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Seed protein profile of Pinus greggii and Pinus patula
through functional genomics analysis
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SUMMARY

The present work was carried out with the aim of analyzing and describing the seed proteome of Pinus patula and Pinus greggii. The
analysis was performed using the “shotgun” (“gel-free”) strategy. Proteins were extracted using the TCA/Phenol/Acetone protocol,
subsequently separated by liquid chromatography and analyzed by mass spectrometry (nLC LTQ Orbitrap). Protein identification was
performed by consulting the specific database for Pinus spp and functional classification taking into account the three functional terms
(biological processes, cellular components and molecular functions) of Gene Ontology. To extract relevant Gene Ontology terms,
a singular enrichment analysis (SEA) was performed, the terms were considered relevant for a minimum threshold of significance
FDR < 0.05. After analyzing protein profiles, a total of 1091 proteins were identified, 362 proteins common in both species, 100
exclusives to P. greggii and 267 exclusive proteins to P. patula. The comparative analysis of the distribution of proteins as a function
of the three functional terms reveals similarity between the two species. The most abundant proteins were associated with oxidation-
reduction processes, in terms of cellular components; in both species integral membrane proteins predominate. Regarding molecular
function, the predominant expression of proteins in both species was related to ATP synthesis. The metabolic pathway with the highest
participation of proteins (17 in P. greggii and 19 in P. patula) was the glycolysis/gluconeogenesis pathway. These results demonstrate
that there is little genetic variability between the two species, with proteins associated with metabolic processes prior to germination
prevailing.
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RESUMEN

El presente trabajo se llevd a cabo con el objetivo de analizar, describir y comparar el proteoma de la semilla de Pinus patula y
Pinus greggii. El analisis se realizo utilizando la estrategia “shotgun”. Las proteinas se extrajeron mediante el protocolo del acido
tricloroacético / Fenol / Acetona, se separaron por cromatografia liquida y se analizaron por espectrometria de masas. La identificacion
de proteinas se realizo consultando la base de datos especifica para Pinus spp. y la clasificacion funcional, teniendo en cuenta los
tres términos funcionales (procesos biologicos, componentes celulares y funciones moleculares) de la Gene Ontology. Para extraer
los términos relevantes de la Gene Ontology se realizo un analisis de enriquecimiento singular. Se identificaron 1091 proteinas, 362
proteinas comunes a ambas especies, 100 exclusivas de Pinus greggii y 267 exclusivas de Pinus patula. El analisis comparativo de
la distribucion de proteinas en funcién de los tres términos funcionales reveld la similitud entre las dos especies. Las proteinas mas
abundantes se asociaron a procesos de oxidacion-reduccion. En cuanto a los componentes celulares, en ambas especies predominan las
proteinas integrales de membrana. En cuanto a la funcion molecular, la expresion mayoritaria de las proteinas en ambas especies estaba
relacionada con la sintesis de ATP. La via metabdlica con mayor participacion de proteinas fue la via de la glicolisis/gluconeogénesis.
Estos resultados demuestran que hay poca variabilidad genética entre las dos especies, debido a la similitud de sus perfiles proteicos,
prevaleciendo las proteinas asociadas a los procesos metabdlicos previos a la germinacion.

Palabras clave: coniferas, variabilidad genética, marcadores moleculares, espectroscopia de masa tandem.
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INTRODUCTION

Pinus spp. is considered an important pillar in forestry,
not only for the number of species but also for their eco-
nomic importance as endemic or introduced species, both
in natural ecosystems and in forest plantations (Muniz et
al. 2020). In the 1960s and 1970s, several species of Pinus
were introduced into Angola, mostly from Mexico. Pinus
patula Schl and Cham. and Pinus greggii Engelm. are two
species of Mexican Pinus spp. modified in afforestation
and restoration programs throughout the world, mainly be-
cause they are fast growing species and resistant to adverse
environmental conditions, such as drought, shallow, ero-
ded and poor in nutrients soils (Casique et al. 2019). Mo-
lecular phylogeny studies confirm that these species are
genetically similar, however, despite their similarity, the P
greggii species differs from P. patula, because it has short,
erect leaves, with superior thickness and epidermal thic-
kness, while P. patula has a higher epidermal cell width
in relation to P. greggii (Singh et al. 2019). Plant biote-
chnology has led to the emergence of new research areas
in forestry in the last two decades. Advances in molecular
biology resulted in the common use of methods for identi-
fication of species based on the use of molecular markers.

