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ABSTRACT. This study aimed at assessing the cell cycle, and anatomical and biochemical changes that
the embryonic axis of Araucaria angustifolia undergoes during development, focusing on the maturation
stage. During all development, cells exhibited intense metabolic activity with an abundance of
mitochondria, lipid bodies, and vacuolated cells. The continued accumulation of starch and protein was
observed by LM and TEM and indicated by spectra of FTIR. Cell differentiation of the procambium was
observed with a thickening of the cell wall and the formation of resiniferous ducts. At Stage III and IV,
cells exhibited structural changes such as altered or elongated mitochondria and presence of
plastoglobules. These results suggest that there is a gradual transition from developmental metabolism to
germination metabolism. Such changes can contribute to the rapid germination of seeds right after their
dispersion, making it an ecological strategy to reduce post-dispersal exposure to predators and to avoid
damage from reduced moisture.
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Introduction

Araucaria angustifolia (Bertol.) Kuntze is a native conifer with social, economic and ecological
significance in southern Brazil (Wendling & Brondani, 2015). Clear-cutting and the spread of
agriculture resulted in the inclusion of these species on the IUCN (International Union for Conservation
of Nature) Red List of Threatened Species as critically endangered status (The International Union for
Conservation of Nature [IUCN], 2018). However, their seeds are still an important source of income and
food for many low-income families and small farmers (Zechini, Schussler, Silva, Mattos, Peroni,
Mantovani, & Reis, 2012).

The maturation period of A. angustifolia seeds is between April and August (Mattos, 2011), which are
classified as recalcitrant (Gasparin, Faria, José, & Hilhorst, 2017). In previous studies during the maturation
period, morphological and physiological alterations in seeds were observed (Shibata, Coelho, & Steiner,
2013). However, the anatomical, biochemical and cell cycle changes that occur during the maturation of the
seeds of these species are still unknown.

The maturation process in recalcitrant seeds might not be interrupted, even with the seeds still attached
to the mother plant, due to the beginning of the germination process (Barbedo, Centeno, & Ribeiro, 2013).
Species with recalcitrant seeds, such as Inga vera Willd. subsp. affinis (DC.) T. D. Penn. have been found to
experience rapid temporary metabolic shifts during maturation with highly vacuolated cells, which suggest
a continuum from maturation to germination prior to seed dispersion (Caccere, Teixeira, Centeno,
Figueiredo-Ribeiro, & Braga, 2013). The embryonic axis of Quercus ilex L. has also shown the ability to
accomplish signal transduction for seed germination during maturation, from the presence of the large
number of biosynthesis and translation proteins (Sghaier-Hammami, Redondo-Lépez, Valero-Galvan, &
Jorrin-Novo, 2016). Other species have accumulated starch or soluble carbohydrate during recalcitrant seed
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development to have the immediate energy for germination (Souza, Santos Dias, Pimenta, Almeida, Toledo
Picoli, Padua Alvarenga, & Silva, 2018; Mazlan, Aizat, Baharum, Azizan, & Noor, 2018). However, as for A.
angustifolia, it is not known if the germination process may have started at the end of its development and
have continued during storage (Araldi & Coelho, 2015).

Some changes are related to the germination process in recalcitrant seeds, such as formation of
vacuoles, increases in the occurrence of mitochondria and in the extent endoplasmatic-reticulum
development (Farrant, Pammenter, & Berjak, 1989; Obroucheva, Lityagina, Novikova, & Sin’kevich, 2012),
differentiation of procambium in vascular tissues (Danial, Keng, Alwi, & Subramaniam, 2011), an increase
in mitotic activity with changes in the 2C and 4C DNA content (Obroucheva, Sinkevich, & Lityagina, 2016),
among others.

To provide more insights into maturation of A. angustifolia seeds during period of seeds collect from
April, until the time they are dispersed, in the months of June/July, we conducted an investigation
monitoring the seeds modifications of A. angustifolia to evaluate whether seeds exhibit a transition from
developmental metabolism to germination metabolism although the seed is still connected to the mother
plant. To answer this question we determined changes in anatomy, chemical composition and the cell cycle
during the maturation period of seed development and we hypothesized that the germination process in the
seeds of A. angustifolia begins when the seeds are still attached to the mother plant.

