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Abstract Cell suspension culture is a useful in vitro model-system for both
scaling up and conserving the Brazilian conifer Araucaria angustifolia. In
the present work, cell suspension of Araucaria was subjected to proteomics,
biochemical and histochemical analyses. The results revealed new insights
underlying the molecular mechanism of proembryogenic masses transition
in cell suspension. Embryogenic cell cultures were cultivated in a basal
liquid medium modified in a Steward apparatus (orbital agitator). Cell
growth dynamics was evaluated using cell volume after sedimentation, fresh
weight, mitotic index, conductivity, pH, and the number of proembryogenic
masses (PEMs: 1, II, III). Histochemical parameters, cell viability, and
cell death analyses were performed to pinpoint growth rates. Proteomics
analysis was performed using two-dimensional electrophoresis, and
protein identification was carried out by MALDI-TOF-TOF tandem mass
spectrometry. Cell growth dynamics showed a predominance of PEM III.
Maximum slope of the exponential phase growth in fresh weight occurred at
exponential phase after 15 days (optimal cultivation time), after which cell
viability and pH decreased, thereby allowing the identification of stress-
related proteins. Several metabolism and growth proteins were abundant,
such as: cytoskeletal, WOX1, cytokinin-related, and auxin-related proteins
acting on cell wall modification, suspensor cell formation, and PEM I to
PEM III transition.
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Introduction

Araucaria  angustifolia  (Bertol.) Kuntze
(Araucariaceae) is a Brazilian conifer with
ethnocultural, economic, ecological, historical,
and pharmaceutical value.  Araucarias
bracts extract was shown to be an oncogene
suppressor and, hence, a natural anticancer
agent (Branco et al. 2019). Overexploitation of
its high-quality wood has depleted Araucaria’s
population, leading to critically endangered
status (Stefenon et al. 2007, IUCN 2017, Inza
et al. 2018, Reis et al. 2018). The recalcitrant
nature of Araucaria seeds hampers storage
of reproductive material (Farias-Soares et
al. 2013). For this reason, tissue culture has
been an important plant conservation strategy
(Salmen Espindola et al. 1994, Stefenon et al.
2009, Rogge-Renner et al. 2017, Inza et al.
2018).

Among the tissue culture techniques,
somatic embryogenesis involves the formation
of a bipolar embryo and a new plant from a
single somatic cell (Von Arnold et al. 2002,
Von Arnold 2008). Genetic, biochemical and
hormonal reconfigurations happen during
the dedifferentiation and differentiation of a
somatic embryo (Fehér et al. 2003, George
et al. 2008), and the underlying molecular
mechanisms have been a long-standing
scientific question (Vogel 2005). Somatic
embryogenesis applies to the study of
totipotency (Vogel 2005, Von Arnold 2008,
Steiner et al. 2015), cryopreservation (Von
Arnold 2008) and massive micropropagation
to produce plants cheaply (Stasolla & Yeung
2003).

Somatic embryos have been obtained using
cell suspension (Steward et al. 1958), a high-
efficiency system for mass propagation of
woody plants (Hakman & Fowke 1987, Steiner
etal. 2008, Maurer et al. 2010). Cell suspension
has been employed in Pinus taeda L. (Silveira
et al. 2004), Picea glauca subsp. engelmannii
(Engelm.) T.M.C. Taylor, P. mariana (Mill.)
Britton, Sterns & Poggenb. (Lulsdorf et
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al. 1992), and P. abies (L.) H. Karst. (Von
Arnold et al. 1995). Cell suspension was also
applied as a study model for cell totipotency,
differentiation, and dedifferentiation, as well as
biochemical and physiological aspects of plant
morphogenesis (Silveira et al. 20006, Steiner et
al. 2008).

Previous somatic embryogenesis studies in
the Brazilian conifer A. angustifolia (Maurer
et al. 2010, De Oliveira et al. 2018) showed
that the cell suspension system was more
efficient in promoting cell growth than the
cultures maintained in gelled medium. Once
induced from immature zygotic embryos,
somatic embryogenesis follows the phases of
proliferation, prematuration, and maturation
(Von Arnold 2008). In the proliferation phase,
cell cultures are formed by proembryogenic
masses (PEM), which divide cyclically into
PEM I, II and III. Despite various attempts
reported in the literature (Farias-Soares et al.
2014), a full somatic embryogenesis protocol of
A. angustifolia has not yet been accomplished.
According to Steiner et al. (2015), PEM 111
formation and polarization is a crucial step to
form early somatic embryos. Thus, integrated
cell biology studies are necessary to help
overcome the bottlenecks observed with the
somatic embryogenesis protocol (Guerra et al.
2016).

