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ABSTRACT (300 words)

Bud maturation is a physiological process which implies a set of morphophysiological changes
which lead to the transition of growth patterns from young to mature. This transition defines tree
growth and architecture, and in consequence traits such as biomass production and wood quality.
In Pinus pinaster, a conifer of great timber value, bud maturation is closely related to polycyclism
(multiple growth periods per year). This process causes a lack of apical dominance, and
consequently increased branching that reduces its timber quality and value. However, despite its
importance, little is known about bud maturation. In this work, proteomics and metabolomics were
employed to study apical and basal sections of young and mature buds in P. pinaster. Proteins
and metabolites in samples were described and quantified using (n)UPLC-LTQ-Orbitrap. The
datasets were analyzed employing an integrative statistical approach, which allowed the
determination of the interactions between proteins and metabolites and the different bud sections
and ages. Specific dynamics of proteins and metabolites such as HISTONE H3 and H4,
RIBOSOMAL PROTEINS L15 and L12, CHAPERONIN TCP1, 14-3-3 protein gamma,
gibberellins A1, A3, A8, strigolactones and ABA, involved in epigenetic regulation, proteome
remodeling, hormonal signaling and abiotic stress pathways showed their potential role during
bud maturation. Candidates and pathways were validated employing interaction databases and
targeted transcriptomics. These results increase our understanding of the molecular processes
behind bud maturation a key step towards improving timber production and natural pine forests
management in a future scenario of climate change. However, further studies are necessary by
using different P. pinaster populations that show contrasting wood quality and stress tolerance in

order to generalize the results.
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INTRODUCTION

Pines are key players of forest ecosystems since most species have the ability to colonize a great
variety of niches, act as good CO, sinks due to its fast growth (Allona et al., 1998), and are
demanded by forest industry due to their quality timber, paper pulp and resins (Canales et al.,
2014). Current production is not enough to cover current and predicted timber demand (FAO,
2009) and new strategies should be designed for implementing a more sustainable forest
management also considering the climate change scenario (FAO, 2015). The use of fast-growth
species such as Pinus pinaster Aiton, commonly known as maritime pine, may have an important
role to this aim. This species has a major ecological and industrial role in southern Europe both
at Mediterranean and Atlantic basins (Gonzalez et al., 2016; Meijon et al., 2016; Cano et al.,
2018). lts provenances adapted to different geoclimatic conditions across its distribution exhibit
specific adaptions, allowing its optimal growth under a wide range of environments, from mild
humid Atlantic regions to warm dry Mediterranean. These adaptions are genetically encoded,
having this species a great genetic variability (Meijén et al., 2016; Vizcaino-Palomar et al., 2016;

Vazquez-Gonzalez et al., 2019).

However, the architecture of this species can be greatly affected by harsh environmental
conditions like drought periods, which can ultimately affect tree productivity. Pinus pinaster is a
species with a characteristic polycyclic growth (multiple shoot flushes in a single season) (Zas et
al., 2004). This growth pattern, which reduces tree value due to a loss of apical dominance and
increased branching, is inheritable and genetically conditioned, with provenances more polycyclic
than others (Sabatier et al., 2003; Zas et al., 2004; Meijén et al., 2016). Polycyclism also presents
an important environmental component, being conditioned by water availability, soil composition
or radiation (Sabatier et al., 2003; Girard et al., 2011). It has been shown that periods of drought
reduce its appearance and also tree growth, and that fertile soils and good irradiation lead to
increase growth cycles and branching (Sabatier et al., 2003; Verdu and Climent, 2007).
Polycyclism is also conditioned by the maturation state of the apical bud (Sabatier et al., 2003;
Girard et al., 2011), being buds with young phenology more polycyclic than mature, although the

molecular mechanisms that explain these differences have not yet been described.

Bud maturation implies a number of phenological changes, altering growth pattern,
morphogenetic competence and increasing abiotic stress resistance (Jordy, 2004; Brunner et al.,
2017). Maturation is regulated by internal and environmental factors. Among internal factors, plant
hormones (Meijon et al., 2009) and epigenetic mechanisms regulating differential gene
expression are required for bud maturation (Valledor et al., 2010b; Valledor et al., 2015; Conde
et al., 2017). This differential gene expression should lead to changes in proteome and, in
consequence, in metabolome, altogether resulting in the physiological and morphological
characteristics of each ontogenetic age (Haffner et al., 1991; Meijén et al., 2016; GroRRkinsky et
al., 2017). Surprisingly, and despite its importance for adaptive responses, tree growth or
polycyclism, little is known about the molecular processes that are behind bud maturation process

and different developmental stages and how they interact with environment. The great complexity
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that these processes seem to have along with the large number of variables potentially involved
and not previously described suggest an unmanaged and massive strategy as the most

appropiate to address this problem.