These methods have been proposed as valid tools for
evaluating the productivity, growth and response to bio-
tic and abiotic stresses in different forest species and are
applicable to any type of vegetative material; therefore,
permitting the correct identification of the species with a
reasonably low effort (Rodriguez de Francisco et al. 2016).

When applied to molecular and genetic studies in fo-
restry, the new techniques of molecular biology and -omic
approaches allow us to establish the relationship between
individual trees and progenies; and also, to look deeper
into the population structure and biological diversity. To-
gether with traditional biochemistry and genetics, these
technics (DNA molecular markers, transcriptomics, pro-
teomics and metabolomics) have been used to characteri-
ze genetic variability in proteome of seeds of other Pinus
species in P. pinea L. (Loewe et al. 2018), P. occidentalis
(Rodriguez de Francisco et al. 2016) and P. halepensis
(Taibi et al. 2017). Molecular studies are effective tools to
genetically characterize species, particularly considering
the most likely effects of climate change on forests. The
proteins profile analysis of different sample tissues, for
example seeds, is very useful because it helps to detect the
variability in type and protein concentrations and to iden-
tify proteins as putative phenotype markers, differentiating
populations or elite phenotypes (Rey et al. 2019).

This study will allow i) to characterize, through mo-
lecular markers (proteins) of the seeds of these two Pinus
species (P. patula and P. greggii) ii) to classify and com-
pare the main biological categories (biological processes,
cellular components and molecular function) and their me-
tabolic profiles in which they are involved and iii) to com-
pare the genetic variability between seeds of both species
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for the selection of the appropriate forest material in the
conservation and management programs for exotic species
in Angola and, even more, in the current context of chan-
ge, the projections of which are particularly more serious
on the African continent.

METHODS

Plant material. The plant material used for the analysis
were homogeneous seed lots of Pinus patula and Pinus
greggii species, harvested in 2016. The certified seeds of
both species came from controlled progenitors and were
provided by the Seed Bank of the Mexico Forestry Genetic
Center (CNRGM) (table S1, Supplementary Material).

Protein extraction. Protein extraction was done using the
TCA/Phenol/Acetone methodology described by Wang
et al. (2006). First, Pinus patula and Pinus greggii seeds
were extracted from pine nuts and disinfected by submer-
ging them in a 5 % Sodium Hypochlorite solution (Na-
ClO) followed by rinsing them with regular tap water.
Afterwards, the seeds were grinded in a mortar with the
help of liquid nitrogen until a fine dust was obtained. Six
dust samples were weighed (0.2 g) that represented the
three biological replicates used for each species. Decanted
proteins were re-suspended in a solubilization medium of
urea 7M, thiourea 2M, CHAPS at 4 % per volume, Triton
X-100 0.5 % (v/v) and DTT 100 nM. The resulting solu-
tion was centrifuged for 10 minutes at 1200 rpm. Finally,
proteins were quantified by the Bradford method using
bovine serum albumin (BSA) as standard (Maldonado et
al. 2008). Extracted proteins were kept at -80 °C until the
shotgun proteomic analysis was carried out.

Identification of proteins by nLC-MS MS.

Sample preparation: The shotgun gel-free protein analysis
was carried out in the Proteomics Facility at the Research
Support Central Service (SCAI) University of Cordoba
(Spain). Proteins extracts were cleaned-up in 1D SDS-
PAGE at 10 % polyacrylamide. Samples were loaded onto
the stacking gel and a stable electrical potential of 100 V
was applied until the electrophoresis front reached the re-
solving gel, coinciding when the protein extract had ente-
red 1 cm into the resolving gel. The gel was stained with
Commasie Blue and protein bands were cut off, diced, and
kept in water until digestion.