Proteins are complex molecules present
in cell signaling and biochemical pathways
(Heldt et al. 2011) that regularly change owing
to different stimuli (Fey & Larsen 2001).
The mechanism underpinning growth and
development of live cells may be characterized
as a state of dynamic protein flux (Fey & Larsen
2001, Chen & Harmon 2006). Thus, somatic
embryogenesis can be better understood by
using proteomics approaches. Such studies are
relevant, especially for non-sequenced species
(Fey & Larsen 2001, Rogowska-Wrzesinska
et al. 2013), and the identification of proteins
related to early somatic embryo formation can
help define the early detection of cell lines with
high embryogenic potential in 4. angustifolia
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(Dos Santos et al. 2016).

The non-Pinaceae conifer database is
incomplete, and 4. angustifolia, a non-model
conifer, presents little, or no, bioinformatic
data (Fraga et al. 2016). Because of this, two-
dimensional gel electrophoresis (2-DE) is a
relevant approach to prevent identification
failures (Rogowska-Wrzesinska et al. 2013).
Various studies have implemented two-
dimensional gel electrophoresis (2-DE) to
compare zygotic and somatic embryogenesis
in A. angustifolia (Balbuena et al. 2011, Jo
et al. 2014, Elbl et al. 2015, Dos Santos et
al. 2016). Proteomics analysis helps to frame
important cell biology activities from the
perspective of protein abundance (Rabilloud
et al. 2010), bringing insight to the underlying
factors involved in the transition of PEMs
during the growth dynamics of A. angustifolia
suspension cells. Here, we took advantage
of this system to compare the proteomics
profile of five phases of growth dynamics
in association with an integrated approach
toward PEMs by histochemical analysis. Our
analysis revealed a subset of proteins highly
abundant in the transition of PEMS, and we
discuss the implications of this discovery in
cellular metabolism for a scale-up system of
somatic embryogenesis in this species.

Materials and methods
Cell culture media and multiplication

Female cones bearing embryos at the
precotyledonary stage were collected in
Lages (Santa Catarina State, southern Brazil)
(28°02'S; 50°17'W) in late December. Immature
zygotic embryos were used as primary explant
to obtain embryogenic cultures, as proposed by
Steiner et al. (2005), using growth regulator-
free medium (BMO) with BM macro-,
micro-salts and vitamins (Gupta & Pullman
1991), in addition to myo-inositol (1.0 g L),
L-glutamine (1.0 g L), casein hydrolysate
(0.5 g L"), and sucrose (30 g L"). The cultures
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were maintained in Petri dishes (100 x 15
mm) containing 25 mL of semi-solid culture
media in the dark (25 + 2°C). Subculturing
was done every three weeks. Afterward, 2 g
of cell cultures were inoculated in 100 mL of
the same BMO modified medium (modified
BM (MBM)) in nipple flasks on a Steward
apparatus (slow orbital agitator, 1 rpm).

The growth of cell suspension culture, pH,
and conductivity

Two complementary methods were used to
evaluate growth dynamics: invasive (fresh
weight) and noninvasive (cell volume after
sedimentation) (Mustafa et al. 2011). Cell
volume after sedimentation was measured after
40 min of sedimentation in a vertical position,
using at least four modified nipple flasks
(Silveira et al. 2002). Daily measurements
were done up to 50 days of cell growth (N = 6).

Invasive analyses were carried out for
each growth phase: phase zero (0), initial,
exponential, linear and stationary (N = 30).
Phase zero (0) corresponds to samples in the
Petri dish used to begin the cell suspension
system.

Cell cultures and liquid medium were
separated using a cell dissociation sieve
(Sigma S4145, 80 microns). Separated liquid
medium (50 mL) was used to measure pH and
conductivity along the phases of cell growth
dynamics. Both medium pH and conductivity
were tested in the presence of cells and medium
free of cells. At least six biological replicates
were used. To better study the best time for
subculturing before a salt stress situation
(Barkla et al. 2009), conductivity and pH were
measured, as described by Dos Santos et al.
(2010).

The cell cultures were placed on absorbent
paper for 4 min under a laminar hood to ensure
removal of the liquid medium. Measurement
of fresh weight was done using a scale
(Mustafa et al. 2011). Apart from fresh weight
analysis, samples collected under the same
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methodological procedure were used for
biochemical, histochemical and proteomics
studies, as described below.

Mitotic index

Temporary slides were made using 50 mg of
cell culture in three biological replicates. Cells
were exposed to acid hydrolysis (1:1 HCI and
Ethanol), squashed, and then stained with 1%
aceto-orcein stain. Observation was carried
out under an optical microscope (Olympus
BX40, Tokyo, Japan) attached to the Cellsens
Dimension Software (Olympus) imaging
system. The final index was derived from
counting 100 cells in nine repetitions per phase
(Szabados et al. 1993).