The availability of high throughput alternatives for molecular phenotyping such as gel-free
proteomics and metabolomics give us an unprecedented capability to address this gap (Valledor
et al., 2018). These techniques usually associated to model species can currently be applied with
high confidence in almost any organism, since they do not require extended genome information.
Despite unsequenced, Pinus pinaster has extensive transcriptomic data available that ease
protein identification (Romero-Rodriguez et al., 2014). In this species, there are several
contributions in the proteomics field but focused on the study of wood forming tissues (Paiva et
al., 2008; Garcés et al., 2014) and somatic embryogenesis (Morel et al., 2014; Trontin et al.,
2016). As the final reflection of genomes and its variation, metabolome analyses allowed to define
population structures and evolution in this species (Meijén et al., 2016; Lépez-Goldar et al., 2019),
and also adaptive responses to abiotic/biotic stress (Cafias et al., 2015; de Simén et al., 2017;
Lopez-Goldar et al., 2020). The combination of different omics greatly increases the power of
analysis since the datasets of the different levels complement each other in a synergistic way
(Mochida and Shinozaki, 2011; Kim et al., 2012). This type of integrative studies has already been
carried out successfully in conifers to study needle development combining proteomics and
transcriptomics (Valledor et al., 2010a) or to comprehensively analyze response to heat
(Escandon et al., 2017) or ultraviolet stress comparing proteomics and metabolomics (Pascual et

al., 2017). However, there is no information related to bud maturation in pines.

Therefore, the main aim of this work was to study the bud maturation process in Pinus pinaster
using integrative omics approach combining proteomics and metabolomics. The integration of
both levels allowed the extensive characterization of bud maturation processes. Specific
dynamics of proteins and metabolites related to epigenetic regulation, proteome remodeling,
hormonal signaling, and abiotic stress response (such as histones, ribosomal proteins,
strigolactones, gibberellins, ABA, and chaperones) showed an essential role during bud
maturation. In addition, the interconnection of these elements and its relation to different polycyclic
capacity and stress tolerance of each maturation state of the bud was revealed through an

integrative approach.

MATERIAL AND METHODS

Plant material and growth conditions

Apical buds in young and mature stages were sampled from two-years-old Pinus pinaster
seedlings (plant size around 20 + 3 cm) just after they exhibited young/mature apical phase

change. These plants were grown in a greenhouse with seasonal fertirrigation.

Buds in the young stage show leaf primordia differentiate into photosynthetically active primary

needles around of the shoot apical meristem (SAM). However, when the mature stage is reached,
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leaf primordia differentiate into scale leaves, and photosynthetic activity is shifted to long needles
differentiated on brachyblasts in more distal positions on the stem (Jordy, 2004). Apical buds of
18 seedlings of the same age, half of them having mature morphology and half of them young,
were sampled and dissected into their apical and basal sections, corresponding to apical and
axillary/foliar meristems, respectively (Figure 1). Three biological replicates for each treatment
(apical and basal parts of the bud, young and mature buds) were constituted pooling basal or
apical parts of the buds of three different seedlings with the same bud developmental stage.
Samples were immediately frozen in liquid nitrogen and kept at -80 ° C until biomolecule
extraction. Metabolites, proteins, and RNA were isolated from the same sample following the

protocol of Valledor et al. (2014a) using 75 mg of fresh weight per sample.

Metabolome analysis

High-performance liquid chromatography (Dionex Ultimate 3000, ThermoFisher Scientific, USA)
was coupled to a LTQ-Orbitrap XL high resolution mass spectrometer equipped with a HESI I
(heated electrospray ionization) source and controlled by Xcalibur version 2.2 (Thermo Fisher
Corporation). Polar fraction of each sample was analyzed twice, first using the positive and then
the negative ion modes. Samples were run according to the procedure described by Meijén et al.
(2016). Instrument was operated in full-scan mode with a resolution of 60 000, and spectra were
acquired in mass range m/z 50-1000 in the positive mode, and 65-1000 in the negative mode.
The resolution and sensitivity were controlled by the injection of a standard mix (caffeine, proline,
and sucrose) after the analysis of each batch and resolution was also checked with the aid of lock
masses (phthalates). Blanks were also analyzed during the sequence. With the aim of improving
metabolite assignation, one sample of each treatment was additionally reanalyzed including an
ion fragmentation step. Chromatrographic and analytical conditions were the same, but top-three
ions of each scan were fragmented (30 s dynamic exclusion window). Parent ions (minimum
intensity of 500) were fragmented by CID (normalized collision energy of 35, activation Q 0.25,
and activation time 90 ms). These spectra were employed for MS/MS metabolite identification as

described below.