Protein digestion: Briefly, gel dices were distained in 200
mM ammonium bicarbonate (AB)/50 % acetonitrile for
15 min followed by 5 min in 100 % Acetonitrile. Proteins
were reduced by adding 20 mM dithiothreitol in 25 mM
AB and incubated for 20 min at 55 °C. The mixture was
cooled down to room temperature, followed by alkylation
of free thiols by adding 40 mM iodoacetamide in 25 mM
AB, and placed in the dark for 20 min. The gel pieces were
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then washed twice in 25 mM AB. Proteolytic digestion
was performed by adding Trypsin (Promega Madison, WI)
at 12.5 ng/ul of enzyme in 25 mM AB and incubated at
37 °C overnight. Protein digestion was stopped by adding
trifluoroacetic acid at 1 % final concentration and the di-
gested samples were finally dried in Speedvac (Eppendorf
Vacufugue Concentrator, Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA).

nLC-MS2 analysis: The peptide mixture resulting from the
digestion was cleaned to remove the salts in an Acclaim
Pepmap precolumn of 300 pm x 5 mm (Thermo Fisher
Scientific Inc.) with 2 % (ACN) / 0.05 % TFA for 5 min. at
5 pl/min. The separation of nLC peptides was performed
with the Dionex Ultimate 3000 nano UPLC (Thermo Fisher
Scientific Inc.) with a C18 analytical column 75 pm x 50
mm Acclaim Pepmam precolumn (Thermo Fisher Scien-
tific Inc.) at 40 °C for all analyses. Mobile phase buffer A
was composed of water, 0.1 % formic acid. Mobile phase
B was composed of 20 % acetonitrile, 0.1 % formic acid.
In the elution, the following gradients of 4-35 % of phase
B were used for 60 minutes, 35-55 % of B for 3 minutes,
55-90 % of B for 3 minutes followed by washing 8 minu-
tes to 90 % of B and a rebalancing of 12 minutes at 4 %
of B. The total chromatography time was 85 min.
Peptides elution results were converted into gas-phase
ions by Nano electrospray ionization and analyzed on a
Thermo Orbitrap Fusion (Q-OT-qIT, Thermo Fisher Scien-
tific, Inc.) mass spectrometer operated in positive mode.
Survey scans of peptide precursors from 400 to 1500 m/z
were performed at 120K resolution (at 200 m/z) with a 4 x
10° ion count target. Tandem MS was performed by isola-
tion at 1.2 Da with the quadrupole, CID fragmentation with
normalized collision energy of 35, and a rapid scan MS
analysis in the ion trap. The automated gain control (AGC)
ion count target was set to 2 x 10° and the max injection
time was 300 ms; only those precursors with charge bet-
ween 2-5 were sampled for MS2. The dynamic exclusion
duration was set to 15 s with a 10 ppm tolerance around
the selected precursor and its isotopes. Monoisotopic pre-
cursor selection was turned on. The instrument was run in
top 30 mode with 3 s cycles, meaning the instrument would
continuously perform MS? events until a maximum of top
30 non-excluded precursors or 3 s, whichever was shorter.
Finally, the spectra obtained from the mass analysis
were analyzed with the software Proteome Discoverer
v. 2.1.0.81 (Thermo Fisher Scientific Inc.) and the SE-
QUEST/HT search engine using a pine protein database
inferred from the existing transcript (35,374) collection in
Pinus, SustainPineDB v3.0 available on the Sustain Pine
Project Platform PLE2009-0016 (Fernandez et al. 2011).
Protein sequences were extracted from the transcripts
once the correct reading frame was identified after using
blastx against Acrogymnospermae (ancestor). For those
transcripts that did not present homology, the highest ORF
(Open Reading Frame) was selected from all those that
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could be obtained by theoretically translating into the six
possible reading frames.

Peptides were generated by theoretical tryptic diges-
tion. Carbamidomethylation of cysteine was considered
as a fixed modification, and variable modification was
methionine oxidation, error tolerance for precursor ions of
10 ppm and product (fragmented) ions of 0.1 Da. Peptide
spectral matches (PSMs) were validated with the Percola-
tor algorithm (included in the Proteome Discoverer soft-
ware), using a filter based on values of 1 % of the false
discovery rate FDR (False Discovery Rate).

