com frequentes variagdes
da temperatura. O objetivo deste trabalho foi avaliar a mobilizacdo de reservas durante
a germinagdo de sementes e estabelecimento de plantulas de E. velutina em diferentes
temperaturas, e como esses mecanismos sao afetados em situagdes de estresse térmico. As
sementes foram colocadas para germinar a 5, 15, 25, 35 e 45 °C, e os aspectos fisioldgicos e
bioquimicos de mobiliza¢do de reservas (amido, lipidios e proteinas totais) foram avaliados
durante o estabelecimento das plantulas. A germinagdo, o vigor e a mobilizagdo de reservas
dos cotilédones para o eixo embrionario sdo afetados de acordo com a temperatura de
incubagdo das sementes de E. velutina. A temperatura de 25 °C favorece a mobilizagao de
reservas durante a germinagdo de sementes e estabelecimento de plantulas de E. velutina.
Em situagdes de estresse térmico, altas temperaturas prejudicam o estabelecimento de
plantulas, enquanto baixas temperaturas afetam negativamente a mobilizagdo de reservas.

Termos para indexagao: ecofisiologia da germinagdo, compostos de reserva, bioquimica de
sementes, semiarido, estresse térmico.
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INTRODUCTION

Erythrina velutina Willd. (Fabaceae) is a xerophyte tree, native to northeastern Brazil (Rodrigues et al., 2018), and
found in the phytogeographic domains of the Caatinga and Cerrado. This non-endemic species occurs isolated or in
dense groups, and has its seed dispersion associated with floodplains (Melo et al., 2015). Currently, its frequency has
been dwindling in the Brazilian semiarid region, even facing the risk of extinction due to indiscriminate exploitation
(Alves-Junior et al., 2016). For that reason, studies on the propagation of this plant are of great importance.

In nature, the surrounding conditions for seed germination and seedling establishment are often adverse.
Consequently, the process of reserve mobilization and metabolism regulation of the plant can suffer alterations due
to abiotic stresses (Silva et al., 2019). Temperature is one of the abiotic factors that regulate biochemical mechanisms
of seeds (Gongalves et al., 2015; Reis et al., 2020; Santos et al., 2020), as well as physiological responses during
germination, which activate adaptive strategies to environment stresses (Tesfay et al., 2016).

Studies on the optimal temperature for the germination of forest-native species are vital for estimating the responses
of adaptation (Correa et al., 2020) and propagation in situations of thermal stress, and their possible environmental
consequences. This kind of investigation is particularly important in a scenario of global warming, which might lead
to plant extinction due to metabolic changes (Santos et al., 2020). In order to better understand the propagation
strategies and mechanisms of these species, research on the physiology and biochemistry of seeds is paramount to
elucidate which the main reserve compounds are, and how they are mobilized during the processes of germination and
establishment of the seedlings (Ataide et al., 2017).

Seedling establishment culminates in the transition from a heterotrophic phase to an autotrophic one, when the
first photosynthetic organs reach full development (Bewley et al., 2013). This process depends on the mobilization of
stored reserves (from cotyledons and endosperm) and the translocation of soluble metabolites to the embryonic axis
(Silva et al., 2019). These accumulated macromolecules are used as a source of energy and carbon for seed germination
and seedling development (Erbas et al., 2016).

Non-reducing sugars (sucrose and oligosaccharides, such as raffinose, stachyose, and verbascose), cell-wall
polysaccharides (galactomannans, glucomannans, and xyloglucans), and starches are the primary reserve carbohydrates
mobilized, together with storage lipids (triacylglycerols) and reserve proteins (albumins, prolamines, and globulins)
(Bewley et al., 2013; Soriano et al., 2015; Zhang et al., 2020). In conjunction and at different quantities, depending
on the species and environmental conditions to which they are exposed (Zhao et al., 2018; Onder et al., 2020), these
biomolecules deliver the energy required to initiate seed germination and seedling establishment, thus supplying the
new plant with carbon and nitrogen until the autotrophic phase (Marcos-Filho, 2015).

In simple terms, carbohydrates and lipids undergo enzymatic hydrolysis, generating glucose derivatives, which
are used to produce energy and carbon skeletons for the anabolism of new molecules. Amino acids resulting from
protein catabolism provide mainly nitrogen, which is employed as an energy source and for the construction of several
essential biomolecules (Bewley et al., 2013). Therefore, the way these compounds are degraded directly affects the
establishment of forest-species seedlings.

