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ARTICLE INFO ABSTRACT

Dormant seed embryos in seed banks can experience hydration cycles that subject them to water stress (WS) and
then fast hydration (FH). Physiological and cytological aspects of embryos of the Cerrado (neotropical savanna)
ABA palm Butia capitata were evaluated when subjected to osmotically induced WS and FH. The water potential (y,,),
Fast hydration viability, and vigor of dehydrated or hydrated embryos were determined after immersion in osmotic solutions.
‘?V):iins‘:ree::ress Embryos were submitted to FH (y,, =0 MPa), moderate WS (y,, = —1 and —2 MPa), and severe WS (y,, = —2

and —4 MPa). Indicators of oxidative stress (H,O,, O, , MDA, and CAT, SOD, and APX activities), membrane
functionality (electrical conductivity and leaching of K™, Mg2+, and Ca®*), and ABA content were evaluated.
The ultrastructures of dehydrated embryos and hydrated embryos submitted to y,, = 0, —1, and —2 MPa were
evaluated. Dehydrated embryos (y,, = —8.5MPa) showed high tolerance to WS that was related to their
abundant protein reserves, SOD activities, and high ABA contents. Embryos tolerate FH and hydration makes ,,
= —0.2MPa. Hydrated embryos also show high tolerance to WS, which is related to their control of oxidative
stress and increases in their ABA contents. Loss of viability under severe WS occurs associated with the blockage
of protein mobilization, loss of membrane functionality, and the collapse of cellular structure. Embryo tolerance
to WS and FH is crucial to the resilience of B. capitata seed banks exposed to hydration cycles in the seasonal
Cerrado biome environment.
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1. Introduction

Many plants growing in environments with seasonal climates pro-
duce seeds with germination-blocking mechanisms (i.e., dormant seeds)
(Bewley et al., 2013; Baskin and Baskin, 2014). Those seeds are com-
monly buried in the soil, and compose a component of the species po-
pulation known as the seed bank (Long et al., 2014). The seeds in the
seed bank can experience several cycles of hydration, alternating be-
tween states of hydration and dehydration until dormancy is overcome
(Bewley et al., 2013).

Hydration cycles are important signaling mechanisms for over-
coming dormancy but expose embryonic cells to stressful, and poten-
tially fatal, conditions (El-Maarouf-Bouteau and Bailly, 2008; Baskin
and Baskin, 2014). Water stress (WS) in seed banks may result from
prolonged periods of drought followed by fast hydration (FH) as a
consequence of intense seasonal rainfall. Both WS and FH can damage

cell membranes, and WS is also associated with oxidative stress due to
imbalances between reactive oxygen species (ROS) production and re-
moval that can result in membrane, protein, and DNA damage (Apel
and Hirt, 2004; Bailly, 2004; Berjak and Pammenter, 2008; Bewley
et al., 2013). The modulation of oxidative stress through enzymatic
(SOD, CAT, APX, and GPX activity) and non-enzymatic (vitamin E,
flavonoids, among others) mechanisms can prevent cell damage and
allow the use of ROS as signaling agents in various metabolic processes
(Bailly, 2004). ABA is a phytohormone associated with the maintenance
of seed dormancy, and its synthesis and degradation pathways are in-
fluenced by oxidative stress, but may induce increased antioxidant
system efficiency (Ozfidan et al.,, 2012; Souza et al., 2017). Our
knowledge concerning the metabolic and ultrastructural responses to
WS is still quite restricted in terms of tropical species, and additional
studies are needed - especially those focusing on uncultivated species
(Bewley et al., 2013; Huang and Song, 2013).

Abbreviations: ABA, abscisic acid; APX, ascorbate peroxidase; CAT, catalase; GPX, glutathione peroxidase; SOD, superoxide dismutase; ., water potential

* Corresponding author.
E-mail address: leonardo.ribeiro@unimontes.br (L.M. Ribeiro).

https://doi.org/10.1016/j.envexpbot.2019.103904

Received 25 June 2019; Received in revised form 30 September 2019; Accepted 7 October 2019

Available online 14 October 2019
0098-8472/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00988472
https://www.elsevier.com/locate/envexpbot
https://doi.org/10.1016/j.envexpbot.2019.103904
https://doi.org/10.1016/j.envexpbot.2019.103904
mailto:leonardo.ribeiro@unimontes.br
https://doi.org/10.1016/j.envexpbot.2019.103904
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envexpbot.2019.103904&domain=pdf

B.G. Gongalves, et al.

Butia capitata (Mart.) Becc. is an endemic palm tree of the Cerrado
(neotropical savanna) biome in central Brazil that has significant eco-
logical and economic importance, although threatened by deforestation
and agricultural development (Magalhaes et al., 2013; Oliveira et al.,
2013). The seeds of the species show pronounced dormancy, and its
seed banks are subject to WS during long periods of seasonal drought,
which can be amplified by fires common to Cerrado environments
(Carvalho et al., 2015; Dias et al., 2017; Mazzottini-dos-Santos et al.,
2018). B. capitata seeds exhibit intermediate (between orthodox and
recalcitrant) behavior (Dias et al., 2015) - a still poorly studied pattern
characterized by desiccation tolerance but low temperature intolerance
(Marques et al., 2018).

The objective of the present study was to evaluate the physiological
(water potential, oxidative stress, and membrane functionality) and
ultrastructural aspects of B. capitata embryo responses to osmotically
induced WS. We addressed the following questions: i) what are the
physiological responses of dehydrated and hydrated embryos to WS? ii)
What are the effects of hydration on embryo physiology and ultra-
structure? We also sought to examine ecophysiological aspects related
to WS tolerance, and its implications for seed bank maintenance in
natural environments.