Material and methods

Cones (megastrobilus) of A. angustifolia var. indehicensis (Adan, Atchison, Reis, & Peroni, 2016)
were collected from six mother-plants of natural population located in Santa Catarina, Brazil
(27°55°30” S and 49°58’35” W at 1300 m in elevation) during March - June of 2014 and 2015. Cones
were chosen based on the main color changes they experience during seed maturation: green (cones
with predominantly green surface — Cotyledonary Stage), green-brownish (cones with green surface or
with small brown spots for less than 50% of the total surface area — Stage II), brown-green (cones with
green surface and large brown spots for more than 50% of the total surface area and exhibiting the start
of dehiscence — Stage III) and brown (cones with a predominantly brown surface and undergoing
dehiscence - Stage IV) (Figure 1).

Figure 1. Alterations of cones of Araucaria angustifolia. Cotyledonary Stage: cones with green surface (A); Stage II: cones with green
surface with brown small spots (B); Stage III: cones with green surface and brown large spots (C); Stage IV: cones with surface
predominantly brown (D). Cross section of A. angustifolia seeds (E) showing the embryo (e) and megagametophyte (m). An embryo (F)
showing the two cotyledons (c) and embryonic axis (ax). Bars: (A, B, C, D): 2 cm; (E, F): 1 cm.

After seeds were collected, their embryonic axis were extracted (Figure 1F) and submitted to light
microscopy, transmission electron microscopy, DNA-content and infra red vibrational analyses.

Light microscopy

Transverse sections in the four development stages of A. angustifolia seeds collected in 2014 were used
for the anatomical analyses. Embryonic axis were separated in plumule and hypocotyl-radicle axis fixed
overnight in phosphate buffer 0.1 M (pH 7.2) containing 2.5 % formaldehyde at 4°C. Subsequently, the
samples were dehydrated in an increasing series of aqueous ethanol solutions and then infiltrated with
Historesin (Leica Historesin, Heidelberg, Germany). Semi-thin sections (4 pm thick) containing both
plumule and hypocotyl-radicle axis were treated with different histochemical techniques. Periodic acid-
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Schiff (PAS) was used to identify neutral polysaccharides (Gahan, 1984), 0.5% toluidine blue (TB-O) pH 3.0
(Merck Darmstadt, Germany) to identify acidic polysaccharides (Gordon & McCandless, 1973) and 0.4 %
Coomassie Brilliant Blue (CBB) in Clarke’s solution (Serva, Heidelberg, Germany) to identify proteins
(Gahan, 1984). Sections were analyzed using an Olympus BX 41 light microscope equipped with Image Q
Capture Pro 5.1 Software (QImaging Corporation, Austin, TX, USA).

Transmission electron microscopy

Semi-thin sections (2 pym) were made of samples collected in 2015 to compare with the sections from
samples of 2014. Due to the similarity of the samples from the two years, those collected in 2015 were used
for transmission electron microscopy (TEM). Samples of plumule and hypocotyl-radicle axis were fixed in
0.1 M sodium cacodylate buffer (pH 7.2) containing 4% formaldehyde and 2.5% glutaraldehyde for 12h
(Schmidt, Scariot, Rover, & Bouzon, 2009). The material was post-fixed with 0.1 M sodium cacodylate buffer
containing 1% osmium tetroxide for 4 hours, dehydrated in an increasing series of aqueous acetone
solutions, and then embedded in Spurr’s resin (Spurr, 1969). Ultra-thin sections (70 nm thick) were collected
on grids and stained with aqueous uranyl acetate followed by lead citrate. Two grids were then examined
using a JEM 1011 TEM (JEOL Ltd., Tokyo, Japan) at 80 kV.

DNA-content

To analyze the cell cycle, the apex of the embryonic axis was macerated on a Petri dish containing 1 mL
of cold LBO1 buffer using a scalpel blade to release the nuclei into suspension (Dolezel, Greilhuber, & Suda,
2007). The chopped tissue was aspirated through two layers of cheesecloth with a plastic pipette, filtered
through a 50 mm nylon filter, and collected in a polystyrene tube. The nuclei were stained by adding 50 uL
of propidium iodide (1 mg mL™!) and 5uL of RNase (100 ug mL!) to each sample. The analysis was performed
using a FACSCanto II (Becton, Dickinson and Company, USA) flow cytometer and histograms created with
Cell Quest software.

Infrared vibrational analyses

Samples of A. angustifolia were submitted to Fourier transform infrared spectroscopy (FTIR) in a Bruker
IFS 55 spectrophotometer with a glycerin-sulphate detector (DTGS) and attenuated total reflectance
accessories (ATR, Golden Gate). One hundred and twenty-eight scans per sample were collected in spectral
windows of 4000-500 waves cm™! at a resolution of 4 waves cm™l. Three spectra were collected for each
sample. Spectra were normalized, baseline corrected in the region of interest (3000 to 600 cm™) and
processed with the aid of Essential Ftir software.