Protein functional classification. The proteins identified
by the nLC LTQ Orbitrap analysis were functionally an-
notated using the Blast2GO software (v.4.1.9) against the
nr-NCBI database, conserving up to 20 blast “hits” with
an e-value threshold of 1e”. Likewise, metabolic domains
and pathways were annotated by exploring the IPRScan
(protein domains identifier) and the Kyoto Encyclopedia
of Genes and Genomes database (KEGGs). The Blast Des-
cription Annotator algorithm was used to assign a descrip-
tion to each sequence. For those sequences that remained
without any information in this phase (10 sequences), the
threshold was relaxed to an e-value le? and tried to find
similarities against nt-NCBI, to assign a description to the-
se sequences; although this result was not used to annotate
them functionally due to their low confidence. The classifi-
cation for the functional profiles was prepared considering
the terms of Gene Ontology, taking into account the three
present categories: biological processes, cellular compo-
nents and molecular functions.

Statistical analysis. To classify the main functional proces-
ses in which the most abundant proteins and their metabo-
lic associated profiles for each species may be involved, a
functional enrichment analysis (SEA) was used to deter-
mine the most relevant Gene Ontology terms associated
with the proteins identified for each species. This analy-
sis consists in transforming the two lists of proteins to be
used in comparing their Gene Ontology annotations, using
the corresponding protein-functional term association ta-
ble. Subsequently, a Fisher’s exact test with a 2 x 2 con-
tingency table was used to verify if there are statistically
significant overrepresented Gene Ontology annotations in
any of the two species. A multiple testing correction was
applied to each term to correct the departure from the si-
multaneously multiple hypothesis tested. The significance
of terms was determined by using statistical tests with a
minimum significance level of FDR < 0.05.

RESULTS

Protein profile analysis. A total of 1091 proteins were
identified: 629 in seeds of P. patula and 462 in P. greggii.
Once proteins profiles were compared, 362 common pro-
tein species were identified in both Pinus species. A total
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of 100 and 267 unique proteins were identified for P. greg-
gii, and P. patula respectively, with 362 proteins present in
both species. Most identifications were matched by homo-
logy for Picea sitchensis annotations (figure S1 and table
S2, Supplementary Material).

Classification of functional profiles according to Gene
Ontology terms for biological processes, cellular compo-
nents and molecular functions. The comparative analysis
between species of proteins distribution according to the
biological process revealed similarities between the two
species (figure 1 and table S2 Supplementary Material),
with higher predominance of proteins involved in oxida-
tion-reduction processes (78 and 104 proteins in P greggii
and P, patula. respectively), followed by the processes of
monocarboxylic acid metabolism, translation, ribosomal
biogenesis, and catabolism of organic substances.

When proteins were classified regarding the different ce-
llular components, integral or intrinsic membrane proteins
predominated in both species (33 and 40 in P. greggii and
P. patula, respectively) (figure 2). Most identified proteins
belong to components of the membrane, including transport
proteins, plasma membrane proteins and catalytic proteins
of the cell wall and other inner organelles. Other important
proteins were the cytosolic ribosomal units and proteins in-
volved in nuclear activity, such as gene expression. When
proteins were grouped by their molecular function, (figure 3),
ATP binding, with 48 and 62 proteins in P. greggii and P,
patula respectively, was the function with the larger number
of proteins identified, followed by the structural constitution
of the ribosome with 48 and 59 proteins respectively. In ge-
neral, the results of the analysis of the functional profiles in-
dicate that no enrichment was detected in any Gene Ontolo-
gy term considering FDR < 0.05; since most of these terms
(biological processes, cellular components and molecular
function) had a similar representation in the two species.

