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PHYSIOLOGICALAND BIOCHEMICAL CHARACTERIZATION OF THE ASSAI
PALM (Euterpe oleracea MART.) DURING SEED GERMINATION AND
SEEDLING GROWTH UNDER AEROBIC AND ANAEROBIC CONDITIONS!

José Francisco de Carvalho Gongalves?, Renata Braga Souza Lima?, Andreia VVarmes Fernandes?,
Eduardo Euclydes de Lima e Borges® e Marcos Silveira Buckeridge*

ABSTRACT - Physiological and biochemical aspects of assai palm during seed germination and early seedling
growth were investigated. Seeds collected from plants growing in flooded and upland forests were used to determine
the influence of normoxic (aerobic) and anoxic (anaerobic) conditions in germination and the initial and average
time of development in the roots and shoots. After 75 days, seedlings germinated under normoxia were transferred
to trays and submitted to flooding. Seed reserves (lipids, proteins, soluble sugars and starch) were monitored for
quiescent and germinated seeds maintained under normoxic and anoxic conditions, as well as after 5, 10 and 20
days of seedling growth. Alcohol dehydrogenase (ADH) activity was quantified in roots and leaves of seedlings
without or with flooding (partial and total). Seeds were not able to germinate under anoxia. Different strategies
of storage mobilization of lipids, proteins, soluble sugars and starch were observed in seeds of each environment.
ADH activity was induced by anoxia, with the highest level observed in the leaves. This study showed that, under
normoxic conditions, the best developmental performance of assai palm seeds, from flooded or upland forest areas,
during germination was associated with primary metabolites mobilization and seedling flooding tolerance with increased
ADH activity. We conclude that the assai palm is well adapted to the anoxic conditions provoked by flooding.

Key words: Alcohol dehydrogenase, Anoxia and normoxia and Storage mobilization.

CARACTERIZACAO FISIOLOGICA E BIOQUIMICA DURANTE A
GERMINACAO DE SEMENTES E O CRESCIMENTO DE PLANTULAS DE
ACAI (Euterpe oleracea MART.) SOB CONDICOES AEROBICA E
ANAEROBICA.

RESUMO - Aspectos fisioldgicos e bioquimicos durante a germinacéo de sementes e crescimento inicial de
plantulas de acai foram investigados. Sementes coletadas de plantas crescendo na varzea e na terra firme foram
utilizadas para determinar a influéncia das condicdes de normoxia (aerdbica) e de anoxia (anaerébica) na
germinacao e no tempo inicial e médio do desenvolvimento da raiz e parte aérea. Apds 75 dias, plantas germinadas
sob normoxia foram transferidas para condigdes de alagamento. A quantificagdo das reservas da semente (lipidios,
proteinas, agucares solGveis e amido) foi monitorada em sementes quiescentes e germinadas em condigdes
de normoxia e anoxicas, bem como apés 5, 10 e 20 dias de crescimento das plantas. A atividade da enzima
desidrogenase alcodlica (ADH) foi quantificada em raizes e folhas de plantas submetidas ao alagamento (parcial
ou total) ou sem alagamento. As sementes ndo germinaram em condicdes de anoxia. Nas sementes, diferentes
estratégias de mobilizagdo de reservas (lipidios, proteinas, agucares sollveis e amido) foram observadas, nas
condicdes estudadas. A atividade da ADH foi induzida em condig¢des de anoxia, sendo maior a atividade observada
nas folhas. Este estudo demonstrou que, sob condigdes aerébicas, o melhor desempenho das sementes de agai,
davarzea ou em terra firme, durante a germinacao foi associado a mobilizacao de reservas e a tolerancia
das plantulas ao alagamento com o aumento da atividade da ADH. Concluiu-se que a palmeira acai é a planta
bem adaptada as condig6es de anoxia provocadas pelo alagamento.