Statistical analysis

The FTIR dataset was subjected to principal components analysis (PCA) in R software (R Development
Core Team, 2011).

The experimental design of the flow cytometry analysis was a completely randomized 2 x 4 factorial
design (two years of harvest and four development stages) with three replicates of each treatment. The data
were tested for normality and subjected to ANOVA. The means were compared by SNK’s test at 5%
significance.

Results

Anatomical changes to seeds

Plumule cells showed intense development when stained with TB-O due to cellular differentiation of the
procambium and formation of resin ducts (Figure 2). A greenish-blue color shift was observed at Stage IV,
indicating a thickening of the walls of tracheid cells containing phenolic and/or lignin compounds (Figure
2]). At Stage III, cells undergoing mitosis were recognized by the presence of two nuclei, thin cell walls
between cells and separation of sister chromatids (Figure 2K).

PAS staining showed a positive reaction, indicating the presence of neutral polysaccharides. Such
compounds were found primarily as starch grains and cell wall constituents. During development, starch
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grains and cytoplasm density increased from Stage II onward (Figure 2F). CBB staining revealed a large
amount of protein throughout the cell cytoplasm and many white-appearing vacuoles, which increased both
in number and size from Stage I onwards (Figure 2E). Hypocotyl-radicle axis cells showed few changes
throughout seed development (data not shown).

TEM analysis of ultrastructure revealed a nucleus, secretory vesicles, abundant storage reserves,
mitochondria and some Golgi bodies throughout development. The storage reserves of both hypocotyl-
radicle axis and plumule cells included starch inside plastids and lipid bodies (Figure 3).

In Stages III and IV, the cells possessed relatively large vacuoles and a change in the appearance of
mitochondria, with them being elongated and undergoing fission or fusion (Figure 3E and 3G). The
mitochondrial matrices became increasingly devoid of internal detail with electron-transparent regions
(Figure 3E). Plastoglobules were observed inside amyloplasts (Figure 3F).

Figure 2. Light microscopy of Araucaria angustifolia plumule cells. Transversal sections stained with TB-O staining enhanced (pc)
procambium, (r) resins ducts got bigger at Stages III and IV (G, ]), a greenish-blue color shift at stage IV (J - arrow) and sister
chromatids have separated and begin moving toward opposite poles of the cell (K). CBB staining showing vacuoles (v) and protein in
blue (B, E, H, L). PAS staining, note the increased of starch grains (S) from Cotyledonary Stage to others stages. Bars: (A, J): 50 um; (B,
C,E,F,H, [ L, M): 20 pm; (D, G): 200 pm; (K): 0.3 pm.
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Figure 3. Transmission electron microscopy of Araucaria angustifolia. (A, C, E, G) Plumule and (B, D, F, H) hypocotyl-radicle axis cells
at (A, B) Cotyledonary Stage, (C, D) Stage II, (E, F) Stage III and (G, H) Stage IV. Abbreviations: (a) amyloplast; (am) altered
mitochondria; (cw) cell wall; (Ib) lipid body; (mt) mitochondria; (n) nucleus; (s) starch granule; and (v) vacuole. Bars: (A, E, H): 2 uym;
(B, F, G): 1 um; (C): 5 pm; (D): 0.5 um.

Flow cytometry analysis

Most of the nuclei of the embryonic axis of A. angustifolia contained 2C DNA, indicating that most of the
cells were in the G1 phase of the cell cycle. Year of collection and stage of development did not exhibit
interactions with 2 and 4C DNA values.
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A decrease in the content of 2C DNA from 82.58 to 77.35% was, however, observed from the Cotyledonary
Stage to Stage IV. Nevertheless, the content of 4C DNA (G2 phase of the cell cycle) did not differ significantly
between the Cotyledonary Stage and Stage IV, with it being 8.44 and 10.35%, respectively (Figure 4).
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Figure 4. The cell cycle of Araucaria angustifolia embryonic axis. G1 phase (e): 2C DNA; S phase (¥): 2C/4C DNA and G2 phase (0): 4C
DNA content at Cotyledonary Stage, II, III and IV. Bars represent standard error. The letters refer to the SNK’s test (p < 0.05).