2. Methods
2.1. Collection and storage of plant material

We collected ripe fruits of Butia capitata (identifiable by the yel-
lowish color of their epicarps and the easy abscission of the bunch) in
natural populations located in northern Minas Gerais State, Brazil, in
the municipalities of Mirabela (16°26’64”S; 44°19’34”W), during the
2017/2018 harvest, and in Bonito de Minas (15°25’59.8”S;
44°41’31.7"W) and Itacambira (17°03’54”S; 43°18’32”W), during the
2018/2019 harvest. The fruits were mechanically depulped and the
pyrenes (seeds enveloped by the woody endocarp) kept in a shaded and
ventilated storage site for up to 60 days (after which the experiments
were initiated). Each experiment was carried out with seeds from the
same batch.

2.2. Water relations

We evaluated the WS response of isolated embryos from dehydrated
or hydrated seeds. Dehydrated seeds were obtained from pyrenes stored
in the shade at room temperature for between 30 and 60 days after
endocarp rupture (using a manual vise). Hydrated seeds were obtained
by immersing isolated seeds in distilled water for 72h at 25 °C, when
the start of phase II of germination (Bewley et al., 2013) was reached
(Oliveira et al., 2013). We determined the water contents of the de-
hydrated or hydrated seeds and their embryos (extracted using scalpels)
by comparing their fresh and dry masses, after dehydration at 105 °C for
24 h (Brasil, 2009), using five replicates of 10 seeds or embryos.

We determined the water potentials (y,,) of isolated embryos ob-
tained from dehydrated or hydrated seeds (hereinafter called respec-
tively dehydrated embryos and hydrated embryos) by immersing them
in solutions of polyethylene glycol 6000 (PEG 6000 - an inert and non-
toxic osmotic agent that does not penetrate cell membranes; Michel and
Kaufmann, 1973) to simulate stressful conditions that affect the water
capacities of embryos — defined here as their ability to absorb or retain
water. As dehydrated embryos already have low ,, values, more ne-
gative potentials were applied to them than used for hydrated embryos.
Thus, PEG 6000 concentrations were used that provided y,, = 0, —2,
—4, —6, —8 and —10MPa (applied to dehydrated embryos) and
yw =0, =05, —1, —2, —3 and —4 MPa (applied to hydrated em-
bryos). Preliminary tests indicated that the most negative v, used
would alter the water capacity (capacity of the dehydrated embryos to
absorb water, and the capacity of the hydrated embryos to retain water)
between 1.5 and 2 times in relation to the y,, = 0 obtained with
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distilled water. We calculated PEG 6000 concentrations using the
equation of Michel and Kaufmann (1973), considering 25 °C, as the
reference temperature. The fresh masses of the embryos were de-
termined in their initial condition, and after 12, 24 and 36 h of im-
mersion in the osmotic solutions (using five replicates of ten embryos
each) and their water contents variations were calculated. The ,, was
calculated for each immersion time based on the adjustments of
quadratic equations, considering that Ww.embryo= Ww-solution, When
water flow is zero. The viability and vigor of dehydrated and hydrated
embryos when submitted to different s, for 12 h were evaluated using
the tetrazolium test, following the criteria established by Ribeiro et al.
(2010).

In order to carry out the physiological evaluations presented below,
we selected y,, = 0 and ,, values that simulated moderate stress
(reduction of water capacity, but the maintenance of viability and re-
duction of vigor), and severe stress (loss of viability in more than 60%
of the embryos) for both dehydrated embryos and hydrated embryos,
based on evaluations of embryo mass variations, viability, and vigor.
The s that provided moderate and severe water stress were: —2 and
—4MPa for dehydrated embryos, and —1 and —2MPa for hydrated
embryos.

2.3. Histolocalization of superoxide ions (02" )

We performed histolocalization of O, in the apoplast according to
Oracz et al. (2012), with modifications (Bicalho et al., 2019). Twenty
embryos from each treatment were immersed in 500 pL. of nitroblue
tetrazolium (1 mM) in Tris-HCI buffer (10 mM, pH 7.0) and kept at
room temperature for 10 min. The embryos were washed three times in
Tris-HCl buffer (10 mM, pH 7.0), and their images captured using a
digital camera coupled to a stereomicroscope.

2.4. Hydrogen peroxide (H,02) quantification

We macerated four replicates of 30mg of embryos from each
treatment in liquid nitrogen (using a mortar and pestle). The material
and 400 pL of 0.1% TCA (m/v) was added in 2 mL Eppendorf tubes; the
extract was then vortexed for 1 min and centrifuged at 10,000 x g for
15min at 4°C. We removed a 250 uL aliquot of the supernatant and
added it to 250 pL of 100 mM potassium phosphate buffer (pH 7.5) and
1000 pL. of 1 M potassium iodide. The tubes with the solutions were
placed on ice in the absence of light for one hour; the samples were then
held in the dark at room temperature for 20 min to stabilize the reac-
tion. We subsequently analyzed the samples in a spectrophotometer
(UV-1800, Shimadzu, Tokyo, Japan) at 390 nm, and the amount of
H,0, was expressed in umol g~ ' dry mass based on a pre-established
standard curve (Alexieva et al., 2001).

