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ARTICLE INFO ABSTRACT

Keywords: The role of the cotyledonary haustorium (CH) in the mobilization of nutrient reserves in the endosperm of
Euterpe oleracea species of the palm family Arecaceae is a moot question. To shed light on this matter, we present here an analysis
Arecaceae

of the quantitative proteome changes associated with four developmental stages of CH and three of endosperm
Acal . during germination. Together, a total of 1965 proteins were identified, being 1538 in the CH and 960 in the
?;l:t;:;?naﬂon endosperm. Both in the CH and endosperm proteomes, we observed an increase in the diversity of hydrolases as
Plant proteomics the CH and endosperm develops. Qualitative proteomics analysis of four CH developmental stages indicated that
Quantitative proteomics each stage is populated by a unique set of proteins and the quantitative analysis showed an increase in the
Amazon fruits relative abundance of hydrolases, particularly mannan degrading enzymes, as development progresses. These

results add weight to the hypothesis that the CH in the seeds of E. oleraceaacts both as a conduit of carbon and
nitrogen sources generated by the hydrolysis of the reserves in the endosperm and as a source of hydrolases that

will contribute to the mobilization of these reserves.

1. Introduction

The palm family Arecaceae is one of the largest families of mono-
cotyledons, being restricted to tropical and semi-tropical climates [1].
Many species in this family such as oil palm (Elaeis guineensis Jacq), date
palm (Phoenix dactylifera L.), carnauba palm (Copernicia prunifera
(Mill.) H.E.Moore), and coconut palm (Cocos nucifera L.) are major
sources of oil, waxes, edible fruits and nuts [2]. Other species such as
the acai palm (Euterpe oleracea Mart.), produce fruits which are the
source of phytochemicals of great nutritional and pharmacological
properties [3,4]. In this family, several issues related to seed germina-
tion and seedling establishment are understudied, such as, for instance,
the relationship between the cotyledonary haustorium (CH) and en-
dosperm in the mobilization of lipids, carbohydrates, and proteins
during germination [5].

The CH is the apical part of the cotyledon that during germination
develops into an absorbing structure, being a typical feature of embryos

from the Arecaceae, where they are highly developed [6,7]. The pre-
vailing view about the role of the CH is that it absorbs carbon and
nitrogen sources resulting from the digestion of the stored reserves in
the endosperm and transferring them to the seedling [8-11]. However,
the likelihood that actions of the cotyledonary haustorium are not re-
stricted as a conduit of carbon and nitrogen sources originated by the
digestion of endosperm reserves is not discarded For example, A major
unanswered question is whether the cotyledonary haustorium acts as a
source of signals that will direct the hydrolysis of reserves within the
endosperm [5,12], or whether it acts as the site of synthesis of the
hydrolases that upon being transferred to the endosperm, will carry out
the mobilization of food reserve [5,9,12-17]. In order to engage in this
matter, we have undertaken a quantitative proteome analysis of en-
dosperm and CH obtained from germinating seeds of E. oleracea at
identical developmental stages. This allowed us to measure the differ-
ential abundance of lipases, carbohydrases, and peptidases in these two
tissues and ascertain the role of CH as the site of synthesis of hydrolases
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that will be exported to the endosperm to digest the stored reserves.
2. Material and methods
2.1. Plant material

E. oleracea fruits were collected from plants in full fruit production
and grown in natural conditions in a commercial cultivation (03° 33’
447 S; 41° 05’ 32” W). The seeds were obtained by removing the fruit
pericarp and disinfected in 1% sodium hypochlorite for 5 min. Seeds
were germinated in autoclaved sand and greenhouse-grown for up to
100 days. Mature seeds and seedlings at 5, 15, 25, 35, 55 days after
germination (DAG), were collected, photographed and dissected for the
isolation of developing CH and endosperm, except seedlings at 55 DAG,
from which only the CH was collected because the endosperm had al-
ready been consumed. The seeds were cut open with a sharp blade, and
the embryo detached from the endosperm. For the mature seeds and 5
DAG only the tip of the cotyledonary leaf was collected, but for the
remaining stages, the globose haustorial portion of the cotyledon was
easily discernible and collected. As the seed coat ruminates the en-
dosperm of E. oleracea, seeds were sectioned longitudinally, and the
sections cut in order to isolate the endosperm from the integument. The
collected tissues were washed in cold Milli-Q water and immediately
frozen in liquid nitrogen, freeze-dried and stored at -20 °C.