On that account, the objective of this study was to evaluate the mobilization of reserves during seed germination
and seedling establishment of E. velutina at different temperatures, and also how these mechanisms are affected in a
thermal-stress situation. The tested hypotheses are based on the following questions: 1) does temperature affect seed
germination and mobilization of reserves during the establishment of E. velutina seedlings?; 2) which temperature is
more favorable?; 3) which temperatures cause stress during this stage?

MATERIAL AND METHODS

The study utilized E. velutina seeds lots from the city of Ilhéus, state of Bahia, Brazil. They were purchased (> 70%
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viability) in 2017 and kept under refrigeration at 4 °C, until the execution of the experiment. Before anything else, the seeds
had their moisture content determined by the oven method at 105 °C for 24 h, in two subsamples of 4.5 g (Brasil, 2009). The
results were expressed in percentage.

Seed germination

The germination tests were carried out with four replications of 50 seeds each. They used paper towel (Germitest®)
as the substrate, which was moistened with distilled water at the proportion of three times the paper dry weight
(Brasil, 2009). The seeds were scarified with sandpaper in the region opposite to the micropyle and then sown
between the paper sheets. Next, the paper rolls containing the seeds were kept in Biochemical Oxygen Demand
(BOD) germinators set at 5, 15, 25, 35, and 45 °C, and a 12-hour photoperiod.

Thefollowingvariableswere appraised: percentage of normalandabnormalseedlingsateachincubationtemperature
(Brasil, 2009); germination speed, obtained by the daily count of germinated seeds and calculated according to the
formula proposed by Maguire (1962); average length of the primary root and shoot of normal seedlings, measured
with a millimeter ruler and expressed in cm.seedling™. Ultimately, the morphological changes in the seedling structures
during the establishment at the different temperatures were withal described.

Reserve mobilization

The determination of the compounds in the cotyledons (starch, total proteins, and lipids) and the partition of
biomass at the different stages of development (0 — dry seed, | — primary root protrusion, Il — root-hypocotyl
differentiation, IIl — separation of the cotyledons, and IV — expansion of the primary leaves) were obtained from
seeds that germinated under the same conditions described for the germination test, at temperatures of 15, 25, and
35 °C (200 seeds each).

Starch: the total soluble sugars were previously removed with 80% ethanol (v/v), at 60 °C for 30 min, in hermetically
sealed tubes. Then, the starch was quantified through the anthrone reaction, based on the hydrolytic and dehydrating
action of concentrated sulfuric acid on carbohydrates (McCready et al., 1950, Dubois et al., 1956). For that purpose,
three replications of 300 mg of cotyledons were macerated with 30% perchloric acid (HCIO,) (v/v). Then, the samples
were centrifuged at 10,000 x g for 40 min at 4 °C. Subsequently, they were quantified by the anthrone method, with a
spectrophotometer at a 620-nanometer wavelength. The results were ultimately expressed in mg.cotyledon™.

Lipids: they were evaluated by the gravimetric method, using n-hexane as a solvent (Soxhlet, 1879). Three 0.5-gram
replications of cotyledon dry weight were ground and incubated in a water bath at 60 °C for 5 h. After that, they were
dried in an oven for 48 h and weighed on an analytical balance (0.001 g). The results were expressed in mg.cotyledon™.

Total proteins: three 0.5-gram samples of cotyledon dry weight were subjected to the Kjeldahl methodology. This
technique determines the total nitrogen content of a sample by displacing this element from ammonia salts, and
subsequently converting it into ammonium by digestion, neutralization, and distillation. Finally, a titration is carried out
to attain the total nitrogen amount (Hoehne et al., 2016). Based on these results, the total nitrogen was converted into
the approximate protein content of the sample, and the results were expressed in mg.cotyledon™.

The dry weight measurements of the seeds, cotyledons, and roots and shoot of the seedlings, and embryo were
carried out in four replications with three parts. The structures were dried in an oven at 60 °C for 72 h, and weighed on
an analytical balance (0.001 g). The results were expressed in mg.part™.

Statistical analysis

The experiment was carried out in a completely randomized design. The analysis of variance (ANOVA) and the
comparisons of means by Tukey’s test considered a 5% probability level. The statistical analyses were performed with
the software BioEstat” 5.0.
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RESULTS AND DISCUSSION

The E. velutina seeds had 6.1% moisture content at the time of the experiment, a percentage similar to that of
other native species, such as Amburana cearensis (Allemdo) A.C.Sm. (5.6%), Myracrodruon urundeuva Allemao (9.6%),
Schinopsis brasiliensis Engl. (7.5%), and Sideroxylon obtusifolium Roem. & Schult. (8.9%) (Oliveira et al., 2014). This fact
reinforces the evidence that orthodox seeds of Brazilian forest species from the semiarid get dispersed from the parent
plant with low water content.