2.5. Evaluation of the enzymatic activities of the antioxidant system

We macerated four replicates of 20mg of embryos from each
treatment in liquid nitrogen. Samples were vortexed for 1 min in PVPP
(10% w/v), 500 puL of sodium phosphate buffer (50 mM, pH 6.8), 10 uL
of EDTA (100 uM), and 490 uL of deionized water, and the extracts
centrifuged at 10,000 x g at 4°C for 15 min. SOD, CAT, and APX ac-
tivities were determined in 100 pL of supernatant.

We determined SOD activity by adding the extract to a solution
containing methionine (13 mM), NBT (75 uM), 100 uM riboflavin EDTA
(2 uM), and potassium phosphate buffer (50 mM, pH 7.8). The solutions
were then illuminated by fluorescent lights (15W) at 25°C. After
10 min of light exposure, enzyme activity was terminated with the in-
terruption of light. Control reactions were kept in the dark for 10 min.
We analyzed the blue formazan compound by spectrophotometry (UV-
1800, Shimadzu, Tokyo, Japan) at 575 nm, defining a SOD unit as the
amount of enzyme required to inhibit 50% of NBT photoreduction. The

results are presented in U min~' g~ ! protein (Giannopolitis and Ries,
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1977).

For CAT activity determinations, we added the extract to potassium
phosphate buffer (50 mM, pH 7.0) and H,0, (12.5mM) freshly pre-
pared at the time of analysis. The analyses were performed in a spec-
trophotometer at 240 nm for 1 min. CAT activity was estimated using a
molar extinction coefficient (¢) equal to 39.4 mM ~ ! cm ™! (Cakmak and
Horst, 1991); the results are expressed in mmol of H,O, minute > g~*
protein.

We examined APX activity by adding the extract to potassium
phosphate buffer (50 mM, pH 6.8) and, at the time of analysis, ascor-
bate (0.25 mM) and H,0, (1.0 mM). The oxidation rate of ascorbic acid
was monitored for 1 min, recording absorbance values at 290 nm every
10 s in a spectrophotometer. We determined APX activity using € equal
to 2.8 mM~'em™!, expressing the results in pmol of ascorbate
minute ~! g_1 protein (Nakano and Asada, 1981).

2.6. Malondialdehyde (MDA) quantification

We macerated four replicates of 30 mg of embryos from each
treatment in liquid nitrogen, and then added 1.5 mL of trichloroacetic
acid (TCA) 0.1% (w/v). After vortex homogenization for 1 min, the
samples were centrifuged at 12,000 x g for 15 min. A 1 mL aliquot of the
supernatant was withdrawn and 3mL of a 0.5% (m/v) thiobarbituric
acid solution (prepared in 20% TCA) was added. The solution was then
held for 60 min at 95 °C and subsequently cooled on ice for 10 min. We
analyzed the samples spectrophotometrically (UV-1800, Shimadzu,
Tokyo, Japan) at wavelengths of 532 and 660 nm, eliminating inter-
ferences by subtracting the values obtained at wavelengths (532-660).
MDA concentrations are expressed as nmol g~ ' dry mass (Heath and
Packer, 1968, adapted).

2.7. ABA quantification

We quantified ABA by means of high performance liquid chroma-
tography (HPLC), macerating the samples in liquid nitrogen in 2ml
Eppendorf tubes (using four replicates of 100 mg of embryos from each
treatment). We then added 1 mL of an extraction solvent (methanol,
isopropanol, and acetic acid in proportions of 20: 79: 1) to each sample.
The solutions were vortexed for 1 min, submitted to ultrasonic dis-
association (Quimis, 0335D, Diadema, Brazil) for 30 min (water tem-
perature of 4-7 °C) and again vortexed for 1 min. The solution obtained
was centrifuged for 15min at 4°C and 10,000 x g. We collected the
supernatant and 0.5mL of the extraction solvent was added to the
precipitate and the extraction procedure repeated two more times. The
supernatants collected from each extraction were mixed, homogenized,
and then filtered (0.22 pm porosity filter). The filtrate was injected into
the chromatographic system under the following conditions: 20 ul of
sample in a HPLC system coupled to a diode array detector (1290
Infinity, Agilent Technologies, Waldbronn, Germany), with a flow rate
of 0.8 ml minute ™!, column temperature 30 °C, with methanol as the
mobile phase (Miiller and Munné-Bosch, 2011, adapted); detection used
the wavelength of 250 nm. We identified the ABA chromatographic
peaks in the samples by comparing their retention times with that of an
analytical standard. The results are expressed in ng g~ * dry mass.

2.8. Estimating membrane functionality - solute leaching

We immersed four replicates of 20 embryos from each treatment
(whose masses had been determined) in ultrapure water for 4h and
held them in a germination chamber at 30°C. The electrical con-
ductivities of the solutions were analyzed using a conductivity meter
(AKSO, AK83, Sao Leopoldo, Brazil). We quantified the K*, Mg>* and
Ca®* ions in the solutions using an atomic absorption spectro-
photometer (AA 240, Varian, Santa Clara, USA), according to a meth-
odology adapted from Gomes-Copeland et al. (2012). The results are
expressed on a dry mass basis.
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2.9. Ultrastructural and cytochemical evaluations

Transmission electron microscopic analyses were made of the co-
tyledonary petioles of B. capitata from dehydrated embryos (control)
and hydrated embryos submitted to y,, = 0, -1 and -2 MPa. Samples
were fixed in Karnovsky's solution (Karnovsky, 1965), with post-fixa-
tion in 1% osmium tetroxide, in 0.1 M phosphate buffer, pH 7.2
(Roland, 1978). The ultrafine sections of the peripheral region of the
cotyledonary petiole (including protoderm and ground meristem cells)
were contrasted with uranyl acetate (Watson, 1958) and lead citrate
(Reynolds, 1963) and examined by transmission electron microscopy
(Philips/FEI Company, Eindhoven, Netherlands) at 80 kV.