For anatomical analysis, CH from the six analyzed stages were fixed
in Karnovsky solution [18], dehydrated in ethanol series of 10-100 %
(increased by 10 % per hour) and embedded in historesin LEICA for no
less than 30 days, sectioned in a rotatory microtome LEICA 2065,
stained with 0.5 % toluidine blue in 0.12 % borax combined basic
fuchsin 0.5 %.

2.2. Sample processing and protein extraction

The collected material was grouped in three biological replicates,
each made up of the relevant tissue from a minimum of 25 seeds.
Samples were ground to a fine powder, and protein extraction was
carried out according to [19]. 40 mg of samples were added to 800 uL
of extraction buffer (500 mM Tris-HCl, 50mMEDTA, 700 mM sucrose,
100 mM KCI, pH 8.0), agitated for 10 min at 4 °C, added of the solution
of phenol saturated with 10 mM Tris-HCI, pH 8.0, agitated for 10 min
and centrifuged at 5500 g at 4 °C. The phenol phase was collected and a
second phenol extraction was done. The phenol phase was precipitated
with ice-cold 0.1 M ammonium acetate in methanol at -20 °C overnight.
Protein pelleting was carried out by centrifugation at 5500 g 4 °C, and
the pellet washed in precipitation solution three times, followed by one
wash in cold acetone and dried at room temperature. The pellet was
dissolved in 7 M urea/2 M thiourea and protein quantification was
obtained using the Bradford assay [20].

2.3. Protein digestion, LC-MS/MS and data analysis

100 pg of protein was subjected to in-solution trypsin digestion as
described by [21]. Peptides were solubilized in 0.5 % formic acid,
quantified by QuibtTM fluorometer (Invitrogen) and the concentration
adjusted to 0.5 pg. uL~ ' The CH samples were injected in a nano-
LC-MS/MS system consisting of an EASY II-nano LC system (Proxeon
Biosystem) coupled to a nanoESI LTQ-Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific). Two pg of peptides were loaded to a trap
column (100 ym X2 cm) packed in-house with C-18 ReproSil 5 pm
resin (Dr. Maisch) and a New Objective PicoFrit analytical column (75
um x 20 cm) packed with Reprosil-pur C18-AQ 3 um resin (Dr. Maisch).
The gradient applied consisted of phase A (0.1 % formic acid, 5% ACN)
and phase B (0.1 % formic acid, 95 % ACN). The gradient started with
5% solvent B and increased to 20 % for 125 min, 20-40 % phase B for
42 min and 95 % phase B for 13 min. Mass spectra were acquired in a
positive mode top 10 data-dependent acquisition (DDA) method. MS1
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scan was acquired in an Orbitrap analyzer set for a 350 —1800 m/z
range, 30,000 resolution (at m/z 400) with a minimal signal required of
5000, isolation width of 2.0. The 10 most intense ions were fragmented
by collision-induced dissociation (CID) at 30 normalized collision en-
ergy (NCE) with a dynamic exclusion of 30 s. Other mass spectrometric
conditions were sheath and auxiliary gas flow 0.0, capillary tempera-
ture at 200 °C.

Peptides from endosperm samples were injected in an Easy n-LC
1000 liquid chromatography system (Thermo Scientific, Waltham, MA),
with the same trap-column and column system previously mentioned,
connected to a Thermo Q Exactive mass spectrometer (Thermo
Scientific, Waltham, MA). The gradient used the same solutions men-
tioned above, starting with a 2% phase B increased to 20 % for 133 min,
20%-40% phase B for 34 min, 40%-95% phase B for 10 min. Mass
spectra were obtained in positive mode using a top 15 DDA method.
MS1 scan was acquired in the Orbitrap analyzer with a 375-1650 m/z
interval, 70,000, AGC target of 3e6. The 15 most intense ions were
further fragmented in a Higher Energy Collisional Dissociation (HCD)
cell at 30 NCE and a dynamic exclusion of 60 s. Other conditions were
as follows: spray voltage of 2.76 kV, sheath and auxiliary gas flow of
0.0, capillary temperature of 250 °C. Every biological replicate was run
in triplicates so three raw data files were originated. Samples were
randomly analyzed. In between samples, a blank injection (0.1 %
formic acid) with a 35 min gradient was performed to avoid any re-
sidues from the previous sample.