Both seed germination and vigor expression of E. velutina seedlings were directly affected by the incubation
temperature. The seeds of this species were favored by a temperature of 25 °C (86%) but displayed significant
germination losses when incubated at 15 °C (38%) and 35 °C (19%) (Table 1). The seeds submitted to 5 or 45 °C did
not germinate. At 45 °C, there was no physiological activity corresponding to root protrusion due to the death of the
seeds. In turn, the temperature of 5 °C induced seed quiescence (low metabolism) — although they were still capable
of germinating when placed at 25 °C.

Seed germination occurs only within a minimum and maximum temperature limits, with the ideal value being
that at which the maximum germination is obtained the fastest (Bewley et al., 2013; Marcos-Filho, 2015; Correa
et al., 2020). Ambient conditions between 20 and 30 °C are indicated for seed germination of several tropical and
subtropical forest species (Silva et al., 2016; Ataide et al., 2017; Benedito et al., 2019). In those circumstances,
deterioration reactions due to high temperatures (45 °C) do not take place during germination, thus preventing
metabolism changes, cell damages (membrane degradation), and alterations in essential biomolecules, remarkably
nucleic acids (DNA deterioration), lipids (lipid peroxidation), and proteins (protein denaturation and enzyme
inactivation) (Bewley et al., 2013; Onder et al., 2020).

M. urundeuva seeds showed the highest germination at 20 °C, whereas the temperature of 30 °C was more suitable
for A. cearensis, S. brasiliensis, and S. obtusifolium (Oliveira et al., 2014). The temperatures of 25 and 30 °C provided
superior germinative performance in seeds of Dimorphandra mollis Benth. (Pacheco et al., 2010), Myroxylon balsamum
(L.) Harms (Loayza-Cabezas et al., 2018), and Melanoxylon brauna Schott. (Santos et al., 2020). These observations
indicate that semiarid species have different optimal temperature requirements for seed germination.

More abnormal seedlings were formed at 35 °C (57%), followed by 15 °C (40%), and 25 °C (6%) (Table 1). The
germination speed was lower in seeds exposed to 15 °C (4.3), and the seedlings submitted to 15 and 35 °C expressed
less vigor, as appraised by the length of their root and shoot systems (Table 1). The incubation temperature directly
influences the occurrence and speed of biochemical reactions in the seeds. The effects can be more or less significant,
to a certain extent, according to the increase or decrease of the germination temperature, respectively (Bewley et
al., 2013). This causes considerable changes in the enzymatic activity, metabolism, imbibition, reserve mobilization,
and synthesis of compounds necessary for the seedlings (Santos et al., 2020).

Table 1. Germination, abnormal seedlings, germination speed, and length of the root and shoot of Erythrina velutina
seedlings at different temperatures.

Temperature (°C)

Variable
15 25 35
Germination (%) 38b 86a 19c¢
Abnormal seedlings (%) 40 b 6¢c 57 a
Germination speed 43b 13.5a 139a
Root length (cm.seedling™) 39b 12.7a 29b
Shoot length (cm.seedling?) 6.0c 18.2 a 9.4b

Means followed by the same letter, in the row, are statistically equal, according to Tukey’s test at a 5% probability level.
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Higher temperatures (from 20 to 30 °C) boost the metabolic rate and accelerate the hydrolysis and mobilization of
seed reserves by the activity of catalytic enzymes (amylases, lipases, and proteases, for example). These phenomena
increase the speed of the chemical reactions included in the germinative metabolism. On the other hand, seeds
vulnerable to low temperatures during the initial hydration phase deliver a reduced germination percentage, little
growth, and low seedling productivity (Tesfay et al., 2016).

The germination test proved that the morphologically and physiologically superior and most vigorous seedlings
originated from E. velutina seeds submitted to 25 °C. Conversely, the temperatures of 15 and 35 °C limited the
adequate development of structures essential for the establishment of the seedlings, mostly those related to the
length of the roots and shoot. They also provoked the discoloration of the photosynthetic apparatus and damaged
the root system (Figure 1).