Number of PEMs

Percentages of PEM I, II and III were
evaluated, according to Farias-Soares et al.
(2014), to understand the dynamics of different
types of PEMs during the different phases of
cell growth. Three biological replicates of 200
mg (fresh weight cells) per phase were used.
Observations were made using an inverted
microscope (Olympus X80, Tokyo, Japan).
With the help of a counting Petri dish, nine
counts of 100 cells per PEM per phase were
done.

Viability and cell death

Cell viability and death were measured using
the Evans Blue methodology proposed by
Bozhkov et al. (2001). The UV-HALO DB20
spectrophotometer  (Dynamica  Scientific
Ltd., Newport Pagnell) was used to measure
absorbance. The absorbance value per phase
was taken from an average of six biological
replicates, each having three technical
replicates.
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Histochemical features

Histochemical tests employed double staining
of Evans Blue and acetic carmin (0.1% p/v) to
separate embryogenic from non-embryogenic
cells; thionin (Kraus & Arduin 1997) for
mucilage; Lugol (Jensen 1962) for starch;
Sudan III (Sass 1951) for total lipids and cutin
and ruthenium red (Johansen 1940) for pectin.
Temporary laminas with 50 mg of fresh cells
were prepared with at least three biological
replicates for each test. Visualization was
done with an optical microscope (Olympus
BX 40, Tokyo, Japan) attached to the Cellsens
Dimension Software (Olympus) imaging
system.

Protein extraction and quantification

Six biological samples from each phase of the
growth dynamics were collected (0, 5%, 12%,
19" and 39" day), fast-frozen in liquid nitrogen
and stored at -20 °C. Extraction was performed
as described by Cangahuala-Inocente et al.
(2013). Briefly, samples (1.5 g) were ground
to a powder with the aid of liquid nitrogen.
Macerated samples were homogenized with 10
mL extraction buffer (50 mM Tris-HCI, pH 8.5,
5 mM EDTA, 100 mM KCI, 30% w/v sucrose,
2% B-mercaptoethanol, 1 mM PMSF) and 10
mL of Tris buffer-saturated phenol (pH 7.8) by
agitation for 30 min (4 °C). After centrifugation
(30 min; 15000 g; 4 °C), the phenolic phase
was recovered, homogenized with 5 mL of
extraction buffer, and then recentrifuged (30
min; 15000 g; 4 °C).

The phenol phase was collected, and protein
was precipitated in 100 mM of ammonium
acetate in cold methanol (1:5 v/v) (12 h, -20
°C). Afterward, samples were centrifuged (30
min; 15000 g; 4 °C), and the pellet was washed
3x with methanol (1 mL) and acetone (1 mL).
The dried protein pellet was diluted with 0.3
mL of solubilization buffer (7 M urea, 2 M
thiourea, 3% Chaps, 1.5% DTT and 2% IPG
buffer) by mild vortexing and stored at -20 °C.
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Protein concentration was carried out
according to Ramagli & Rodriguez (1985)
who made modifications to the Bradford
(1976) protocol. All protein quantification
was performed with a UV-HALO DB20
spectrophotometer (Dynamica Scientific Ltd.,
Newport Pagnell) with Bovine Serum Albumin
as standard.

Two-dimension gel electrophoresis (2-DE)

Isoelectric focusing (GE Healthcare) was
carried out using strips (13 cm, pH 3-10).
Strips containing 350 ug of proteins were
rehydrated with 0.25 mL of buffer (7 M Urea,
2 M Thiourea, 2% CHAPS, 0.2% DTT, 2%
IPG buffer and 0.002% bromophenol blue)
for 12 h. Focusing was done on an isoelectric
focusing unit (Ettan IPGphor 3 IEF system,
GE Healthcare). Afterwards, strips were
equilibrated for 20 min in an equilibrium
solution (50 mM Tris-HCI, pH 8.8, 6 M urea,
30% glycerol, 2% SDS, 0.002% bromophenol
blue) containing 1% DTT and an additional 20
min in the equilibrium buffer containing 2.5%
(w/v) iodoacetamide.

For 2-DE analysis, SDS gels with 12%
polyacrylamide were run in the Hoefer SE 600
Ruby System (GE Healthcare) at 10 mA/gel (1
h), 20 mA/gel (1 h), and 30 mA/gel. Precision
Plus Protein™ Dual Color Standards 10-250
kD system (Bio-Rad) was used. For each phase,
six 2-DE gels were made from six independent
protein extractions. The gels were stained with
staining solution (1% Coomassie blue G-250,
2% phosphoric acid, 8% ammonium sulfate
and 20% methanol) according to Mathesius et
al. (2001), followed by storage in 1% acetic
acid (4 °C).