2.4. Data analysis

The raw data files were examined in Xcalibur v.2.1 (Thermo
Scientific) and protein identification was carried out by the Proteome
Discoverer 2.1 software (Thermo Scientific). The Sequest algorithm was
used to obtain the PSM for the analyzed peptides against an Arecaceae
family database available at NCBI https://www.ncbi.nlm.nih.gov/ July
2017 combined with an Arabidopsis database downloaded from http://
www.uniprot.org/ July 2017. The parameters used were tryptic clea-
vage with a maximum of two missed cleavages, methionine oxidation
(+15,995 Da), carbamidomethylation of cysteine (+ 57,021 Da). The
Target Decoy PSM Validator was set to target FDR (strict) 0.01. Only
protein identified in a minimum of two replicates were considered for
qualitative and quantitative analysis.

2.5. Quantitative analysis

Label-free quantification applying the Precursor Ion Quantifier node
from Proteome Discoverer 2.1. were treated by the Perseus 1.6.0.2
software. The quantitative analysis was carried out with the Perseus
software downloaded on http://www.coxdocs.org/doku.php?id=
perseus:start/ October 2018. Area values generated by Proteome
Discoverer were uploaded, transformed into a logarithmic scale,
grouped according to biological replicates, averaged and grouped ac-
cording to developmental stage, so each stage was represented by three
biological replicates, with three technical replicates. CH developmental
stages were analyzed by principal component analysis (PCA) in order to
evaluate the contrast amongst stages. The filters used were: Filter rows
based on valid values, set to consider proteins present in minimal two
biological replicates in at least one stage. After data normalization by
median subtraction, and statistical evaluation by the ANOVA test, the
resulting matrix was filterer for valid values so only protein with sta-
tistical significance according to the ANOVA test remained (p-
value < 0.05). The resulting area values were subjected to the Post-hoc
tests using a FDR of 0.05 and standard deviation between biological
replicates.



J.R.S. Nascimento, et al. Plant Science 298 (2020) 110569

Haustorium

S1 (quiescente seed)

Haustorium

S3 (35 days after germination)  S2 (15 days after germination)

S4 (55 days after germination)

Color in the drawings represent: [ seed coat [] cotyledonary haustorium [] embryo axis [Hl digestion zone D endosperm

Fig. 1. Development of the cotyledonary haustorium in E. oleraceae. (A, C, E and H) Morphological development of the cotyledonary haustorium within the seed with
drawings representing each stage. (B, D and F) Longitudinal sections as observed under light microscopy of seed/embryo during the haustorium development. (A, B)
S1 stage, the conic haustorium kept within the seed; (C, D) S2 stage, establishment of a digestion zone around the haustorium; (E-F) S3 stage, enlarged haustorium
and digestion zone well established at this point. Note the magnification of a collateral vascular bundle in F. (G, H) S4 stage, the haustorium occupying almost the
entire seed and little amounts of endosperm are left. Ep, epidermis; Gp, ground parenchyma; Vb, vascular bundle. Scale bar: A, C, Eand H =1 mm; B, D, F, G and |
=500 pm.
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3. Results and discussion