Palavras-chave: Desidrogenase alco6lica, Anoxia e normoxia e Mobiliza¢&@o de reservas.
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1. INTRODUCTION

The periodic flooding in the central Amazonian
region is responsible for deep changes in the
environmental conditions. In this region, approximately
300,000 km? are covered with flooded forests; classified
generically as seasonally-flooded and permanently
flooded forests, which occupy areas of 200,000 and
100,000 km?, respectively (Junk, 1993). However, the
construction of hydropower stations has considerably
enlarged the extension of areas occupied by water,
provoking harmful environmental effects to the
Amazonian rainforest (Fearnside, 2002). Besides the
flooding of large areas, hydropower construction leads
to the establishment of roads and/or power lines, which
provokes fragmentation and destruction of the forest.
Therefore, the establishment of measures able to help
to decrease the environmental impacts of hydropower
development are highly required.. In this context, plants
that show adaptations to environmental flooding are
of great importance for the restoration of areas affected
by hydropower dams.

According to Parolin et al. (2004), combinations
of adaptations of seedling growth and development
and seed germination result in a variety of growth
strategies of trees of the central Amazonian regions.
These lead to specific species distributions and
“zonations” along the flooding gradient, and within
Amazonian floodplain systems with different
environmental conditions, depending on the quality
of the flooding rivers. Regarding seed germination,
Wittmann et al. (2007) concluded that the contact
with river water did not disturb it but, on the contrary,
enhanced germination in the species Salix martiana,
Pseudobombax munguba, Laetia corymbulosa and
Vitex cymosa.

Among Amazonian plants, the assai palm (Euterpe
oleracea Mart.); one of many commercially important
species endemic to the region, is distinguished by its
high level of tolerance to local abiotic stress conditions;
being capable of adapting its growth to seasonally-
flooded soils (Oliveiraetal., 2002). As observed for
some plants growing under flooding conditions, Palmae
plants develop, in their roots, special structures called
pneumatophores (Calbo et al., 1998).

Plant oxygen status can be defined as hormoxic
(aerobic conditions), hypoxic (low oxygen availability),
and anoxic (anaerobic conditions). Plant species growing
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under anoxia exhibit biological changes that induce
anatomical, biochemical and physiological adaptations
(Waldhoff et al., 1998; Moraes et al., 2001; Souza and
Sodek, 2002). In contrast, species sensitive to flooding
may exhibit some or all of the following responses:
interruption of vegetative and reproductive growth;
reduction of stomatal conductance; leaf chlorosis and
abscission; nutritional deficiency, accumulation of toxic
substances in the roots; and even plant death (Carvalho
and Ishida, 2002; Arruda and Calbo, 2004).

Under flooding stress, the composition, quantity
and mobilization of seed reserves (lipids, proteins, soluble
sugars, and starch) and the enzyme activities related
to ATP production through glycolysis and fermentation
are crucial for early seedling growth under anoxic
conditions (Ricard et al., 1994; Dolferus et al., 2003).
Proteins which are synthesized as specific responses
to anaerobiosis are called the anaerobic polypeptides.
Most of the known proteins accumulated in plants
under anoxia are enzymes related to sucrose and starch
degradation, glycolysis and ethanol fermentation (Liao
and Lin, 2001). Among them, alcohol dehydrogenase
(ADH) is an enzyme that catalyzes the reduction of
acetaldehyde to ethanol while oxidizing NADH to NAD*.
In plants, increasing activity of this enzyme has been
observed for a long time and is thought to be related
to flooding (Crawford, 1967; Wignarajah et al., 1976).
The formation of ethanol is thought to help the plant
cell to alleviate the deleterious effects provoked by
lactate accumulation (cytoplasmic pH acidification)
(Bray et al., 2000).

Considering that the knowledge about the
biochemical processes involved in seedling establishment
are key to understanding how these plant species adapt
to their respective environments, we tried to characterize
the mobilization of storage compounds (starch, soluble
sugar, lipids and proteins) and the activity of alcohol
dehydrogenase during seed germination and seedling
growth of E. oleraceae either under flooded or upland
forests conditions.