In order to identify embryonic reserves, we prepared additional
samples of the same materials used for the ultrastructural evaluations.
The material was fixed in Karnovsky's solution (Karnovsky, 1965), de-
hydrated in ethylic series and included in (2-hydroxyethyl)-methacry-
late (Leica Microsystems, Heidelberg, Germany). Longitudinal sections
(5 pum thick) were obtained using a rotary microtome (Atago, Tokyo,
Japan) and stained with Xylidine-Ponceau (Vidal, 1970) for proteins;
periodic acid and Schiff reagent - PAS (Feder and O’Brien, 1968) for
neutral polysaccharides; and Sudan black in glycerin 10% (Johansen,
1940, modified) for lipids.

2.10. Statistical analysis

The quantitative data of viability, vigor, H,O,, SOD, MDA, ABA,
electrical conductivity, and leaching of K* and Mg®* were submitted to
analysis of variance, and their means compared by the Tukey test, at a
5% level of probability. Data on Mg leaching were arcsine transformed
(x100~ 12 for the comparisons.

3. Results
3.1. Water relations

Dehydrated seeds of B. capitata and their embryos presented, in
their initial (fresh) conditions, water contents of 5.4 and 9.9%, re-
spectively. Immersion in distilled water for 72h increased their water
contents to 25.6% in the seeds and to 64.8% in the embryos; the dry
masses of the hydrated or dehydrated embryos did not differ (Fig. 1A).
Hydration increased the water contents (dry conditions) of the seeds
and their embryos by 5.6 and 17.7 times respectively (Fig. 1B).

The dehydrated embryos (0.11 g H,O g~ DM) showed increases of
approximately two-fold in their water contents when submitted to
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54 256 54 25.6

Seed water content (% FM)

Fig. 1. Dry masses of Butia capitata embryos (A) and water contents (dry basis)
of seeds and embryos (B) under dehydrated (seeds with water contents of 5.4%
on a fresh basis) or hydrated (seeds with water contents of 25.6% on a fresh
basis) conditions. Different letters indicate that the treatments statistically
differed from each other (Tukey test, p < 0.05). The bars represent the stan-
dard errors of the means.
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Fig. 2. Variation of the water contents (g H,O g_1 DM) and v,, (MPa) of de-
hydrated (0.11 g H,0 g~* DM) and hydrated (1.84 g H,O g~ ' DM) Butia ca-
pitata embryos after immersion in osmotic solutions with different v, during
36 h. The numbers at the end of the curves indicate the y,, (MPa) used in the
treatments. The reductions of water capacity (the ability to absorb or retain
water) in the treatments selected for the physiological evaluations are indicated
in red. The numbers in the boxes indicate the ,, of the embryos at each time.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

yw=0MPa (Fig. 2). Increasing water contents were also noted in the
other treatments in the first 12 h, with intensities influenced by the s,
of the solution. Water contents decreased at 24h only under y,, =
—10MPa, and at 36 h under y,,= —8 and y,,= —10 MPa. In the case
of the hydrated embryos (1.84 g H,O g~ 1 DM, only y,, =0 MPa caused
an increase in their water contents. The intensities of the reductions of
water contents under other treatments became more intense as v,
decreased.

The s tested provided approximately two-fold variations in water
capacities (defined here as the ability to absorb or retain water) of both
dehydrated and hydrated embryos (Fig. 2). The y,, of the dehydrated
embryos increased 26% after between 12 and 36 h of immersion in the
solutions, with a mean of -8.5 MPa. Hydration promoted a 98% increase
in y, of the embryos, which stabilized at -0.2 MPa after 24h of im-
mersion in the osmotic solutions.

3.2. Viability and vigor

The variabilities of the dehydrated and hydrated embryos were 80
and 95% respectively, under initial condition, and were not sig-
nificantly affected by immersion in distilled water (y,,=0MPa) for
12 h. Viability decreased with s more negative than —2 and —1 MPa,
with dehydrated or hydrated embryos respectively (Fig. 3A).

Hydrated embryos showed greater vigor in relation to dehydrated
embryos when submitted to y,, =0 MPa (Fig. 3B). That fact is related to
the greater metabolic activity in hydrated embryos, considering that the
tetrazolium test evaluates respiratory activity. It was observed that
yw= —1 MPa reduced the vigor of the hydrated embryos, and vigorous
embryos were not identified when s < —2 MPa with either hydrated
or dehydrated embryos.

For the evaluations described in the following sections, in addition
to the initial condition (control) and y,,=0MPa, treatments were
chosen with . that provided moderate and severe stress in dehy-
drated or hydrated embryos. For dehydrated embryos, y,, = -2MPa
was considered to induce moderate stress, since it reduced the water
capacity (capacity to absorb or retain water in relation to y,, = 0) by
1.2mg H,0 mg~! DM (Fig. 2), did not significantly reduce embryo
viability, and eliminated embryo vigor (Fig. 3A-B); yw= —4 MPa was
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Fig. 3. Percentages of viable (A) and vigorous (B) Butia capitata embryos after
immersion in osmotic solutions with different y,, for 12h in dehydrated (0.11 g
H,0 g~ ! DM) or hydrated (1.84 g H,O g~ ' DM) conditions as evaluated by the
tetrazolium test. Different letters indicate that the treatments statistically dif-
fered from each other (Tukey test, p < 0.05). The bars represent the standard
errors of the means.