Gels were scanned with ImageScanner®
(GE  Healthcare) and analyzed with
ImageMaster 2D Platinum® software (v.7.0).
Spot detection was done using the following
parameters: smooth (95), minimum area (70),
and saliency (15). Protein abundance was
estimated by volume percentage (%vol). To
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be sampled spots should be present in at least
three or more biological replicates. Extraction
aimed to identify differential and unique
expression. Reproducible selected spots for
mass spectrometry characterization (i) were
expressed differentially between biological
replicates, (i) displayed fold change + 2, (iii)
had a%vol > 0.2, and (iv) were significant
statistically by the Student’s #-test (p < 0.05).

Trypsin digestion and protein identification

Protein digestion was performed according
to Cangahuala-Inocente et al. (2013). The
selected spots were manually cut, destained
(1.5 mL with 50% Acetonitrile and 25 mM
Ammonium Bicarbonate) and dried (0.1 mL of
100% Acetonitrile).

Proteins inside spots were digested with
porcine trypsin (20 ng/mL, 12 h, 37 °C), and
the peptides were recovered by vortexing the
gels (30 min) with extraction solution (0.1 mL
50% Acetonitrile, 5% TFA). Finally, peptides
were dried and concentrated using SpeedVac.
For spectrometric analysis, the peptides were
solubilized in 0.1% trifluoroacetic acid. A
sample mixed in a 1:1 recrystallized HCCA
matrix (Bruker Daltonics) was spotted on
a 384-MPT AnchorChip plate. The mass
spectrometric analysis and the mass profiles of
the peptides were performed using the Maldi
Autoflex II smart beam TOF/TOF (Bruker
Daltonics). Matrix-assisted laser desorption/
ionization mass spectra acquiring conditions
were the same as those used by Rockenbach
et al. (2015). Identification of the proteins
took into account carbamidomethylation of
cysteines and peptide mass tolerance 100 ppm,
and MS/MS tolerance of 0.5 Da. All proteins
were identified with MASCOT score (p<0.05)
(http://www.matrixscience.com/), as searched
against SwissProt (Viridiplantae Databank).
The molecular and cellular functions were
characterized by Gene Ontology by searching
the protein knowledgebase UniProtKB
Database (http://www.uniprot.org/).
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Results
Growth dynamics

Cell volume after sedimentation showed four
phases: initial (0-8" day), exponential (9"-15%
day), linear (16'"-23" day) and stationary (24-
50" day) (Fig. 1A). Mitosis was observed in
all of the phases of cell growth (Figs. 1B-G).
Higher cell division rates were observed in
initial-linear phases of the cell growth curve.
However, the stationary phase showed the
lowest value of mitotic index, indicating a
smaller number of dividing cells and, hence,
a constant value for fresh weight was found
for this phase of the growth dynamics (Table
1). Proliferation and growth were highly
stimulated to the point that we observed a
139% increase in fresh weight (7.89 + 2.09 g)
in 15 days, the highest of all phases (Table 1).

Independent of growth dynamics phases, a
higher number of PEM III was observed (Figs.
2A, B). The number of PEM II was highest at
exponential phase (Figs. 2A, C), and PEM 1
was highest at the linear phase (Figs. 2A, D).
The lowest number of PEM I occurred at the
stationary and initial phases (Fig. 2A, D). For
the first time, red ruthenium staining allowed
us to identify the presence of pectin substances
in the suspensor cells (SC) and embryogenic
tube cell (Figs. 2E-F) with stronger staining
when compared to the embryogenic cells (EC)
(Figs. 2E-F). Evans blue assay indicated non-
viable cells in all phases (Fig. 3A); however,
over time, the mean value of absorbance
increased, becoming highest at the stationary
phase, suggesting that the cell death program
occurs over time, especially at the stationary
phase (Fig. 3A). The exponential phase
showed cells with more viability than that in
the linear phase (Fig. 3A).

The pH value of 5.8 (= 0.10) and the
conductivity (3.07 £ 0.02) in the cell-free
medium were constant (Fig. 3B), but in the
medium with cells, the pH value became more
acidic through time. Conductivity in medium
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with cells oscillated during all phases (Fig.
3B). The lowest pH and conductivity values
the

were observed in linear

52

phase.
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Figure 1 A: Growth dynamics of Araucaria angustifolia
shows the cell volume after sedimentation and
the phases of growth dynamics. B: Mitotic
index. C: Detail of a cell in interphase. D:
Prophase cell; chromosomes can be observed.
E: Metaphase cell. Chromosomes are present
in the equatorial plate. F: Anaphase cell.
G: Telophase cells. Scale bar: A=100 uM;
B-F=20 uM

Proteins

Total protein concentration (mg.g ") decreased
from the initial to the stationary phase (Fig. 3C).
The linear phase presented a higher number
of total and unique spots. A total of 75 were
identified from their peptide mass fingerprint,
as indicated in Figure 4 and Table S1. Based
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on UniProt KB database classification, the
predominant subcellular location is cytoplasm
(34), followed by chloroplast (11) and
nucleus(6) (Fig. 5A). According to predicted
biological process (Bevan et al. 1998) and
the UniProt KB database, the preeminent
functions were metabolism, growth/division,

16%

Number of PEM 1 and Il (%)

0 Initial Exponential Linear Stationary

Phases of the cell growth dynamics

@-PEM |

PEM Il -4PEM Ill

e g-.'