2. MATERIALSAND METHODS

2.1 Plant material, seed germination and seedling
growth

Seeds of assai palm were collected from 10 plants
growing in flooded and upland forest conditions at
the Pedro de Moura Base for Geologic Operations,
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4°53’S and 65° 11’W (Petrobras-BR), located 600 km
from Manaus (AM) Brazil. Seeds were surface sterilized
with 0.5% (v/v) sodium hypochlorite for 10 min and
then placed to germinate in trays containing washed
sand. Seed germination was recorded during the following
treatments: a) submergence (water level + 4 cm), and
b) under normoxic conditions (control). For each treatment
three replicates of 25 seeds were used. Germination
tests were carried out at 30 = 2 °C and relative air humidity
of 90%, considering botanical and technological criterion
of germination (radicle emission or complete plant,
respectively), according to Labouriau (1983) and Brasil
(1992). Seeds of assai palm from flooded and upland
forest areas were germinated (with or without flooding)
and were monitored daily, for 75 days and the following
variables were followed: a) Emergence velocity index
(EVI), b) Initial germination time (IGT), c) Average
germination time (AGT) and d) percentage of germination.
Seventy five days after the beginning of the germination
experiment, seedlings from seeds germinated under
normoxia (seeds were not able to germinate under anoxia)
were transferred, in three groups of 36 plants, to trays
containing a mixture of sand and soil (1:1). To test
the influence of normoxia and anoxia on the mobilization
of reserves during early seedling growth, assai palm
seedlings were submerged in a water level of 10 cm
above the level of the seedlings.

2.2 Extraction and quantification of seed compounds

The amounts of lipids, proteins, and carbohydrates
were monitored in quiescent and germinated seeds
(75 days) with 5, 10 and, 20 days of growth of the seedlings.
For the quantification of seed primary metabolites three
replicates of seeds were tested for each environment.
Unless otherwise stated, all the analyses were performed
using dried plant material (75°C). Lipid extraction was
performed using the Soxhlet apparatus. Seeds and
seedlings lipid contents were determined following
the A.O.A.C recommendation (1984). Proteins were
extracted according to Passos (1996) using the hot
alcohol method. Protein concentration was determined
according to Bradford (1976), using bovine serum albumin
(BSA) as a standard. For soluble sugars determination,
seeds were crushed with 95% (v/v) ethanol, following
centrifugation at 3,500 x g, for 10 min at 25°C. The
supernatant was stored and the pellet was re-extracted
with 80% (v/v) ethanol (60°C) and centrifuged as
mentioned before (Buckeridge & Dietrich, 1996). The
supernatants were combined for the determination of
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soluble sugars, and the pellet suspended in 10 mL of
35% (v/v) perchloric acid. After centrifugation, the
supernatant was collected for the quantification of
starch. Soluble sugars and starch were estimated by
the anthrone technique (625 nm) using glucose as a
standard (Sigma®) (Morris, 1948).

2.3 Extraction and determination of alcohol
dehydrogenase activity—ADH (E.C. 1.1.1.1)

Enzyme activity was measured in leaves and roots
of assai palm seedlings cultivated under the following
conditions: a) control (without flooding), b) partial
flooding (x 2 cm, only roots submerged), and c¢) flooding
(= 18 cm, entire plant submerged). Leaves and roots
were collected for enzyme extraction with three replicates
from seedlings cultivated during 2, 4, 8 and 16 days.
Plant material (1 g) was homogenized in 50 mM
Tris-HCI (pH 6.8) containing 2.5 mM magnesium chloride,
1mMEDTA, 0.15ml of glycerol, 0.5 ml &- mercaptoethanol
2 mM (v/v) and distilled water to a final volume of
10 ml. After centrifugation (5000 x g, 10 min, 4°C), aliquots
of 100 il were added to the reaction medium containing
320 il of 50 mM Tris-HCI (pH 8.9), 100 il ethanol,
100 il NAD* (10mg ml?), and distilled water to a final
volume of 2.7 ml. After incubation at 30°C for 15 min,
the absorbance was monitored (Genway Instrument 6105,
Essex, England) at 340 nm (Menezes Neto et al., 1995).
ADH activity was assayed by following the reduction of
NAD*. The assay was started by adding 0.040 ml of 50%
ethanol and A, was recorded every 30 s during 180 s.