considered a severe stress inducer, as it reduced water capacity by 1.7 g
H,0 g~ ! DM (Fig. 2) and reduced embryo viability by 75% (Fig. 3A).
For hydrated embryos, y,, = -1 MPa was considered a moderate stress
inducer as it reduced water capacity by 0.6 g H,O g~ ! DM (Fig. 2), did
not reduce viability, and decreased embryo vigor by 54% (Fig. 3A-B);
yw= -2 MPa was considered a severe stress inducer as it reduced water
capacity by 1.4 g H,0O g~! DM (Fig. 2), reduced embryo viability by
more than 60%, and eliminated their vigor (Fig. 3A-B). Additionally,
the effect of FH could be evaluated by comparing the effects of the
exposure of dehydrated embryos directly to that of distilled water
(yw =0 MPa), while the effects of slow hydration (SH) were evaluated
by comparing the initial condition (controls) under dehydrated and
hydrated conditions, as in that case, hydration was carried out over
72 h with the embryos still contained within the seeds.

3.3. Evaluation of ROS - histolocalization of O, and quantification of
H202

The embryos of B. capitata have two morphologically distinct re-
gions: the cotyledonary petiole, which holds the embryonic axis (and
plays a determinant role in germination), and the haustorium (Fig. 4), a
region responsible for the mobilization of endospermic reserves
(Oliveira et al., 2013; Dias et al., 2017).

In general, O,  production was significantly higher in hydrated
embryos than in dehydrated embryos (Fig. 4). In the initial condition of
dehydrated embryos, O, was observed to accumulate at the apex of the
cotyledonary petiole and throughout the haustorium. FH led to the
expressive removal of O, throughout the embryo, while SH caused
intensification of O, ion production in the same regions observed
under initial conditions. Moderate stress (y,,= —2 MPa) of dehydrated
embryos caused O, production, especially in the cotyledonary petiole;
severe stress (y= —4 MPa) caused O, production at the apex of the
cotyledonary petiole and throughout the haustorium. In hydrated em-
bryos, exposure to both y,, = 0 and moderate stress (y,,= —1 MPa) led
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Slow hydration Fig. 4. Images of Butia capitata embryos after
Fast hydratiom Stress Stress immersion in osmotic solutions with different
""""""""" - Wy in dehydrated (0.11g H,O g~' DM) or
4 hydrated (1.84g H,O g~! DM) conditions,
cp ; stained with NBT for the histolocalization of
a i ' ‘E O, (identified by its purple color). The red
£  lines indicate the main comparisons between
ha ®  the treatments that were highlighted in the
text. cp: cotyledonary petiole; ha: haustorium.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
control g -2 = control - ol - the web \g/ersiongof this article.)
Dehydrated Hydrated
Embryo water status
Slow H,0, concentrations were not affected by FH or SH (Fig. 5A).
Fast ... _Stress i “as‘ﬂ Moderate and severe stress did not affect H,O, concentrations in de-
A 600 L hydrated embryos, while significant increases in H,O, concentrations
500 were observed in hydrated embryos only under moderate stress.
3
o 400 3.4. Antioxidant system enzyme activities and estimates of lipid
s 300 b b 5 b peroxidation (MDA quantification)
=9
« b b b
Q 200 No APX activity was detected, and there were no significant dif-
* 100 ferences in CAT activities (M=10.44mmol min ‘g~ ! protein;
P = 0.407) among the treatments evaluated. FH did not affect SOD
0 activity, although its activity increased with SH (Fig. 5B). Conditions of
B N a moderate and severe stress increased SOD activity in both dehydrated
0.14 1 1 and dehydrated embryos. The lipid peroxidation indicator (MDA) was
£ 012 b b b b not affected by hydration or by the stresses to which the embryos were
'g 0.10 submitted (Fig. 5C), although exposure of hydrated embryos to
_; 0.08 N yw=0MPa reduced MDA concentrations in relation to other treat-
% 566 c ments.
£
?D-‘ 0:04 3.5. ABA quantification
8 0.02
0.00 Both FH and SH significantly increased embryo ABA concentrations
(Fig. 6). Moderate and severe stresses led dehydrated embryos to reduce
C 120 their ABA contents, in relation to ., =0 MPa, although hormone levels
100 a a = _?_ a remained higher than in the initial condition. Hydrated embryos
,'E 80 ab ¢ Slow
2 b Fast . _ Stress _Stress
[ - J
<40 1500 & a a
= b T T
& 1200 m .
0 = o
control 0 2 -4 control 0 -1 2 Yo 900 .
Dehydrated Hydrated E 600
Embryo water status 5 °
< 300
Fig. 5. H,O, contents (A), SOD activities (B), and MDA contents (C) of Butia
capitata embryos after immersion in osmotic solutions with different y,, under 0
dehydrated (0.11 g H,O g~ DM) or hydrated (1.84 g H,O g~ DM) conditions. control 0 2 4 control O P 2
The red lines indicate the main comparisons between the treatments that were
highlighted in the text. Fast: fast hydration; Slow: slow hydration. Different Dehydrated Hydrated

letters indicate that the treatments statistically differed from each other (Tukey
test, p < 0.05). The bars represent the standard errors of the means. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

to the removal of O, from the cotyledonary petiole but its intense
production in the haustorium; under severe stress (y,,= -2 MPa), Oy
production became reduced in a pattern similar to that observed in
dehydrated embryos under an identical level of stress.