() b
Figure 2 A: Number of P!

histochemical test in Araucaria angustifolia. Differential
coloration shows embryogenic cells (EC) in red and
suspensor cells (SC) in blue. B: Proembryonic mass I1I (PEM
II); a great number of suspensor cells. C: Proembryonic
mass II (PEM II). D: Proembryonic mass I (PEM I); a
small number of embryogenic cells and suspensor cells.
E-G: Histochemical analysis of A. angustifolia submitted
to red ruthenium staining; suspensor cells showed a positive
reaction indicating the presence of mucilage and pectin. E:
Proembryonic mass III (PEM III); F: Proembryonic mass I
(PEM II); G: Proembryonic mass I (PEM I). Scale bar: B, E,

F=200 puM; C: 150 uM; D, G=100 uM.

100%
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and structure (Fig. 5B). Seventeen proteins
were differentially expressed in all phases of
growth dynamics (Fig. 4, red arrows). These
proteins were schematically represented in a
biochemical mind map (Fig. 6), showing some
of the pathways and their interacting players.
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Mean Values of PH and Condutivity

2

0 Initial Exponential Linear Stationary

Phases of the cell growth dynamics
~-Conductivity Medium w/ Cells - Conductivity Medium Cell Free
4PH Medium w/ Cells #PH Medium Cell Free

Protein concentration (mg.g-1)

0 Initial Exponential Linear Stationary

Phases of cell growth dynamics

EMs relative to analyzed phases of cell Figure 3 A: Cell death and non-viability, as
growth dynamics. Values expressed in percentage. B-D:
Double coloration by Evans blue and acetic carmine

determined by Evans Blue assay,
during various phases of cell growth
dynamics of Araucaria angustifolia.
Values are mean + standard deviation
of the measured absorbance; n = six
biological replicates and three technical
replicates. B: Mean values of pH
and conductivity during the various
phases of cell growth dynamics of
A. angustifolia. Graphic shows two
analyzed situations, one with and the
other without the presence of cells
in the medium (cell-fice medium).
C: Protein concentration  during
the various phases of cell growth
dynamics of 4. angustifolia.
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Figure 4 2-DE gels of phase 0 (A), initial (B), exponential (C), linear (D) and stationary (E) of Araucaria
angustifolia under a cell suspension system. The identified proteins are marked with numbers and
arrows following Table S1; red arrows indicate that the 17 identified proteins were differentially

expressed and were present in all phases
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Figure 5 A: Histogram of the subcellular localization
of the identified proteins in Araucaria
angustifolia embryogenic cultures under
cell suspension based on gene ontology
annotation terms. B: Histogram of
the functional classification of A.
angustifolia proteins in embryogenic
cultures under cell suspension system.
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Among the metabolic pathways are
photosynthesis (Spot 1437) and glycolysis
(Spot 2043, Spot 1582). Other proteins
interacted with major hormone pathways,
such as auxin (F-box - Spot 1448; auxin-
repressed proteins - Spot 1586) and
cytokinin (probable cytokinin riboside
5'-monophosphate phosphoribohydrolase
- Spot 2004).

We also identified cell growth/division
proteins, such as WUSCHEL-related
homeobox 1 (Spot 1690), action-related
proteins (Spots 439, 453, 171, and 239),
profilin-2 (Spot 913), and tubulin-B2
chain (Spot 148) (Fig. 5B, Table S1).

A total of 31 proteins were exclusive
to a unique single phase. Among the
exclusive proteins, heat shock proteins
(Spot 1109) were found to be exclusive to
the stationary phase, indicating cell stress
(Table S1).
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Figure 6 Mind map of differentially expressed proteins present in all phases of the cell growth dynamics of
Araucaria angustifolia. Among the various interacting pathways, the mind map shows the most
significant metabolic pathways in which these proteins play a role. Gray arrows indicate possible
pathways connecting one protein to another, while dotted arrows show indirect pathways,
straight arrows show direct pathways, and red arrows show the action of an identified protein.
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Table 1 Fresh weight and mitotical index increment per phase under cell suspension system

Average Fresh

Phases Time (days) Weight (g) Increment Mitotic Index

0 0 2.00

Initial 0-8®n 3.30+£0.31 65% 3%

Exponential gt 15t 7.89 £2.09 139% 1%

Linear 16M-231 11.70 £ 1.67 48% 1%

Stationary 24 50" 17.82+3.14 52% 0%

Discussion formed by primary cell walls (Fraga et al.