2.4 Experimental design and statistical analysis

The experimental design was completely randomized
with three treatments and twelve replicates (seedlings).
The results of the germination experiments and
quantification of organic reserves were submitted to
variance analysis (ANOVA) followed by the Tukey
test (P d” 0.05), using Statistica for Windows Version
6 (StatSoft Inc., 2003 East 14" Street, Tulsa, OK, USA).

3. RESULTSAND DISCUSSION

Seventy five days after the beginning of the
germination experiment, more than 95% germination
was reached in all treatments (Table 1). We obtained
145 seedlings after germination under normoxic
conditions, 73 of them being from plants growing in
flooded environments and 72 from plants growing in
upland forests conditions. When submitted to anoxic
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conditions assai palm seeds did not germinate. However,
it is known that the assai palm occurs in flooded
environments, and probably begins the germination
process under conditions of normoxia during the dry
period (Menezes Neto et al., 1995). This suggests that
under anoxic conditions, the seeds of assai palm are
likely to be unable to synthesise and/or activate enzymes
necessary for seed germination. Okamoto & Joly (2000)
studying the germination of Inga sessilis (\Vell.) Mart.
seeds submitted to conditions of normoxia, hypoxia,
and anoxia, found that 40% of the seeds germinated
under hypoxia.

3.1 Comparison between seed germination of assai
from different environments

Assai palm seeds collected in upland forests showed
the highest index of emergence velocity (1.9), the shortest
time for radicle emergence (6 days), as well as the lowest
values for average time of radicle and shoots emission
(17 and 22 days, respectively). In comparison, seeds
collected in the flooded area showed an emergence
velocity index of 0.8, an initial time for germination
of 16 days and an average time of approximately 34
and 46 days for the roots and shoots emission,
respectively (Table 1). Nevertheless, it is important
to stress that there was no difference in the final
percentage of germination between seeds collected
in flooded areas (98%) or upland forests (96%). Under
natural conditions in the forest, assai seeds can take
1-11 months to germinate. Under laboratory conditions
the percentage of seed germination can reach ca. 90%,

GONCALVES, J.F.C. et. al.

but under natural conditions no more than 60% of assai
seeds are able to germinate (Bovi et al., 1989). Our
results are consistent with the hypothesis that faster
seed germination of flood-intolerant seeds might be
a strategy with which plants take advantage of favorable
conditions that lead to seedling establishment.

During seed germination, carbon can be mobilized
either in the form of carbohydrates or lipids, starch
being one of the most important storage polysaccharides,
followed by the cell wall polysaccharides (Buckeridge
etal., 2004). Table 2 shows that the concentration of
starch was higher in assai seeds collected in flooded
than in upland forests. A possible explanation for this
difference is that plants growing in a flooded habitat
could have accumulated more reserves (carbohydrates)
as an evolutionary adaptation. This is likely to have
happened because the change from aerobic to anaerobic
respiration can severely affect the availability of energy
in the plant (Junk, 1989; Drew, 1997; Figueiredo et al.,
2001; Pontes et al., 2002).

Table 2 shows that in the upland forests, some
starch mobilization occurred, with the decrease around
40% after germination. In the flooded area, however,
no difference was observed in starch levels. This
suggests a possible role of starch as one of the carbon
storage compounds in assai seeds.

The concentration of soluble sugars was much
higher in drier than in flooded areas, whereas lipids
were not different in seeds from the two environments.
However, for proteins a decrease of approximately

Table 1 — Comparison between assai palm seed germination from different environments under normoxic conditions, using
botanical and technological criteria. Emergence velocity index (EVI), Initial germination time (IGT), Average
germination time (AGT) and percentage of germination.

Tabela 1 — Comparacéo entre a germinagéo de sementes de acai de deferentes ambientes sob condig6es de normoxia, usando
os critérios botanico e tecnoldgico. indice de velocidade de germinacéo (IVE), tempo inicial de germinacéo (TIG),
tempo médio de germinagdo (TMG) e porcentagem de germinacao.