FTIR spectroscopy analyses

FTIR spectra of A. angustifolia showed vibrational band assignments for the major groups of biochemical
components, with most of the absorption peaks being detected in the 3000-600 cm™! spectral window,
indicating the presence of lipids (2924, 2854, and 1740 cm™), proteins (1650-1500 cm), starch (1200-800
cm!) and phenolic compounds (900-690 cm!) at different developmental stages of seeds.

Three prominent areas in the lipid region were found at different development stages of A. angustifolia
seeds: 2927, 2856, and 1745 cm™.. Carbocyclic groups, associated with the axial deformation of functional
group C=0, are typically found in fatty acids and can be detected in the regions of 3000-2800 cm™ (Lahlali
et al., 2014) and 1740 cm™ (Kuhnen et al., 2010).

The two major vibrational bands of protein backbone are the Amide I and Amide II bands in the region
1500-1700 cm™ (Baker et al., 2014), which are mainly associated with the stretching vibration of C=0
(Lahlali et al., 2014). At least one main absorption peak was observed at 1648 cm™ (Figure 5) in the Amide I
region. The peaks observed in the 800-1200 cm’ spectral window indicated the presence of starch
associated with the axial deformation of functional groups C-0, C-C and C-O-H and angular deformation of
C-O-H (Warren, Gidley, & Flanagan, 2016).
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Figure 5. FTIR spectra of Araucaria angustifolia embryonic axis. Absorption peaks being detected in the 3000-600 cm! spectral window
at Cotyledonary Stage (coty), Stage II, IIT and IV.
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The first two components of the principal components analysis (PCA) revealed clear discrimination of
samples and explained 99.8% of the total variance of the FTIR dataset. The samples were dispersed along
the first axis (PC1; 98% variance) and formed two groups with Cotyledonary Stage and Stage II in PC1-, and
Stages Il and IV in PC1+ (Figure 6).
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Figure 6. PCA of FTIR data set of Araucaria angustifolia embryonic axis at different development stages. 1COL: Cotyledonary Stage;
2COL: Stage II; 3COL: Stage III and 4COL: Stage IV.

Discussion

During the beginning of seed development there is intense cell-cycle activity in the cells. This cycle
comprises the events necessary for cell division and is divided into two stages: interphase — subdivided into
G1, S and G2 phases when there is intense metabolic activity due to DNA replication, growth and synthesis;
and mitosis - the period wherein the genetic material is divided into two identical cells (Bewley, Bradford,
Hilhorst, & Nonogaki, 2013). Recalcitrant seeds being dispersed with the majority of their cells in the G1
phase, such as what is seen in Inga vera (Faria, van Lammeren, & Hilhorst, 2004). The majority of the nuclei
of the embryonic axis of A. angustifolia were in the G1 phase (DNA content 2C), as determined by flow
cytometry analysis, while a decrease in the proportion of cells in the G1 phase was observed in Stages III and
IV. Light microscopy found that in these stages some cells exhibited mitotic activity, as evidenced by the
occurrence of nuclei being divided into two within the same cell (Figure 2K). These cells comprised part of
the percentage of cells in the G2 phase as observed by flow cytometry (8 to 10%). There have been no
previous reports regarding DNA content during A. angustifolia seed development; however, freshly
harvested and germinated mature seeds have been found not to differ in 2C DNA content (Gasparin et al.,
2017). These observations demonstrate that the seeds of A. angustifolia, even in the process of germination,
seem to modify their DNA content late, probably after protrusion of the radicle.

The LM analysis observed cells stained with TB-O indicating the cellular differentiation of the
procambium with a thickening of the cell wall and greater accumulation of lignin and/or phenolic
compounds (Figure 2]). Such meristematic cells were observed in the early stages (Figure 2A and 2D), and
the formation of resiniferous ducts in other stages (Figure 2G and 2]). The formation of resin is a defense
strategy for plants (Mithofer & Boland, 2012) and their initial formation can be considered preparation for
the defense of the seed and its subsequent germination.