Cell suspension growth dynamics: cells enter
stress after 15 days of cultivation

Our results pointed out that Araucaria cell
growth under cell suspension resulted from
simultaneous increases of PEM I and PEM 11
(Fig.2A, C-D), in addition to higher mitosis rate
(Fig. 1B-G, Table 1), and, hence, fresh weight
(Fig. 1A), as observed during the exponential
phase. PEMs consist of homogeneous clusters
of EC and SC without polarity and mainly

2015). In these cells, red ruthenium stain
indicates the presence of pectic substances and
mucilage (Fig. 2E-G). Pectins are galacturonic
acid  (GalA)-containing  polysaccharides
(Muschitz et al. 2015), and, together with some
proteins, they are responsible for interactions
between the cell walls of neighbouring cells
(Bou Daher & Braybrook 2015). It is well
known that intensified polymer synthesis
during cell suspension culture helps to
maintain cell adhesion contacts and prevent
aggregate destruction such as that observed
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in Lupinus polyphyllus, Pyrus communis and
Arabidopsis thaliana (Wink 1994, Jamet et al.
2006, Webster et al. 2008). Knox (1992) found
that cells lacking pectin separated themselves
from the tissue. Moreover, Maurer et al.
(2010) report the secretion of arabinogalactans
in a cell suspension of A. angustifolia which
according to Darjania (2002) it was associated
with cell adhesion and cell wall changes during
plant growth and development. Considering
these findings and the previously description
of Araucaria PEMs transition (Steiner et
al. 2015) ours results indicate that pectic
substances keep ECs and SCs attached to each
other allowing small aggregates become large
clusters of proembryogenic masses.

Apart from to play a role on maintenance of
cells aggregates, polysaccharides and proteins
are cell-excreted to the culture medium and
modify the pH and conductivity value in
tobacco cell suspension (Issawi et al. 2017).
A similar case can be observed in our work
(Fig. 3B) where the pH and conductivity
values change in the presence of cells. Sucrose
uptake and ammonium assimilation also led
to acidification of culture media suspension in
Lupinus polyphyllus (Wink 1994) and Ocotea
catharinensis (Moser et al. 2004), suggesting a
similar situation for A. angustifolia suspension
cells. Together with this occurs the depletion
of culture medium nutrient and our findings
indicate that 4. angustifolia was undergoing
stress after 20 days in culture (linear phase)
since the increase of formation of suspensor
accomplished by cell death occurs at this
phase. Therefore, we suggest that subcultures
should be set at a maximum of 15 days once
highest amount of cell growth and viability
occurred at this time point as indicated by
Evans Blue stain (Fig. 3A) and cell growth
dynamics (Fig. 3B). However, in this species
researchers have yet no final consensus
regarding subcultivation time since Farias-
Soares et al. (2014) subcultivated every 15
days, while Vieira (2011) and Fraga et al.
(2015) subcultivated at 20-21 days.
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Our results indicated nine proteins related
to growth (Fig. 5B), including actin-related
proteins (Spots 439, 453, 171, 239), profilin-2
(Spot 913) and tubulin-B2 chain (Spot 148)
(Figs. 4, 5B, 6). The actin family comprised
the most abundant proteins. These are
structurally scaffolded proteins responsible
for cell morphology, tension support,
intracellular vesicular transport, attachment,
adhesion properties, movement and cell cycle
progression (Hussey et al. 2006, Heng & Koh
2010). Therefore, the maximum slope of the
exponential phase of cell proliferation at 15
days (Fig. 1A) may result from cytoskeletal
components since the disturbance of actin
filament structure and function causes the loss
of cell growth and division (Heng & Koh 2010).
The higher abundance of actions in the initial
phase is associated with adhesion, attachment
of cells under agitation, as well as the change
in cell culture conditions from solid (phase
0) to liquid medium. Such variations in the
proteomic profile emphasize the importance of
choosing the appropriate cultivation strategy to
obtain a scale-up system of PEM III transition.
The high abundance of actin and the presence
of pectins/mucilage provide a safety net of cell
attachment/adhesion, which is crucial to keep
PEM aggregates under agitation. Similar to
actin, the abundance of tubulin-p2 chain was
present in all phases (Table S1 and Fig. 6),
albeit higher in the initial phase. The tubulin-p2
chain and tubulin-a chain form a microtubule
heteropolymer which is a cytoskeletal cell
component involved in motility, morphology
(Oppenheimer et al. 1988, Cai 2010),
mitosis, deposition of cell wall polymers,
and vesicular transportation (Llyod & Chan
2008). Comparing the mitotic index (Figs. 1B-
G) with the abundance of tubulin-f2 chain,
the highest abundance of tubulin-f2 chain
occurred during the same phase as the highest
mitotic index. This strong interaction suggests
that the tubulin-f2 chain coordinates mitosis,
allowing correct chromosomal division.