Parameters Flooded Upland forests
Botanical Technological Botanical Technological
EVI 0.8 + 0.1Ba 0.6 + 0.1Ba 1.9 £ 0.2Aa 1.0 £ 0.13Ab
IGT 16.0 £ 4.2Aa 22.5 + 13.4Aa 6.0 £ 0.0Bb 13.5 £ 0.7Aa
AGT 33.9 + 6.8Ab 46.1 + 4.2Aa 17.3 £ 1.1Ba 22.4 + 3.7Ba
Germination (%) 98.0 + 2.0Aa 96.0 + 0.0Aa 96.0 + 0.0Aa 96.0 + 0.0Aa

Mean = S.D. followed by same capital letters for environments (Flooded or upland forests) and lower case letter for criteria
of germination (botanical or technological) are not significant at P d” 0.05 using the Tukey test.

Média + D.P. seguidos por letra maitscula mesmo para ambientes (florestas inundadas ou de sequeiro) e letras minusculas
para o critério de germinacao (botéanica ou tecnoldgico) néo séo significativos a P d”” 0,05, pelo teste de Tukey.
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Table 2 — Starch, soluble sugars, lipids, and proteins content in assai palm seeds collected from plants in flooded and upland
forests environments, before (quiescent) and after 75 days of germination (germinated).

Tabela 2 — Contetdo de amido, aclcar sollvel, lipidios e proteinas em sementes de acai coletadas de plantas em ambientes
alagados e ndo alagados, antes (quiescente) e depois de 75 dias de germinacédo (germinadas).

Metabolites Flooded Upland forests
Quiescent Germinated Quiescent Germinated
Starch (%) 75.9 = 7.9Aa 75.2 £ 4.0Aa 54.6 + 2.2Ba 33.5+ 0.7Bb
Soluble sugars (%) 1.3 + 2.3Ba 1.8 + 2.8Ba 3.9 £ 6.9Aa 3.7 £ 3.4Aa
Lipids (%) 2.4 + 0.3Aa 1.7 + 0.2Aa 2.6 + 1.0Aa 1.5 + 0.2Aa
Proteins (%) 4.4 + 0.3Aa 0.9 + 0.1Bb 4.7 £ 0.5Aa 1.0 + 0.1Bb

Mean + S.D. followed by same capital letters for environments (flooded or upland forests) and lower case letter for criterion
of germination (quiescent or germinated) are not significant at P d” 0.05 using the Tukey test.

Média + D.P. seguidos por uma letra mailscula mesmo para ambientes (sequeiro ou irrigado florestas) e letras mintsculas
para o critério de germinac&o (quiescente ou germinadas) néo sao significativos a P d”” 0,05, pelo teste de Tukey.

80% was observed in quiescent seeds (flooded and
upland forests) when compared with germinated seeds.
These results indicate that the reserves of nitrogen
are probably in the form of proteins that come from
degradation of storage proteins. Protein mobilization
plays a major role as a source of nitrogen in the nutrition
of the embryo during the germination of seeds of
Euphorbia heterophylla as suggested by Suda and
Giorgini (2000).

3.2 Effect of oxygen deficiency on seedling growth

As assai palm seeds did not germinate under anoxic
conditions, we decided to test the influence of anoxic
and normoxic conditions during early seedling growth.
Analyses of storage (lipids, proteins, soluble sugars,
and starch) revealed that their mobilization were
influenced by seed source (flooded and upland forests)
and oxygen availability (Figure 1A-D). Lipid contents
underwent progressive reduction 20 days after
germination (Figure 1A). According to Perata et al.
(1997), the mobilization of lipids in flooded plants is
probably less effective for anaerobic respiration due
to the high demand of oxygen necessary for this type
of metabolism. For proteins, a reduction was observed
until 5 days after germination, followed by an increase
in all treatments after 20 days, with higher levels presented
in seedlings produced from seeds collected in upland
forests (Figure 1B).