During the germination of the E. velutina seeds, at all temperatures considered, there was a partition of the biomass
of the cotyledons for the establishment of the seedlings (Figures 2A, 2B, and 2C). Nonetheless, the highest investment
in both root system and shoot occurs at 25 °C (Figure 2B), thus forming more vigorous seedlings (Figure 1). Moreover,

Figure 1. Stages of development of Erythrina velutina seedlings originated from seeds germinated at different
temperatures: 0 — dry seed, | — primary root protrusion, Il — root-hypocotyl differentiation, Il — separation
of the cotyledons, and IV — expansion of the primary leaves.
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there was a proportional increased of the shoot dry weight in relation to the biomass loss of the cotyledons. This
indicates that the dry weight partition from the cotyledon to the shoot was more efficient at 25 °C than at 15 or 35 °C
(Figures 2A, 2B, and 2C).

At the temperature of 15 °C, the seedlings had a slow development, presenting morphological characteristics
similar to those exposed to 25 °C, until stage Ill. However, in stage IV, the seedlings exhibited chlorosis in the primary
leaves, hypocotyl, and epicotyl, and were withal smaller than their counterparts formed at 25 and 35 °C (Figure 1).
These variances in morphology are linked to the partition of dry weight. Also because of that, in stage IV, the shoot
showed little biomass increment at 15 °C (Figure 2A).

Seedlings that grew at 35 °C showed rapid development of their structures at the beginning of the germination
process (stages | and Il) (Figure 1). Nevertheless, throughout germination, the cotyledons had a wilted appearance

Figure 2. Biomass partition at 15 °C (A), 25 °C(B), and 35 ° C (C), and mobilization of starch (D), lipids (E), and total proteins
(F) during seeds germination and establishment of Erythrina velutina seedlings: 0 - dry seed, | - primary root
protrusion, Il - root-hypocotyl differentiation, Ill - separation of the cotyledons, and IV - expansion of the primary
leaves. Means followed by the same letter, at each temperature, are statistically equal, according to Tukey’s test
at a 5% probability level.
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(low turgescence), and the main root developed less in stages Ill and IV (Figure 1). The few secondary roots that
were produced exhibited signs of oxidation at the extremities, which caused a considerable formation of abnormal
seedlings (57%) (Table 1).

As the developmental stages progressed, the partition of the cotyledon biomass to embryonic axis growth during
germination and seedling establishment tended towards the shoot, in detriment to the root system, at 15, 25, and
35 °C (Figures 2A, 3B, and 3C). At 25 °C, the root system showed an increase in the dry weight partition (Figure
2B), whereas the temperatures of 15 and 35 °C limited its growth in stages Ill and IV (Figures 2A and 2C). This
probably owns to the fact that the most well-formed primary leaves of seedlings cultivated at 25 °C started to
perform photosynthesis and, from then on, began to accumulate more dry weight.

The cotyledons of E. velutina seeds have 32.4% starch, 22.5% lipids, and 19.2% total proteins, which are the
primary sources of energy reserves and carbon skeletons for germination and seedling establishment (25.9% come
from other compositions). After seeds are hydrated, the metabolism and respiration are activated, which mobilizes
stored reserve compounds and provides energy for the embryo growth (Tesfay et al., 2016). The mobilization of
cotyledon reserves to the embryonic axis of the E. velutina seeds during germination at different temperatures
occurred continuously as the seedling development progressed (Figures 2D, 2E, and 2F). The consumption of the
energy reserves (starch, lipids, and total proteins) evidenced the mobilization of the reserve compounds (source)
and their translocation to other organs (drain).

Starch, lipids, and proteins within the seed storage tissues are hydrolyzed and then converted into sugar (sucrose)
and amino acids (asparagine and glutamine). These simple compounds are soluble and mobile; therefore, they are
available for plant growth and development (Bewley et al., 2013). Differences among seeds from distinct plant species
depend on the reserves accumulated during maturation (Erbas et al., 2016), and the characteristics of using these
compounds under thermal stress affect both vigor and formation of new seedling tissues (Andrade et al., 2019).

Starch mobilization initiated between stages 0 and |, with some 49.9% reduction up from 16.1 mg.cotyledon™. A
higher degradation happened at 25 °C in the subsequent stages (77%), while it maintained constant at 15 and 35 °C
between stages | (6.55 mg.cotyledon) and IV (5.00 mg.cotyledon) (Figure 2D). It is worth mentioning that the seeds
at 15 °C reached stage | after six days, whereas it only took two days for the seeds at 25 and 35 °C to do so. Therefore,
the degradation noticed at this stage happened faster at 35 °C (4.5 mg.cotyledon™.day?) when compared to 25 °C (2.50
mg.cotyledon™.day?!)and 15 °C( 1.68 mg.cotyledon™.day?). Finally, a more expressive starch degradation was registered
at 25 °C (0.69 mg.cotyledon.day?), followed by 35 °C (0.60 mg.cotyledon?.day?) and 15 °C (0.44 mg.cotyledon?.day?).