During all stages of development, plumule and hypocotyl-radicle axis cells of A. angustifolia seeds
seemed to have intense metabolic activity, which could be deduced from the occurrence and frequency of
mitochondria, Golgi bodies and lipid bodies. This elevated metabolism is frequently reported for recalcitrant
seeds and is related to desiccation intolerance. Such seeds can be stored for a short period of time, making
their conservation difficult, as with A. angustifolia (Silveira et al., 2008; Balbuena, Silveira, Junqueira, Dias,
Santa-Catarina, Shevchenko, & Floh, 2009; Rogge-Renner, Steiner, Schmidt, Bouzon, Farias, & Guerra,
2013), Inga vera (Caccere et al., 2013), Hevea brasiliensis (Willd. ex A.Juss.) Miill.Arg. (Bonome, Moreira, de
Oliveira, & Sotero, 2011) and Aesculus chinensis Bge. (Yu & Chen, 2011).
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The samples stained with CBB and PAS demonstrate the accumulation of proteins and starch during the
stages analyzed (Figure 2L and 2M). These reserves were also observed using FTIR spectrophotometry
(Figure 4), which has been previously used to analyze the composition of seeds (Kuhnen et al., 2010; Amir,
Anjum, Khan, Khan, Pasha, & Nadeem, 2013; Barsberg, Rasmussen, & Kodahl, 2013; Araldi, Coelho, &
Maraschin, 2016). Lipids, starch, proteins and phenolic compounds were present in all seed samples. These
compounds can be easily converted into soluble substances and to contribute to the rapid transition from
developmental metabolism to germination metabolism. Principal components analysis of FTIR
demonstrated that the most important variables for PC1 were starch and proteins, which discriminated a
group to the left formed by Cotyledonary Stage and Stage II, and a group to the right formed by Stage III and
IV. These groups also showed similar features by LM and TEM analyses.

Furthermore, different mitochondrial morphologies seemed to occur more frequently in Stages III and IV
(Figure 3C and 3D). In addition to the standard mitochondrial morphology with a typically cylindrical-
shape, well-packed and organized cristae, elongated or altered mitochondria were observed often with
matrices increasingly devoid of internal detail and with a modified electron-transparent region. These
changes in mitochondria have been described for A. angustifolia in response to stress during in vitro culture
conditions (Fraga, Vieira, Puttkammer, Oliveira, & Guerra, 2015). Thus, the presence of plastoglobules and
altered mitochondria appears to be a response to the stress to which the seeds had been subjected. These
events, along with the cellular differentiation and division observed by LM analysis, appear to be responses
to the stress imposed on seeds by dispersion or in preparation to change metabolism.

Species with recalcitrant seeds, such as Inga vera, have exhibited rapid temporary metabolic shifts
during maturation, moving directly from maturation to germination (Caccere et al., 2013). Early
germination after being shed has been reported previously for A. angustifolia seeds, as well as its
continuance during storage (Farrant et al., 1989; Garcia, Coelho, Maraschin, & Oliveira, 2014; Araldi &
Coelho, 2015). This germination is rapid and non-homogeneous, furthermore, the seeds exhibit
different post-harvest early-developmental categories after storage: seed with mature embryo; seeds
with elongation along the embryonic axis; starting of root protrusion; advanced germination stage,
with seedling shoots (Araldi & Coelho, 2015). Thus, these categories and our results support our
hypothesis that there is a gradual transition from developmental metabolism to germination
metabolism despite the fact that the seed is still connected to the mother plant and continue after
storage. In addition, the seeds are able to germinate even under unfavorable conditions, once A.
angustifolia seeds have a high moisture content and it’s metabolism remains high after shedding.

The period of imbibition required by recalcitrant seeds at the onset of germination might be shorter than
that of orthodox seeds, and they may germinate rapidly due to both having a high moisture content and an
active metabolism, and so limited or no imbibition is required to initiate germination (Berjak & Pammenter,
1995), as it has been observed in A. angustifolia seeds (Balbuena et al., 2011). Thus, in latter development
stages, A. angustifolia seeds could initiate germination without the requirement of additional water due to
the fact that hypocotyl-radicle axis and plumule cells showed enhanced subcellular activity, including
altered or elongated mitochondria, the presence of plastoglobules, vacuolation, cell division and
differentiation.

Recalcitrant seeds transition quickly from development to germination, and they lack the ability to
switch-off their metabolism after seed dispersal. However, some recalcitrant seeds modify their metabolism
for germination even before dispersion, i.e., during seed development, which begins to mobilize both starch
and proteins; highly vacuolated cells; biosynthesis and translation proteins (Caccere et al., 2013; Sghaier-
Hammami et al., 2016). Such behavior facilitates the fast seedling establishment after their shedding.
Therefore recalcitrant seeds do not constitute a persistent seed bank in the field, avoiding the risk of seed
infection and predation.

Conclusion

Araucaria angustifolia seeds show a gradual transition from developmental metabolism to germination
metabolism despite the fact that the seed is still connected to the mother plant. Such changes can be
contributed to the rapid germination of seeds soon after their dispersion, making it an ecological strategy to
reduce post-dispersal exposure to predators and to avoid damage from reduced moisture.
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