Functional classification of proteins by exploring the KE-
GGs database. The results of the functional classifica-
tion of proteins in the KEGGs database showed that the
proteins identified in the study participate in a total of 99
metabolic pathways between the two species, 90 common
on both species and 9 exclusives for P. patula (table S2
Supplementary Material). Those exclusive pathways were
correspondent to the biotin metabolism, lipid metabolism,
flavonoid biosynthesis, metabolism of glycerophospholi-
pids, linoleic acid metabolism, phosphatidylinositol signa-
ling system, porphyrin and chlorophyll metabolism, ribo-
flavin metabolism and streptomycin biosynthesis.

The common metabolic pathways accounting for the
high number of proteins among the identified ones were
the same for both species: glycolysis/gluconeogenesis (ta-
ble 1), antibiotic biosynthesis, fatty acid biosynthesis, lipid
metabolism, pyruvate metabolism, nucleotide metabolism,
carbon fixation in photosynthetic organisms and oxidative
phosphorylation.
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Regarding the glycolysis/gluconeogenesis pathway, 19
of the identified proteins were related to enzymes involved
in this metabolic pathway (figure 4). Most of these prote-
ins (16) are common in both species (table 1), although
three were only identified in one of the species: acetyl-
transferase, identified only in P. greggii, and Diphospha-
te-fructose-6-phosphate 1-phosphotransferase (PFP) and
Phosphoenolpyruvate carboxykinase ATP (PEPCK), only
identified in P, patula.

DISCUSSION

Identified proteins and data analysis. In this work, the
analysis of the protein profile was based on the shotgun
proteomic approach, considered by many researchers as
an effective tool for high performance proteomic studies
(Woo et al. 2019). However, due to the sensitivity of pepti-
de identification in this approach, authors such as Romero
et al. (2014) recommend the use of specific proteins from
similar organisms to improve the sensitivity of peptide
identification when working with non-model species. In
this case, a database of sequences specific to the genus
Pinus, SustainPineDB v3.0 (Fernandez et al. 2011), was
used, generated from gene predictions of the latest assem-
bly version of Pinus pinaster specific genome.

The species that contributed the most to protein anno-
tation was Picea sitchensis, a genomically highly studied
species and for which there is a large amount of informa-
tion available in databases. Authors such as De la Torre
et al. (2019) state that there are low levels of genetic va-
riation between these genera However, previous genetic
studies by Kovacevi¢ et al. (2013) concluded that the Pi-
cea genus is clearly separated from the Pinus genus, being
closer to the Abies genus.

Gene ontology and protein expression of P. patula and
P. greggii seeds. The oxidation-reduction processes accoun-
ted for the highest number of proteins identified in the two
Pinus species analyzed. Similar results were obtained by
other authors studying the proteomic profile of forest species
seeds through the “shotgun” strategy. Pullman ez al. (2015)
have shown that oxidation-reduction processes can improve
embryogenic tissue initiation (ET) in conifers, early embr-
yonic development and germination in these species. On the
other hand, most of the proteins were located in or related
to the cell membrane for both P. patula and P. greggii. Ac-
cording to Rosental et al. (2014) the cell membrane is di-
rectly involved in the process of germination, during which
it experiences a specific and functional reorganization by
actively participating in the imbibition of water by the seed.

Regarding the expression, the proteins overexpressed
for the three Gene Ontology were those involved in sto-
rage, carbohydrate metabolism and energy synthesis, pro-
cesses associated with seed preparation for germination.
These results agree with Morel et al. (2014) reported in
Pinus pinaster seeds. It is considered, also, that proteins
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Figure 1. Graphic representation of the distribution of proteins by Biological Process (BP) Gene Ontology, present in the seeds of
the two species studied: (A) Pinus greggii, (B) Pinus patula. Only those processes involving at least 50 proteins are represented. The
numbers indicate the amount of proteins that participate in each of the processes represented.

Representacion grafica de la distribucion de proteinas por Proceso Biologico (BP) GO, presente en las semillas de las dos especies

estudiadas. (A) Pinus greggii, (B) Pinus patula. Solo estan representados aquellos procesos que involucran al menos 50 proteinas. Los niimeros indican
la cantidad de proteinas que participan en cada uno de los procesos representados.
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Figure 2. Graphic representation of the distribution of proteins taking into account their location in cellular components (CC) Gene
Ontology, in the seeds of the two species studied: (A) Pinus greggii, (B) Pinus patula. Only those processes involving at least 10

proteins are represented. The numbers indicate the amount of proteins involved in each cell component.