RAW files were directly processed employing MZMINE v2.14 (Pluskal et al., 2010). Spectra were
filtered establishing noise threshold at 2 x 10* and minimum peak height at 2.5 x 105. Peaks were
smoothed and deconvoluted using a local minimum search algorithm (95 % chromatographic
threshold, minimum retention range 0.2 min, minimum relative height of 5 %, and minimum ratio
top/edge of 0.5). Chromatograms were aligned using the RANSAC algorithm with a tolerance of

5 ppm of m/z and 0.2 min of retention time. Peak areas were used for quantification.

Peaks were identified following a sequential approach. The first stage was performed against our
in-house library (>100 compounds) and manual annotation considering its m/z and retention
times. In a second stage, MS/MS data was used for identification employing Compound
Discoverer software (Thermo Scientific, USA) and custom scripts for comparing experimental
data to MS/MS databases Metlin, HMDB and FooDB. A positive identification was defined when

http://mc.manuscriptcentral.com/tp
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parent mass was below 5-ppm threshold compared to analyte in DB and at least, two main ions
of fragmentation spectra were identified. The last stage assigned potential identity to masses by
direct comparsion of ion masses using a 5-ppm threshold and KEGG, HMDB, FooDB, Plantcyc,
and MassBank databases. Those metabolites that were defined after the comparison with our
standard compound library or by a matching of MS/ MS were considered as unquestionably
‘identified’, while were considered ‘tentatively assigned’ those molecular ions with exact masses
corresponding to identified metabolites in databases. Metabolite identification against our library

was confirmed by RT, mass, and isotopic patterns.

Protein identification and quantitation using nLC-Orbitrap-MS analysis

Sixty ug of total protein were cleaned, digested, and desalted following the protocol described by
Valledor and Weckwerth (2014). Peptide chromatography and mass spectrometric analysis were
performed according to Pascual et al. (2017) with only a slight modification in the effective
gradient, which was set to 90 min from 5 % to 45 % acetonitrile/0.1 % formic acid (v:v) with a later
column regeneration step of 27 min. The employed column was a Chromoltih RP-18R 15 cm

length 0.1 cm inner diameter (Merck, Germany).

Spectra were processed in Proteome Discoverer 2.0 (Thermo Scientific, USA). Protein
identification threshold was established at 5% and 1% false discovery rates (FDR) at peptide and
protein levels, respectively. Only proteins with at least two identified peptides and one of them
unique were considered as identified. Four databases were used: Pinus sylvestris and Pinus
taeda (34063 accessions) (Proost et al., 2014), and against in-house databases, Pinus pinaster
(117080 accessions) and Pinus radiata (67647 accessions) that were built following the
procedure described by Romero-Rodriguez et al. (2014). Proteins were also functionally
classified according to Mapman (Thimm et al., 2004) functional bins. Identified proteins were
quantified by a label-free approach based on the estimation of the areas of the three most

abundant peaks assigned to each protein by Proteome Discoverer.
Targeted transcriptomic analysis of candidate genes

RNA abundance was determined in a microdrop spectrophotometer NB1 (Nabi, South Korea) and
its integrity was checked by agarose gel electrophoresis. One ug of RNA was reversed
transcribed using the RevertAid kit (Thermo Scientific, USA) and random hexamers as primers
following the manufacturer’s instructions. gPCR reactions were performed in a CFX96™ Real-
Time System (Biorad, USA) with RealQ Plus Master Mix Green, no ROX (2X) (Ampligon,
Denmark); four biological and two analytical replicates per treatment were made for each gene.
Expression levels of GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH) and
UBIQUITINE (UBI) were used as endogenous control and the results were analyzed by Bio-Rad
CFX Manager 3.1 (Biorad, USA) software using the cycle threshold comparative method (ACy).
Detailed information about the primers used for gqPCR experiments is available in Supplementary
Table S1.
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Statistical and bioinformatics analysis

All statistical procedures were conducted with the R programming language running under the
open source computer software R v3.5.0 (R Development Core Team, 2015) and RStudio
v1.1.423 (RStudio Team, 2016) using the packages pRocesomics' and mixOmics (Rohart et al.,
2017).