Embryo water status

Fig. 6. ABA contents of Butia capitata embryos after immersion in osmotic so-
lutions with different v, in dehydrated (0.11g H,O g~' DM) or hydrated
(1.84 g H,0O g’1 DM) conditions. The red lines indicate the main comparisons
between the treatments that were highlighted in the text. Fast: fast hydration;
Slow: slow hydration. Different letters indicate that the treatments differed
statistically from each other (Tukey test, p < 0.05). The bars represent the
standard errors of the means. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Electrical conductivity (A), and leaching of K* (B) and Mg?™ (C) ions of
Butia capitata embryos after immersion in osmotic solutions with different s, in
dehydrated (0.11 g H,O g~ ! DM) or hydrated (1.84 g H,O g~ ' DM) conditions.
The red lines indicate the main comparisons between the treatments that were
highlighted in the text. Fast: fast hydration; Slow: slow hydration. Different
letters indicate that the treatments statistically differed from each other (Tukey
test, p < 0.05). The bars represent the standard errors of the means. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

exposed to y,,=0MPa, and to moderate stress, increased their ABA
concentrations in relation to controls, while severe stress promoted a
reduction in hormone content.

3.6. Cell membrane functionality — electrical conductivity and solute
leaching

Dehydrated embryos generally showed low solute leaching control,
resulting in higher levels of electrical conductivity and leached K™ and
Mg?* (Fig. 7A-C). Evaluations of electrical conductivity and K*
quantification presented very similar results, suggesting it to be the
most leached ion. No effects of the treatments were observed on Ca®*
concentrations, however, indicating that the embryos retain that ion
more tightly. Mg>* leaching occurred at levels approximately 10 times
less than those of K™.

FH did not affect electrical conductivity, and led to reductions of K*
leaching, although with increased Mg>* leaching (Fig. 7A-C). SH im-
proved the functionality of membranes with reduction in electrical
conductivity and ion leaching. Moderate stress did not affected elec-
trical conductivity or K* leaching in dehydrated embryos, although
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those characteristics were positively affected by severe stress
(Fig. 7A-B). Mg?* leaching increased in relation to controls under both
moderate and severe stress (Fig. 7C). The exposure of hydrated embryos
to y,, =0 MPa for 12 h reduced K* leaching relative to controls, but did
not affect conductivity or Mg?* leaching (Fig. 7A-C). Moderate stress
increased only K* leaching, while severe stress increased both the
conductivity and leaching of both K* and Mg**.

3.7. Ultrastructural evaluations

The protoderm cells of the cotyledonary petiole, in their initial
states, had thin and slightly sinuous walls; the cytoplasm was dense and
rich in organelles, especially mitochondria, with dictyosomes and
proplastids (Fig. 8A-B). Numerous small vacuoles showed stored pro-
teins, as revealed by histochemical tests (data not shown). Hydrated
embryos (y,, =0MPa) showed turgid cells with no wall sinuosities
(Fig. 8C), with dense cytoplasm but reduced numbers of mitochondria
and dictyosomes; endoplasmic reticulum proliferation, commonly as-
sociated with ribosomes, was observed (Fig. 8C-D). Fusions of vacuoles
containing protein residues with flocculated appearances were also
observed, indicating the beginning of reserve mobilization; numerous
lipid bodies, identified by histochemical tests (data not shown), were
organized around the vacuoles.

The immersion of the embryos in solutions with y,, = —1 MPa did
not cause apparent damage to the protoderm cells (Fig. 8E-F). Protein
reserves were more abundant inside the vacuoles as compared to the
treatment ,, =0 MPa, indicating some mobilization restrictions. Va-
cuoles commonly showed membrane residues in their interior.
Glyoxysomes with granular matrices were observed in the cytoplasm,
usually close to mitochondria and lipid bodies (Fig. 8F). The stress
generated by immersion of embryos in solutions with y,,= -2 MPa re-
sulted in severe damage to the protoderm cells. The cell walls showed
accentuated sinuosities, and the protoplast was strongly retracted
(Fig. 8G). There was a notable accumulation of substances in the
periplasmic space, including lipids and membrane residues. The cyto-
plasm was not at all dense, with low populations of organelles, and
without mitochondria, endoplasmic reticulum, dictyosomes, glyoxy-
somes, or plastids. Proteins remained accumulated in vacuoles, in-
dicating restricted mobilization (Fig. 8H). Lipid bodies were randomly
distributed in the cytoplasm, and many were partially degraded. Nuclei
were observed at the cell periphery, being strongly contracted and
without their nuclear envelopes (Fig. 8G).

The cells of the ground meristem of the cotyledonary petiole ex-
hibited significant differences in relation to those of the protoderm. In
the initial condition, proteins (evidenced by histochemical tests - data
not shown) were stored in vacuoles of variable sizes distributed
throughout the cytoplasm (Fig. 9A-B). Lipid bodies, with irregular
contours, were positioned peripherally, and there were small starch
grains in the cytoplasm. Embryo hydration resulted in intense protein
mobilization and the formation of large vacuoles containing protein
residues and flanked by small lipid bodies with circular contours
(Fig. 9C-D).

Embryos exposed to y,,= -1 MPa also showed evidence of intense
protein mobilization (unlike protoderm cells under the same condi-
tions) (Fig. 9E), in addition to the presence of glyoxysomes, commonly
associated with mitochondria (Fig. 9F). Under WS (y,,= —2 MPa), the
cells appeared partially collapsed, with conspicuous wall invaginations
(Fig. 9G-H). The proteins had not been mobilized and were observed in
the cytoplasm and inside vacuoles (those also often with lipid bodies
and membrane residues).