Representacion grafica de la distribucion de las proteinas segiin su ubicacion en los componentes celulares (CC) GO, en las semillas de las
dos especies estudiadas. (A) Pinus greggii, (B) Pinus patula. Solo estan representados aquellos procesos que involucran al menos 10 proteinas. Los

numeros indican la cantidad de proteinas involucradas en cada componente celular.
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Figure 3. Graphic representation of the distribution of proteins by Molecular Function (FM) Gene Ontology, in the seeds of the two
species studied: (A) Pinus greggii, (B) Pinus patula. Only functions with a minimum of 15 proteins are represented. The numbers
indicate the amount of proteins involved in each of the molecular functions. Data for a significance threshold FDR < 0.05.

Representacion grafica de la distribucion de proteinas por Funcion Molecular (FM) GO, en las semillas de las dos especies estudiadas. (A)

Pinus greggii, (B) Pinus patula. Solo estan representadas las funciones con un minimo de 15 proteinas. Los niimeros indican la cantidad de proteinas
involucradas en cada una de las funciones moleculares. Datos para un umbral de significacion FDR < 0,05.
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Table 1. List of proteins involved in the metabolic pathway glycolysis/gluconeogenesis expressed in the seeds of Pinus greggii and
Pinus patula.

Proteinas identificadas implicadas en la ruta metabolica de la glicolisis/gluconeogénesis expresadas en las semillas de Pinus greggii 'y Pinus patula.

Acc. Description® MW [kDa] Coverage # Un.ique Commons Pinus. ' Pinus
Num.? calcc  plI¢ (%) Peptides greggii  patula
1032 ATP-dependent 6-phosphofructokinase 2 52 7 5 1 - X -
10495 phosphoglycerate chloroplastic 53 9 4 1 X - -
10634 phosphoenolpyruvate carboxykinase [ATP]-like 73 7 4 2 - - X
dihydrolipoyllysine-residue acetyltransferase component 2
1069 of gyruvzie }:iei]lydrogenase mit(zhondrial-like ’ 62 ? 3 ! ) X i
Tttt T ST T
126671 Enolase 48 6 29 7 X - -
126855 glyceraldehyde-3-phosphate dehydrogenase cytosolic 39 8 62 15 X - -
127205 Alcohol 51 8 15 1 - - -
rophosphate--fructose 6-phosphate
12998 l13?lphgsphlcztransferase suburlljit algha 67 7 3 ! ) i X
13226 betaine aldehyde dehydrogenase chloroplastic 27 5 6 1 - - X
16504 pyruvate cytosolic isozyme 57 8 5 2 X - -
16934  fructose-bisphosphate cytoplasmic isozyme 1 42 9 24 5 X - -
17023  fructose-bisphosphate aldolase chloroplastic 49 8 5 2 X - -
17064 fructose-bisphosphate aldolase cytosolic 44 8 52 15 X - -
17080 p}{ruvate dehydrogenase E1 component subunit beta- 41 5 7 | ) i X
mitochondrial
17339 Alcohol 50 8 22 2 - - X
18066 phosphoenolpyruvate carboxykinase [ATP]-like 49 9 4 1 - - X
18227 glucose-6-phosphate isomerase chloroplastic 71 6 12 5 X - -
18273  glucose-6-phosphate cytosolic 68 7 7 3 X - -
1839  Alcohol 41 6 11 1 - - X
20329 aldehyde dehydrogenase family 2 member mitochondrial 63 8 20 6 X - -
2037  glyceraldehyde-3-phosphate cytosolic-like 40 7 51 1 - X -
20710 cytosolic triosephosphate isomerase 27 5 30 7 - X -
208477 alcohol dehydrogenase class-3 51 8 23 5 - - X
21225 glyceraldehyde-3-phosphate dehydrogenase cytosolic 40 7 36 1 - X -
22555 Enolase 48 6 45 1 - X -
2308 betaine aldehyde dehydrogenase mitochondrial 59 6 2 1 X - -
23105 phosphoglycerate kinase 52 7 20 1 - X -
2317 py.ruvate dehydrogenase E1 component subunit alpha- 44 3 3 1 X i i
mitochondrial
3137 Dihydrolipoyl dehydrogenase mitochondrial 54 8 16 6 X - -
3418 aldose reductase 39 7 44 16 X - -
37838 phosphoglycerate kinase 44 8 16 7 X - -
4123  dihydrolipoyl dehydrogenase chloroplastic 61 7 2 1 X - -
41574 NADP-dependent glyceraldehyde-3-phosphate sq 7 - ) x i i
dehydrogenase
44645 alfiehyde de.hyd.rogenase family 2 member 59 7 3 3 X i i
mitochondrial-like
72 pyruvate decarboxylase 2 66 6 5 1 - - X
782  Alcohol 48 8 25 3 X - -
893  aldehyde dehydrogenase 47 8 17 4 X - -
9616 pyruvate decarboxylase 2 67 6 7 1 X - -