3.1. Anatomical development of the cotyledonary haustorium and
endosperm from germinating seeds

The developmental stages of germinating seeds were examined by
light microscopy. The selection of the stages was based on morphoa-
natomical assessments that represent the most distinct stages under-
went by the CH and endosperm during their development, vital for the
interpretation CH functions in the light of proteome analyses. Four
stages (51, S2, S3 and S4) were selected for the quantitative proteome
analysis of the CH and endosperm. At stage 1 (S1), seeds are quiescent,
and the brown seed coat incases the ruminate endosperm that occupies
most of the seed. Within the seed, two regions are discerned in the conic
embryo, the yellowish embryonic axis at the proximal region, and a
pale cotyledonary haustorium at the distal region (Fig. 1A, B). Stage 2
(S2), seedlings are at 15 days after the formation of the germinative
button. The CH grows into a globular structure mostly due cellular
expansions and becomes pressed against the endosperm (Fig. 1C, D).
The establishment of a digestion zone also takes place (Fig. 1C, D). At
stage 3 (83), 35 days after formation of the germinative button, the CH
development is well underway, the endosperm is partially consumed,
and the establishment of a digestion zone placed on the outer side of the
haustorium and in contact with the endosperm became evident (Fig. 1E,
F). Throughout seedling development, the CH epidermal cells are
highly active as they presented large nuclei, often two or three nucleoli,
and densely stained cytoplasm. The cytoplasm of epidermal cells is
peripheral and displaced towards the outer side, that is, in closer con-
tact with the endosperm. The two or three layers of cells adjacent to the
epidermis are bigger than the epidermal cells, but much smaller than
the remaining cells of the haustorium. The vascular bundles below the
epidermis are more abundant in phloem than xylem and no fibers were
observed surrounding it (Fig. 1E, F). The absence of fibers probably
facilitates the solute transport into the vascular system. The hard en-
dosperm is mostly composed of cell wall that is consumed at the di-
gestion zone, where the CH is immersed in a gel like interface with the
endosperm. At this site, the endosperm cell wall polysaccharides are
dismantled by a set of enzymes acting to mobilize seed storage reserves.
At S4, 55 days after the formation of the germination button, little or no
amounts of endosperm are left, and the CH now occupies almost all the
volume within the seed coat (Fig. 1G, H)

3.2. Proteome analysis

Four developmental stages of the cotyledonary haustorium (CH)
and three of the endosperm were subjected to proteome analysis
(Supplementary Table I). The developmental stage of the endosperm
corresponding to §4 of the CH could not be analyzed because this tissue
was already mostly consumed (Fig. 1). A total of 1965 proteins were
identified with 1538 in the four CH stages and 960 from the three en-
dosperm stages (Table 1). As shown in Supplementary Table I and
Fig. 2, CH and endosperm have a divergent set of proteins: A total 1538
proteins were identified from the four CH stages and from these 136
were differently regulated (Supplementary Table II); for endosperm,
960 proteins were identified and from these 49 were differently regu-
lated (Supplementary Table III). The proteome datasets of the devel-
opmental stages of the CH were analyzed by principal component

Table 1
Protein identification during the development of the cotyledonary haustorium
and endosperm of germination Euterpe oleracea seeds.

Developmental stage s1 s2 S3 54
Cotyledonary haustorium 500 1146 1065 1051
Endosperm 767 789 551 -
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analysis (PCA) (Fig. 3), revealing the uniqueness of the proteome of
each dataset, particularly when comparing S1 to later stages. At S1, CH
growth has not yet begun and most protein involved in seed reserve
mobilization were not detected, indicating that the dynamic changes
detected may be causally related to the CH function during germination
and seedling establishment.

The CH and endosperm proteomes are populated by a wide variety
of proteins related to the dismantling of the cell wall, especially those
involved in cell wall reserve mobilizations. Studies with E. oleracea and
other palms have shown that mannan, a polymer of mannose, is a major
component of the cell wall [16] of mature seeds, equivalent to 80 % of
the carbohydrates in the seed [22,23] and therefore it comes as no
surprise that in this study several species of mannan degrading enzymes
such as endo-beta-mannanases were identified from CH and endosperm
proteomes  (Supplementary table IV). Endo-beta-mannanases
(EC:3.2.1.78) were identified for all endosperm developmental stages
with an increase in diversity and relative abundance as endosperm
consumption progresses (Supplementary table IV and Fig. 4). The
identification of mannanases from S1 of endosperm is a strong in-
dicative that these carbohydrases might be stored in the endosperm and
activated by some signal originated from the CH during germination, as
it has been proposed for Acrocomia aculeata [16] and Butia capitata [5].
However, some mannanases were identified only for later develop-
mental stages of endosperm, and were also present in the CH
(XP_010911540.1, XP_010943133.1) showing the CH as a possible
source for these mannan degrading enzymes.