Under normoxic conditions, the contents of soluble
sugars in seedlings increased approximately 4.5 times
by the end of the experiment (Figure 1C). Starch content
levels tripled until 5 days after germination in seeds
collected from upland forests, followed by a progressive
reduction after 20days (Figure 1D). One possible

hypothesis to explain the mobilization of starch might
be related to a higher demand of carbohydrates due
to higher growth rates observed. This probably increased
the survival of seedlings under conditions of limited
oxygen availability (Guglielminetti et al., 1995). Our
observations are consistent with the fact that assai
palm seedlings display some tolerance to flooding,
which is probably associated with starch mobilization.
In a study of different cereal species, Perata et al. (1997)
found that rice seeds were the only ones capable of
mobilizing starch under anoxic conditions. Furthermore,
the accumulation of soluble sugars in developing
seedlings under anoxic conditions is likely to be important
for ATP production (Rodrigues et al., 2005).

According to Kolb et al. (2002), in Neotropical
plant species, constitutive parameters of seeds such
as size, nature and amount of reserves only partly
influence resistance to flooding whereas parameters
related to metabolic efficiency under stress conditions
appear to be more important.

The ADH activity was assayed during early-seedling
growth of the assai palm under aerobic (control) and
anaerobic conditions (total and partial flooding)
(Figure 2). After 2 days, ADH activity was strongly
induced in seedling leaves growing under partial flooding
conditions, whereas under complete flooding ADH
activity remained high for 4 days (an increase of
approximately 18 times). Subsequently, ADH activity
was drastically reduced to levels similar to those observed
in the control (Figure 2A). In comparison to the leaves,
ADH activity in the roots was only weakly induced,
being the highest level observed in roots under total
flooding after 2 days (Figure 2B).
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Figure 1 —Variation in the levels of lipids (A), proteins (B), soluble sugars (C), and starch (D), in quiescent (0) and germinated
seeds (after 75 days) of the assai palm after 5, 10 and 20 days of seedling growth, collected from plants growing
in the following environments: flooded control (4p), plants from the flooded that were experimentally flooded
(@), upland forests control (A) and upland forests with flooding ().

Figura 1 — Variacao nos niveis de lipidios (A), proteinas (B), actcar solavel (C) e amido (D), em sementes quiescentes
(0) e germinadas (depois de 75 dias) de acai apds 5, 10 e 20 dias de crescimento da plantula, coletadas de
plantas crescidas em ambientes: flooded control (), plants from the flooded that were experimentally flooded
(@), upland forests control ( A ) and upland forests with flooding (IN).

After 4 days, ADH activity in the leaves reduced
to levels similar to those of the control group. High
levels of ADH activity in plants under anaerobiosis
have been associated with tolerance to flooding in
plants (Liao and Lin, 2001). In Echinochloa crus-galli
seedlings growing under anoxia the activity of enzymes
associated to anaerobic metabolism (including ADH)
increased 1.5-30 fold compared to their activity under
aerobic conditions (Fukao et al., 2003). According to
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Souza and Sodek (2002), the increase in the ADH activity
in response to anoxia contributed to the maintenance
of ATP synthesis guaranteeing seedling survival.

Our results indicate that seed germination and
seedling growth display features that are compatible
with a certain degree of tolerance to flooding, suggesting
that the assai palm is quite well adapted to the Amazonian
environmental conditions regarding the changes in
water levels in the region.
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Figure 2 — Alcohol dehydrogenase (ADH) activity in the
leaves (A) and roots (B) of assai palm seedlings
cultivated during 2, 4, 8 and 16 days. Plant material
was obtained from plants growing in upland forests
and maintained in the following treatments: flooding
(W), partial flooding (), and control ((J).

Figure 2 — Atividade da enzima alcool desidrogenase (ADH)
em folhas (A) e raizes (B) de plantulas de agai
cultivadas durante 2, 4, 8 e 16 dias. O material
foi obtido de plantas crescendo em ambientes
nao alagados e mantidos nos tratamentos: alagado
( W), parcialmente alagado ([@) e controle

(-
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