“ Pinus_DB Pinus sustainpine v3. ®Blast Description Annotator.  Molecular weight (KDa) and isoelectric point of protein calculated for each database.
4Molecular weight (kDa) and isoelectric point of protein calculated by using molecular weight standards.
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related to the reserve in seeds are necessary for the mobili-  the two pine species studied, agreeing with Dvorak et al.
zation and preparation of the seed protein during germina-  (2008) who found a very little genetic distance between
tion (Wang et al. 2019). P greggii and P. patula. These authors found high levels

The results of the differential expression analysis of variability in the morphology of Mexican Pinus spp.
showed a high similarity between the proteins profiles of  accompanied with low levels of interspecific genetic diffe-
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Figure 4. Graphical representation of the metabolic pathway glycolysis/gluconeogenesis KEGGs, in the seeds of the two species.
The enzymes that participate in this route are represented with colors. Blue represents the enzymes common in the two species, red
represents the enzymes identified only in P. greggii and green represents those identified only in the P. patula species.

Representacion grafica de la ruta metabdlica de la glicolisis/gluconeogénesis KEGGs, en las semillas de las dos especies. Las enzimas que
participan en esta ruta se representan con colores. El color azul representa las enzimas comunes en las dos especies, el color rojo representa las enzimas
identificadas solo en Pinus greggii'y el color verde representa las identificadas solo en Pinus patula.
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rentiation, which may be the result of low rates of evolu-
tion among the species of this genus. Moreover, conifers
are considered a monophyletic group that descends from
the same common ancestor more than 300 million years
ago, being their low genetic variability confirmed by seve-
ral authors (De la Torre et al. 2019).

Analysis  of the glycolysis/gluconeogenesis pathway.
Authors like Chen et al. (2016) state that the glycoly-
sis/gluconeogenesis route is one of the most important
in seeds, representing an indispensable way to maintain
the balance of cellular ATP levels and carbohydrate me-
tabolism. This balance is very important in the seeds of
higher plants, being starch the main storage carbohydra-
te (Duan et al. 2016). Glycolysis is a catabolic pathway
in which glucose is broken down into two molecules of
pyruvic acid under aerobic conditions, or lactate under
anaerobic conditions. Complete oxidation of glucose can
involve three fundamental biochemical pathways: i) the
glycolytic pathway, ii) the Krebs cycle (also called citric
acid cycle or tricarboxylic acid cycle) and iii) oxidative
phosphorylation. Conversely, gluconeogenesis is the ana-
bolic route which converts non-sugar precursors (lactate,
pyruvate, propionate, glycerol and amino acids) into glu-
cose. Therefore, the glycolysis/gluconeogenesis pathway
is indispensable to maintain the balance of cellular levels
of ATP and carbohydrate metabolism (Chen et al. 2016)
and starch, which constitutes the main carbohydrate stora-
ge in seeds of higher plants (Duan ef al. 2016). As storage
reserves provide the energy necessary for germination, it
was expected an overexpression of these proteins in seeds
of quick germination (Rosental ef al. 2014).