Another identified protein related to cell



Pereira-Dias et al.

growth was profilin-2, an evolutionarily
conserved G-actin-binding protein responsible
for controlling growth (Carlsson et al. 1977,
Hussey et al. 2006, Benzanilla et al. 2015) and
preventing spontaneous nucleation or chaotic
polymerization (Hussey et al. 2006, Benzanilla
et al. 2015). Because of this, profilins play a
significant role in such processes as cell
division, movement, elongation, shape
maintenance, pollen tube and root hair
growth (Radauer & Hoffmann-Sommergruber
2007). In the present work, the abundance of
profilin-2 exclusively in the linear phase could
be related to the growth of suspensor cells. The
analysis of the number of PEMs and their types
along the growth dynamics has demonstrated
an increase in the number of PEM III at the
linear phase compared to the stationary phase
and a decrease in the number of PEM II. Our
findings are consistent with the transition and
formation of PEM III from existing PEM 11
which can be directly attributed to the increase
in suspensor cells. Chau et al. (2002) observed
that overproduction of profilin increased cell
elongation, while underproduction decreased
it. Considering this, we may suggest that the
presence of profilin-2, as one of the players
involved in the elongation of embryogenic
tube cells, results in the formation of suspensor
cells, as shown in detail by Steiner et al. (2015).
Thus, the higher number of PEM 111 and higher
abundance of profilin-2 at the linear phase of
A. angustifolia cell growth dynamics could be,
at least in part, explained by the suspensor cell
formation process.

Proteins involved in embryogenesis
metabolism and other relevant processes

Most proteins identified were involved in
cellular metabolism (20%), among which
44% of the metabolism-related proteins
were expressed in all phases, as shown in
Figures 5B and 6. Among these proteins is
enolase, a metalloenzyme that catalyzes the
conversion of 2-phosphoglycerate (2-PQG)
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to phosphoenolpyruvate (PEP), which is the
ninth and next to the last step of glycolysis
(Straeten et al. 1991), as shown in Figure 6.
Enolase is a multifunctional regulatory protein
with a role in sensing stress conditions (Barkla
et al. 2009) like dehydration (Straeten et al.
1991). According to Balbuena et al. (2009),
enolases are expressed in the zygotic embryo
of A. angustifolia under stress conditions. In
the present work, two enolases were observed:
enolase I (Spot2043) and enolase I1 (Spot 1582)
(Fig. 6). Both proteins show the same pattern,
a constant higher abundance from phase 0 to
linear phase and a decrease of abundance at
the stationary level (Table S1 and Fig. 6). In
this cell suspension system, the carbon sources
were not continuously supplied; therefore, over
time, the available carbon sources decreased,
and the corresponding lower rate of glucose
could have decreased enolase abundance.

In our work, two auxin-related proteins were
identified: F-box (Spots 333, 1448, 1973) and
auxin-repressed proteins (Spot 1586) (Fig. 4).
High auxin levels induce the abundance of
F-box and auxin-repressed proteins that target
transcription repressors by ubiquitination,
inducing auxin-related genes (Buchanan et
al. 2000, Somers & Fujiwara 2009, Shi et
al. 2013, Pozo & Manzano 2014). Auxin-
repressed protein genes are essential for plant
growth, embryo and fruit development. The
F-box proteins are involved in circadian
clock, cell cycle and hormonal control (Santer
& Estelle 2009, Somers & Fujiwara 2009,
Pozo & Manzano 2014). In A. angustifolia,
the increase of indole-3-acetic acid (IAA)
endogenous auxin resulted in enhanced growth
of embryogenic cultures in solid medium
(Steiner et al. 2007). High auxin levels induce
the abundance of F-box and auxin-repressed
proteins (Buchanan et al. 2000, Somers &
Fujiwara 2009, Shi et al. 2013, Pozo &
Manzano 2014). In the present work, the
abundance of these proteins increased over
time, suggesting a similar pattern for auxin (Fig.
6). Thus, auxin and auxin regulatory proteins
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play a role in the transition of PEMs, as well
as the growth dynamics of cell suspension.
Moreover, in plant embryogenesis, auxin acts
as a morphological organizer (apical-basal
axis) (Larsson et al. 2008) and regulator of
polar transport (Abrahamsson et al. 2012). The
high abundance of auxin is associated with
initial phases of development of 4. angustifolia
zygotic embryogenesis (Pieruzzi et al. 2011).
In 4. angustifolia, auxin proteins, such as PIN-
like proteins, were also found in the analysis
of non-embryogenic vs. embryogenic cultures
(Fraga et al. 2016). The tight control of auxin
and other interacting proteins in an extensive
network seems to be relevant to the transition
of PEMs in cell suspension and provide clues
to understanding the bottleneck of PEM IlI-to-
early embryo transition in this species (Steiner
etal. 2015). In addition to auxin, we identified a
probable cytokinin, riboside 5'-monophosphate
phosphoribohydrolase (LOG) (Table S1 and
Fig. 6 (Spot 2004)). The decreased abundance
of LOG at the stationary phase is related to
fresh weight constant values (Fig. 1A) and
low rate of mitosis (Fig. 1B-G), pointing to the
absence of growth in the stationary phase. LOG
is involved in cell growth and participates in
cytokinin biosynthesis by releasing an active
cytokinin (Kurakawa et al. 2007, Kuroha et al.
2009, Mortier et al. 2014). Cytokinins increase
cell division rates in embryos (Mortier et al.
2014), inducing the cells to enter mitosis to
promote cell growth.