Although mannans are the major reserve for E. oleracea seeds, a
variety of structural carbohydrates such as glucose, galactose, xylose
and arabinose are also present [23]. The diversity of cell wall poly-
saccharide processing enzymes increases in the same manner of man-
nanases, being detected for later endosperm stages as well as in the CH.
Some of which were up regulated in the endosperm as well as CH
(Figs. 4 and 5, Supplementary table II, III and IV). Fig. 1 shows CH
development through enlargement of the central cells, so the epidermis
and vascular bundles may be pressed against the digestion zone fa-
voring absorption as well as secretion. Accordingly, UDP-glucuronic
acid decarboxylase (UXS), responsible for the irreversible conversion of
UDP-glucuronic acid into UDP-xylose, the xylose donor for the synthesis
of xylan and xyloglucan [24] and UDP-Xyl-4-epimerase (UXE, EC
5.1.3.5) responsible for the conversion of UDP-xylose to UDP-arabinose,
used in pectin biosynthesis were identified for CH. Additionally, xylo-
sidadeses (EC:3.2.1.-, EC:2.4.1.207, EC:3.2.1.177, EC:3.2.1.37) were
mostly restricted to the CH. where the set of polygalacturonases, pec-
tinesterases and pectin acetylesterases peaks at S2, when CH growth is
at its early stages. The identification of these enzymes to the CH may be
casually related to the required cell wall remodeling necessary for CH
growth, absorption and secretory role.

Proteins and lipids are also major nutrient reserves in the Arecaceae
[25] and accordingly we identified in the endosperm of E. oleracea
(Supplementary Table IV) a range of seed reserve proteins (e.g. 118
globulin seed storage proteins, 7S globulins, 63 kDa globulin, late
embryogenesis abundant proteins, vicilin-like seed storage proteins)
some of which decreased in abundance with germination progression
(Fig. 6), and a plethora of peptidases which are known to act on the
hydrolysis of these reserves during germination (Supplementary Table
1V). Also identified in the endosperm proteome was the protein oleosin
a major component of lipid droplets known as oil bodies [26], in-
dicating that lipids are an important nutrient reserve in E. oleracea
endosperm. Additionally, some lipases involved in the fatty acid release
from oil bodies were identified to the CH, indicating that the lipid
bodies stored in the endosperm are most likely mobilized at the di-
gestion zone. Furthermore, enzymes involved in B-oxidation (thiolase,
Acyl-CoA oxidase and Acyl-CoA Synthetase) and glyoxylate cycle (Iso-
citrate lyase, malate synthase) were identified for both endosperm and
CH, indicating that both this tissues are active in lipid catabolism fur-
ther to fatty acid liberation from oil bodies, especially in CH where



J.R.S. Nascimento, et al.

Cotyledonary Haustorium

Plant Science 298 (2020) 110569

Endosperm

(1538 proteins)
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(960 proteins)
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Fig. 2. Venn diagram of proteins identified in developmental stages S1, S2, S3 and S4 from CH and stages S1, S2 and S3 from endosperm of E. oleracea germinating

seeds.
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Fig. 3. Principal component analysis (PCA) of proteome datasets of stages S1, S2, S3 and S4 from CH seedling development in E. oleracea demonstrating the contrast
of proteomes from different developmental stage. Principal components 1 and 2 explain 60.5 % of the variance. B: biological replicate.

malate synthase showed to be up regulated. These data suggests that
the oil bodies stored in the endosperm are mobilized by lipases secreted
from the CH and the freed fatty acids are catabolized in both endosperm
and CH through B-oxidation and glyoxylate cycle, but CH is more active
in the glyoxylate cycle, as is well expected to a cotyledonary structure
[271