The main cytological changes seen in embryos in response to y,, are
summarized in Fig. 10.

4. Discussion

The diaspore of the palm B. capitata is the pyrene (the seed enclosed
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Fig. 8. Ultrastructure of the protoderm of Butia capitata embryos in dehydrated (0.11 g H,O g_l DM) (control) or hydrated (1.84 g H,O g_l DM) conditions and
exposed to osmotic solutions with different v, (indicated in the left column). A, B) Cell with thin walls; dense cytoplasm, rich in organelles, containing small protein
vacuoles. C, D) Median region of the cell showing vacuoles containing protein residues, indicating the initiation of protein mobilization during imbibition. E) Cell
containing protein vacuoles flanked by lipid bodies with circular outlines. F) Cell periphery, highlighting glyoxysomes, and membrane residues (white arrowheads)
within protein vacuoles. G) Cell with notable contraction of the protoplast and accumulations of substances in the periplasmic space (black arrowheads); contracted
nucleus without its nuclear membrane. H) Periphery of the cell, showing intense lipid mobilization (black arrows) and intact protein vacuoles. cw, cell wall; di,
dictyosome; er, endoplasmic reticulum; gl, glyoxysome; 1b, lipid bodies; mi, mitochondria; nu, nucleus; pp, proplastid; va, protein vacuole.



B.G. Gongalves, et al. Environmental and Experimental Botany 169 (2020) 103904

Fig. 9. Ultrastructure of the ground meristem of Butia capitata embryos in dehydrated (0.11 g H,O g~ ! DM) (control) or hydrated (1.84 g H,O g~ ! DM) conditions
after immersion in osmotic solutions with different v, (indicated in the left-hand column). A, B) Cells with thin walls, dense cytoplasm, rich in mitochondria, large
protein vacuoles, lipid bodies, and starch. C, D) Cells with vacuoles containing protein residues with flocculated appearances, flanked by small lipid bodies with
circular outlines. E) Cell with vacuoles containing proteins and membrane residues (white arrowheads). F) Cell periphery showing glyoxysomes associated with
mitochondria and lipid bodies. G, H) Cell with strongly sinuous wall (white arrow), conspicuous contraction of protoplast, and accumulation of substances in the
periplasmic space (black arrowheads); protein in vacuoles and in the cytoplasm. cw, cell wall; di, dictyosome; er, endoplasmic reticulum; gl, glyoxysome; is,
intercellular space; 1b, lipid bodies; mi, mitochondria; nu, nucleus; pi, primary pit field; pp, proplastid; st, starch; va, protein vacuole.
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by the endocarp), which is normally incorporated into the soil seed
bank after the fleshy mesocarp is consumed by dispersers (Oliveira
et al., 2013). The endocarp is rigid and protects the seed, although the
embryo maintains contact with the surrounding environment through
the germinative pore, which provides a pathway for the flow of water
and gas exchange (Fig. 11). Seeds can remain for long periods of time in
seed banks due to their high levels of dormancy and so undergo re-
peated hydration cycles (Oliveira et al., 2013; Dias et al., 2015, 2017).
We have shown here, through physiological and cytological evalua-
tions, that the embryos of B. capitata are tolerant to extreme water
events, which contributes to the resilience of their seed banks.

4.1. Aspects of WS tolerance

The embryos in B. capitata show high resistance to WS due to their
water capacity, associated with abundant reserves, oxidative stress

High temperatures d ‘d 4 ‘d 4
/i ﬁ
e Heavy ralns
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control, and high ABA contents. We observed that air dehydrated em-
bryos (0.1 g H,0 g~ ! DM) had low v, (-8.5MPa) and high water ca-
pacities (Fig. 2). Even the WS induced by y,, = -2 MPa, which normally
does not occur in the soil (Kirkham, 2005) (but may occur after fires),
did not affect the viability of the embryos due to the abundance of
embryonic reserves (especially proteins and starch - Fig. 9A-B) already
evidenced in other studies (Magalhdes et al., 2013; Oliveira et al.,
2013). Protein and amylaceous reserves directly influence the ., ma-
tric, the main component of ., related to the water capacity of dehy-
drated seeds (Nonogaki et al., 2010; Bewley et al., 2013). Additionally,
numerous proteins and carbohydrates play crucial roles in protecting
cell membranes under conditions of intense dehydration (Berjak and
Pammenter, 2008; Marques et al., 2018). The preservative capacities of
cell membranes are reflected in the low levels of solute leaching ob-
served in (dehydrated or hydrated) B. capitata embryos when submitted
to moderate stress (Fig. 11).

The ability to control oxidative stress in B. capitata embryos is as-
sociated with SOD activity (that was observed with moderate or severe
stress in dehydrated or hydrated embryos), which probably contributed
to controlling O, levels (Fig. 11). Increased production of H,O, was
observed, on the other hand, in hydrated embryos submitted to mod-
erate stress related to the proliferation of glyoxysomes (Fig. 9F), orga-
nelles involved in the production of H,O, by the beta oxidation of lipids
(Bailly, 2004; El-Maarouf-Bouteau and Bailly, 2008). Although high
levels of H,O, are commonly related to cell damage (Bailly, 2004; Diaz-
Vivancos et al., 2013), we found that lipid peroxidation, membrane
functionality, and cell structure were not affected by H>O, production
(Fig. 11). As the enzymatic antioxidant systems related to HyO,
scavenging (CAT and APX activity) were not activated, it is possible
that alternative mechanisms of protection against oxidative stress are
effective. Studies have shown that embryos of species phylogenetically
related to B. capitata (Cocoseae tribe) accumulate the potent anti-
oxidants tocopherols and tocotrienols (Siles et al., 2013; Barreto et al.,
2014). Other studies have shown that oxidized forms of proteins play
prominent roles in ROS scavenging (Job et al., 2005; Barba-Espin et al.,
2012). The elucidation of the composition of the abundant protein re-
serves evidenced in B. capitata embryos (Oliveira et al., 2013), as well
as additional research on non-enzymatic antioxidant mechanisms, will
contribute to our knowledge of oxidative stress tolerance in that spe-
cies.