The total protein content also displayed a pattern of degradation at all temperatures, which was more efficient at
25 °C (0.68 mg.cotyledon™.day?), followed by 35 °C (0.51 mg.cotyledon.day?) and 15 °C (0.31 mg.cotyledon.day?)
(Figure 2F). In stage |, there was a 34.4% diminution in the total protein content of the cotyledons (19.2 mg.cotyledon™).
At the end of the seedling establishment (stage 1V), the total protein levels dropped to 6.9 mg.cotyledon (25 °C), 9.90
mg.cotyledon™ (35 °C), and 11.0 mg.cotyledon (15 °C).

M. brauna seeds also showed a significant depletion of carbohydrates and proteins in the cotyledons during
germination at 25 and 30 °C (Ataide et al., 2017), while higher temperatures triggered thermal stress and metabolic
alterations (Santos et al., 2020). In the process, amylases and other enzymes break the starch within the granules in the
cell plastids into smaller units, producing glucose and fructose. These compounds are converted into sucrose, which is
transported by the phloem (Erbas et al., 2016). These sugars are used for ATP production and as a carbon source that
supplies the embryo demand and, consequently, forms new cells and promotes seedling growth (Lopes et al., 2013).

Reserve proteins, abundant in dicotyledons, are synthesized during seed maturation (Soriano et al., 2015) and
hydrolyzed by proteases (endopeptidases, aminopeptidases, and carboxypeptidases). These enzymes catalyze the
cleavage of peptide bonds by lowering the pH (introduction of H* ions) inside cell vacuoles that store protein. That way,
they contribute to the synthesis of new molecules, essential for the growing seedling, by supplying them with amino
acids (Bewley et al., 2013). Legumes have an advantage because they possess higher amounts of fixed nitrogen in their
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8 F. C. Felix et al.

seed reserves (globulins), which play an essential role during germination, as they are the basis for the formation of
new amino acids, proteins, and nucleic acids (Soriano et al., 2015). Besides, there is a positive correlation between the
nitrogen content and seed germination rate in deciduous forest species (Soriano et al., 2011).

Regarding lipid degradation, the temperatures of 25 °C (1.45 mg.cotyledon?.day?) and 35 °C (1.24 mg.cotyledon™.
day?!) were more efficient than 15 °C ( 0.90 mg.cotyledon™.day?) — this last condition kept the lipid levels constant
from stages 0 to Ill (35.1 mg.cotyledon?). In stage IV, the lipid levels were 68.7% lower than at the beginning of the
germination process (34.9 mg.cotyledon) (Figure 2E). Lipids correspond to the second largest reserve and, initially,
they are not catabolized like starch and proteins, as they play an important role in the establishment of the seedlings
until they become autotrophic (Hooks et al., 2010). Likewise, carbohydrates and proteins are prioritized during the
germination of wild species, regardless of the chemical composition of their seeds (Zhao et al., 2018).

Lipids, in the form of triacylglycerols within the oleosomes of the cotyledon cells, are hydrolyzed by lipases. These
enzymes catalyze the hydrolytic cleavage of ester bonds in fatty acids, producing free fatty acids and glycerol. These
free fatty acids are then converted into oxaloacetic acid inside the glyoxysomes, via B-oxidation and the glyoxalate
cycle. They also pass through the mitochondria and, in the cytosol, are converted into sucrose (gluconeogenesis).
This sugar is transported via the phloem and supplies the growing embryonic axis with energy and carbon skeletons
(Erbas et al., 2016).

Similarly to what happened at 25 °C, the degradation of the seed reserve compounds submitted to 35 °C was
affected, in terms of both conversion rate and quantity. However, these compounds were used to a lesser extent for
the formation of new tissues, as proved by the biomass results (Figure 2C). For that reason, in higher-temperature
scenarios, the establishment of E. velutina seedlings is impaired, as most of the reserves go to respiration instead of
being used for building new tissues. In contrast, low temperatures affect the metabolism of seeds during germination,
culminating in the formation of less vigorous seedlings.

CONCLUSIONS

The temperature of 25 °C favors the mobilization of reserves during the seed germination and establishment of E.
velutina seedlings. In a situation of thermal stress, high temperatures hinder the establishment of seedlings, whereas
low temperatures negatively affect the mobilization of reserves.
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