Table 2 offers a glimpse into the diversity of peptidases, carbohy-
drases, lipases, and nucleases deposited during the development of the
CH and endosperm. The abundance of hydrolases in the CH calls the
fact that this structure is apt to digest the endosperm reserves either in
the CH itself or, alternatively, by being exported to the CH-endosperm

border. The relative abundance of many of these hydrolases increases as
germination progresses (Fig. 5, Supplementary Table III), indicating a
likely causal relation with the hydrolysis of the seed reserves within the
endosperm. Consonant with the knowledge that carbohydrates, espe-
cially mannans, are the major reserve in the endosperm, the largest part
of the hydrolases identified in the CH and endosperm are carbohy-
drases, such as mannan endo-1,4-beta-mannosidase that sharply in-
creases its relative abundance during the first stages of germination
(Fig. 4, Supplementary Table II). The relative abundance of certain
peptidases, such as a metacaspase involved in programmed cell death is
also increased (Supplementary Table III).
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Putative mannan endo-1,4-beta- Mannan endo-1,4-beta- Endoglucanase-like [Phoenix
mannosidase 9 [Phoenix dactylifera] mannosidase 1-like [Ph dactylifera] (XP_008792409.1)
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Fig. 4. Quantitative data for proteins involved in cell wall disassembly from endosperm of E. oleracea during reserve mobilization. Bars represent the standard

deviation of normalized area value for each data point.

We find it significant that we identified in the CH an abundance of
proteins related to the redox metabolism, including several peroxidases,
catalases, monodehydroascorbate reductase, and superoxide dismutase,
and that the relative abundance of many of these proteins, increases as
germination progresses (Fig. 4, Supplementary Table II). These enzymes
are known to have an important role during seed germination,
scavenging reactive oxygen species produced by the intense metabolism
associated with the degradation of seed reserves. As with the hydrolases
related above, these redox enzymes are likely to be exported to the CH-
endosperm boundary to act in concert with the hydrolases responsible
for the digestion of the endosperm reserves.

4. Conclusion

A major challenge for the comparative analysis of the endosperm
and CH proteomes, lies in the contrasting dynamic range of protein
abundance in these tissues, as well as in the limitations of the mass
spectrometry methods used. The results presented here reveal the dy-
namic changes in the proteomes of the CH and endosperm of Euterpe
oleracea in the course of seed germination. The endosperm proteome is
populated by seed storage proteins and by a range of hydrolases, no-
tably carbohydrases, lipases, nucleases and peptidases most of which
increase in relative abundance as germination progresses. The CH

Beta-glucosidase 1 [Elaeis Chitinase 3-like [Phoenix Alpha-mannosidase At3g26720
guineensis] (XP_010906974.1) dactylifera] (XP_008812110.1) [Phoenix dactylifera]
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o guineensis] (XP_010916365.1) isozyme [Elaeis guineensis] guineensis] (XP_010926867.1)
g |3 {XP_019706257.1) 5
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Fig. 5. Quantitative data for hydrolases and proteins related to the redox metabolism during cotyledonary haustorium development in E. oleracea. Standard deviation
of normalized area value. Bars represent the standard deviation of normalized area value for each data point.
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Fig. 6. Quantitative data for storage proteins from endosperm of E. oleracea during reserve mobilization. Bars represent the standard deviation of normalized area

value for each data point.

Table 2
Identification of hydrolases from cotyledonary haustorium and endosperm of
germinating Euterpe oleracea seeds.

Tissue Stage Peptidases Carbohydrases Lipases Nucleases
Cotyledonary s1 15 5 4 0
haustorium S2 37 34 12 1
s3 41 32 10 2
54 39 34 10 1
Endosperm s1 28 22 4 2
52 26 26 2 4
S3 23 32 3 1

proteome is also populated by hydrolases able to digest seed storage
proteins, starch, lipids, nucleic acid and notably the polysaccharides
deposited in the cell wall of endosperm cell and which constitute the
main nutrient reserve of the seeds. The relative abundance of these
enzymes increases as the CH develops leading us to suggest that this
tissue is not a mere conduit of carbon and nitrogen sources generated
by the hydrolysis of seed reserves in the endosperm, but instead act as a
source of hydrolases which are transported to the boundary CH/en-
dosperm.
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