Specifically, in our work, 19 enzymes involved in this
route were expressed in both species, and 3 were also ex-
pressed only in one of them. The acetyltransferase, only
identified in P. greggii, is an enzyme which catalyzes the
oxidative decarboxylation of pyruvate to produce acetyl-
CoA. This enzyme is part of the multi-enzymatic pyruvate
dehydrogenase (PDC) complex of the mitochondrial ma-
trix in which the acetyl group is passed to coenzyme A,
which constitutes a key compound between glycolysis and
the Krebs cycle. Some works (Wang ef al. 2019) that iden-
tify this enzyme correlated the expression of PDC with the
accumulation of lipids in the seeds, which are relevant for
the reorganization of the metabolism of seeds, energy and
carbon for the growth of the embryo and the protrusion of
radiation (Rosental et al. 2014).

Diphosphate-fructose-6-phosphate 1-phosphotransfe-
rase, only identified in P. patula, catalyzes the reversible
interconversion between fructose-6-phosphate and fructo-
se-1.6-bisphosphate, which constitutes a limiting step in
the regulation of the primary metabolic flow of carbohy-
drates towards glycolysis or gluconeogenesis. This enzy-
matic activity is similar to the activity of enzyme 6-phos-
phofructokinase, which is common to both species (Duan
et al. 2016), suggesting the presence of both proteins in P.
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patula and a higher ability to catalyze the flow of carbohy-
drates to glycolysis. On the other hand, the PEPCK protein,
also identified only in P. patula, catalyzes the conversion
of ATP and oxaloacetate into ADP, phosphoenolpyruvate
and carbon dioxide, the first step of the gluconeogene-
sis route, converting the oxaloacetate into phosphoenol-
pyruvate. These results suggest that the P. patula species
could initiate gluconeogenesis using both oxaloacetate and
pyruvate as substrate, whereas the P. greggii species could
hardly use pyruvate as a substrate, which is corroborated
by Ahern and Rajagopa (2019) by proposing that in the
gluconeogenesis process, it can start from several simple
substrates, especially in plants.

The seeds of several Pinus spp. presented proteins as-
sociated with metabolic functions involved in germination
processes (Rey et al. 2019). Thus, they are relatively rich
in storage proteins synthesized during the last stage of seed
development.

Oxidoreductase enzymes overexpression. Results indicate
also an overexpression of oxidoreductase enzymes. This
coincides with the results of the Gene Ontology biologi-
cal processes above discussed, which place the redox pro-
cesses as the most important in terms of the number of
proteins involved, followed by the transferase class in P,
greggii and the hydrolases in P. patula. According to the
Committee of the International Union of Biochemistry and
Molecular Biology (IUBMB) for the general classification
of enzymes, it is considered that hydrolases are a special
class of transferases in which water serves as an acceptor
of the transferred group. Likewise, the work of Behar et al.
(2018) indicates the existence of flexibility in the specifici-
ty of the reactions that catalyze oxidoreductase enzymes.

CONCLUSIONS

The study carried out permitted to characterize the pro-
tein profile of the seeds of P. patula and P. greggii, identi-
fying the main proteins presents in both species. The study
of the functional profiles according to terms of the Gene
Ontology made the classification of the main biological
categories (biological processes, cellular components and
molecular function) possible, in which these proteins and
their metabolic profiles are involved, comparing the results
between both species. The results showed that there is no
relevant genetic variability between seeds except for the
glycolysis/gluconeogenesis pathway, being expressed in P
patula a specific protein which could provide more ability
in the mobilization of seed carbohydrates. Neither do they
show significant differences in the main functional proces-
ses in which these proteins and their metabolic associated
profiles are involved. Gene Ontology database search did
not show enrichment in any category (between species),
since most of these categories had a similar representation
in the two profiles analyzed, with the associated proteins
predominating in the preparation of the seed during the



germination process. Therefore, both P. patula and P. gre-
ggii presented similar characteristics in the proteomic pro-
file of seeds, being indistinguishable regarding their ability
to plant establishment, except for the better ability of P,
patula to mobilize carbohydrates, which could give this
species a slight advantage in the germination process.
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