Also worth noting were the high ABA contents observed in B.

High temperatures
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Fig. 11. Schematic illustration of the Butia
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capitata embryos together with its synthesis even with low metabolic
rates (Fig. 11). High ABA concentrations were also observed in embryos
of Acrocomia aculeta (Ribeiro et al., 2015) and Attalea vitrivir (Dias
et al,, 2017), palm trees with seeds that are highly tolerant to de-
siccation and also occur in the Cerrado biome. ABA is considered a key
hormone in terms of tolerance to water stress, a condition that com-
monly promotes its increased biosynthesis (Ozfidan et al., 2012). That
hormone acts as a messenger in several cellular signaling networks, and
triggers the expression of genes related to stress tolerance and the ac-
tivation of antioxidant systems, resulting in ROS reductions (Ozfidan
et al., 2012; Souza et al., 2017). ABA synthesis, even under conditions
of severe water stress, as evidenced in the present work, can be con-
sidered a key aspect of the desiccation tolerance of B. capitata embryos.

When severe WS (yw = -2 MPa) was applied, the hydrated embryos
completely lost vigor and showed a 56% decline in viability — asso-
ciated with a significant increase in ion leaching (Fig. 11). Under those
conditions, there was also a blockage of protein mobilization, the col-
lapse of cell structure (evidenced by the invagination of cell walls),
reductions of organelle populations, protoplast retraction, the presence
of residues and membranes in the periplasmic space, the loss of the
nuclear envelope, and the degradation of lipids (Fig. 10). Together,
those processes are common to WS responses due to biophysical da-
mage to cellular components (Berjak and Pammenter, 2008).

4.2. Hydration effects on embryo physiology and ultrastructure

B. capitata embryos tolerate FH, and SH is associated with reserve
mobilization, membrane functionality restoration, and oxidative stress
control. Hydration is the first stage of the germination process, although
FH is known to cause severe cellular damage in the seeds of several
species (Bewley et al., 2013). Despite the considerable elevation of y,,
FH did not affect embryo viability (Fig. 11). Although FH promoted
increased respiratory activity in B. capitata embryos, there was a re-
duction in O,  production; H,O, production was not affected, how-
ever, suggesting that embryo metabolism was still adjusting to hydrated
condition. With SH there was intense protein and starch mobilization
(Figs. 8C-D; 9 C-D), which was related to increased respiratory activity
and oxygen production. However the cellular protection mechanisms
proved to be efficient. While SOD activity contributed to control oxi-
dative stress, the restoration of membrane functionality resulted in
expressive reductions of solute leaching in relation to the dehydrated
condition (Fig. 11).

Seed imbibition is generally related to preparations for germinative
processes involving resuming metabolic levels and the removal of in-
hibitors (Finch-Savage and Leubner-Metzger, 2006; Bewley et al.,
2013). In the present work, however, we showed that ABA concentra-
tions (one of the main inhibitors of germination) increased with embryo
imbibition (Fig. 11). ABA synthesis by embryos is recognized as a me-
chanism for maintaining dormancy in the seeds of many species
(Bewley et al., 2013), and the hormone is considered critical to con-
trolling the germination of B. capitata and other Cerrado palm trees
(Ribeiro et al., 2015; Dias et al., 2017). We consider the rapid synthesis
of ABA in response to the hydration by embryos of B. capitata as con-
stituting a mechanism to prevent germination under unstable en-
vironmental conditions such as those produced, for example, by the
sparse rains typical of the Cerrado spring.

4.3. Insights into the persistence of Cerrado seed banks

B. capitata endemic to the Cerrado biome in central Brazil that are
characterized by sandy soils and seasonal rainfall (Carvalho et al.,
2015). The Cerrado is also prone to fires, which can contribute to ex-
tremely low soil y,, levels (Fichino et al., 2016). Dormancy is common
in seeds of several Cerrado species (including about 50 palm species),
leading to the formation of abundant and diverse seed banks (Lorenzi
et al., 2010; Escobar et al., 2018; Souza et al., 2019). However, little is
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known about the physiological responses of tropical seeds to extreme
water events. From the results of the present work, we are led to think
that the association between an efficient antioxidant system and ABA
biosynthesis capacity by embryos may be important for the main-
tenance of seed banks of other Cerrado species, which may be taken as a
working hypothesis in future studies.

4.4. Conclusions

The embryos of B. capitata have high resistance to WS due to their
abundant reserves, mechanisms of oxidative stress control, and high
ABA biosynthetic capacity. Embryos tolerate FH, and there is a re-
establishment of membrane functionality and an increase in ABA pro-
duction with SH. The loss of embryo viability under severe stress is due
to biophysical damage to cell structures. The tolerance of B. capitata
embryos to WS and FH is determinant for the resilience of its seed banks
in environments under the seasonal climate of the Cerrado biome.
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