WUSCHEL-related homeobox 1 (WOXI)
(Spot 1690) had an enhanced abundance at the
exponential phase (Table S1). To the best of
our knowledge, WOX1 has not been reported
in previous studies with Araucaria proteomics
(Balbuena 2009, Balbuena et al. 2009, 2011,
De Oliveira et al. 2018). The WUSCHEL
homeobox (WUS) family is responsible
for maintaining shoot/root apical meristem
domain, forming vegetative and floral organs,
and developing the ovule (Lian et al. 2014).
This family of proteins is clustered into three
groups. WOX1 belongs to the same cluster as
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WUS, WOX2, WOX4, WOX3, and WOX6
(Palovaara & Hakman 2008). WOXI1 acts
in lateral organ formation (Van der Graaff et
al. 2009), tissue-specific programming and
embryonic patterning formation (Haecker
et al. 2004). In heart/torpedo stage embryos
of Arabidopsis thaliana, WOX1 expression
was observed in the vascular primordia of
cotyledons (Haecker et al. 2004). Despite this,
the identification of orthologue sequences in
conifers remains challenging because of the
experimental difficulties (Hedman et al. 2013).
For A. angustifolia, WOXI1 expression in
the exponential phase indicates the initiation
of a tissue-specific program, as suggested
by Haecker et al. (2004). Hedman et al.
(2013) found a specific expression of some
WUSCHEL-related homeobox proteins to
embryogenic masses and late embryos in P,
abies. The redundant action of WOX1 and
WOX2 (Van der Graaff et al. 2009), which
belong to the same cluster (Palovaara &
Hakman 2008), suggest that WOX 1 may act
with WOX2 on somatic embryogenesis of
Araucaria to initiate a tissue-specific program.
Dos Santos et al. (2016) identified SERK
proteins, and Steiner et al. (2012) identified
SERK gene expression in Araucaria PEMs.
WUSHEL expression induces LEC1 and LEC2
which act in SERK. The interaction of these
proteins has been shown to modulate auxin
expression to promote somatic embryogenesis
in Arabidopsis thaliana and Adiantum capillus-
veneris (Li et al. 2017). The abundance of
auxin regulation proteins, together with the
higher abundance of WOXI, could indicate
that auxin and WUSHEL coordinate in the
development of PEMs.

Finally, Figure S1 illustrates the key findings
of the present work. We were able to find
proteins related to cell growth/adhesion, auxin/
cytokinin-related proteins and cytoskeletal
proteins expressed throughout all phases
of cell suspension growth, as well as their
presence in mucilage and pectin substances in
cells of PEMs. We reported WUSHEL-related



Pereira-Dias et al.

homeobox 1 in Araucaria cultures, and stress-
related proteins and cell death features were
shown to be present in linear and stationary
phases (Fig. S1). Our results also showed that
A. angustifolia cells in suspension culture
have their maximum slope of the exponential
phase 15 days during, indicating that this is
the best phase for subculture (Fig. S1). Taken
together, the features herein evaluated improve
our understanding of the scale-up system of
cell suspension in Araucaria. Our findings
not only define the transition of PEMs in cell
suspension culture, but also connect this to the
regulation of protein and cellular metabolism
and corroborate to the understanding that
biology studies are necessary to help overcome
the Dbottlenecks somatic embryogenesis
protocol. Further functional studies should
consider our findings regarding LOG proteins
and WOX 1 together with PIN-like proteins,
as protein candidates in the mechanism of cell
organization that leads to the PEM IlI-to-early
embryo transition.
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