Three biological replicates per treatment were used for metabolome and proteome analysis.
Proteome and metabolome datasets were pre-processed following the recommendations of
Valledor and Jorrin (2011) and Valledor et al. (2014b). In brief, missing values were imputed using
a Random Forest approach, and variables were filtered out if they were not present in at least all
of replicates corresponding to one treatment or in at least 45% of the analyzed samples. Data
were normalized and transformed following a samplecentric approach followed by log
transformation. Centered and scaled values (z-scores) were subjected to univariate (one-way
ANOVA followed by a Tukey HSD post-hoc test, P<0.05.) and Venn diagrams, and heat map
clustering. To avoid variable noise only those variables with interquartile range 50% greater than
average were selected for multivariate analyses. Integrative analysis was based on the use of
DIABLO algorithm and network representation. Cytoscape v. 3.7 (Shannon et al., 2003) was
employed in network representation and analysis. Proteins were annotated according to Mapman
classification employing protein sequences and Mercator online tool v3.6 (Lohse et al., 2014)

while metabolites were manually classified according to this classification.

RESULTS

Proteomic and metabolomic characterization of buds in Pinus pinaster

Proteomic analyses of young and mature buds and their sections allowed the identification of
1609 proteins. Proteins were annotated according to Mapman, classifying 1540 proteins in 34
functional bins. 951 proteins showed abundances and consistencies above threshold for their use
in quantitative analyses. Out of these, 142 were differentially accumulated between treatments
(ANOVA p-value <0.05; Supplementary Table S2). At metabolome level, 3670 peaks were
detected, being 2267 suitable for quantification (Supplementary Table S3). From these, 133
peaks were unequivocally identified using the in-house database or MS/MS specitra,
corresponding to 105 unique compounds, and 974 were tentatively assigned by comparing their
very accurate masses to those available in public databases (Supplementary Table S4). 75
metabolites were classified according to Mapman. Despite the high number of identified/assigned
metabolites, their complete classification according to Mapman was not possible, mainly due to
the difficulty of classifying secondary metabolites. However, this potential bias does not affect the
most studied and preserved functional groups such as those related to primary metabolism. From
all detected compounds, 914 were differentially expressed between analyzed samples (ANOVA
5% FDR; Supplementary Table S3).

! https://github.com/Valledor/pRocessomics
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Venn analyses revealed qualitative differences between ontogenic stages and bud sections. At
protein level (Figure 2A), young buds (apical and basal sections) showed the highest number of
characteristic proteins (126) but, interestingly, the apical section of the mature bud was the most
differentiated organ with 59 characteristic proteins. At metabolome level (Figure 2B), mature
tissues showed the highest rate of unique compounds (569), while the apical section of the young

bud exhibited the highest number of characteristic metabolites (194).

Quantitative analyses of Mapman classified proteins (Figure 2C) and metabolites (Figure 2D)
pointed the differential pathways among bud sections and developmental stages. At proteome
level, increased pathway clusters related to stress, hormone, lipidic, energetic, and major
carbohydrate metabolism pathways can be correlated to the different tissues that were analyzed.
Heatmap classified samples according to bud section, which may be suggesting a greater
variation between apical and basal meristem proteomes than between mature and young bud
proteomes. Contrary to proteome, metabolome allowed the classification of samples in relation to
their ontogenetic age. This metabolomic differentiation was mainly caused by differences in
photosynthesis, aminoacid synthesis and metabolism, redox regulation, and nucleotide

metabolism.

These differences between mature and young buds and their basal and apical sections may be
related to the location of the shoot apical meristem (SAM) activity in the apical section of the bud
and also to the differential growth and developmental patterns of young and mature buds, as it
was demonstrated by the differential accumulation of sample-specific pathways. Furthermore, the
accumulation of a higher number of specific metabolites in comparison to proteins revealed the
potential effect over the metabolome of the changes related to a smaller number of proteins.
Alterations of key enzymes of metabolic pathways may lead to changes in abundance of a large
number of metabolites. On the other hand, samples with a great ontogenic and functional
differentiation (young vs mature) shared numerous proteins, which difficulted their classification
according to their developmental stage. However, metabolites allowed their classification,
reflecting the importance of metabolomic specificity in functional differentiation. The metabolome
is the final downstream product of gene transcription and, therefore, changes in it are amplified
relative to the changes in transcriptome and proteome (Das et al., 2015; Escandon et al., 2017).
As young buds present more active development than differentiated mature buds, it is expected
an overaccumulation of metabolites related to active processes of development, such as redox

activity or aminoacid synthesis.

The integrative analysis of proteome and metabolome unmasked potential
interaction networks involved in bud maturation and differentiation in Pinus

pinaster

The combination of different omic levels in an integrative analysis supposes a major analytical
advantage since the different levels can be used for cross-validation and, at the same time, to get

a global overview of the physiological processes (Singh et al., 2018). For this purpose, we

http://mc.manuscriptcentral.com/tp
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employed DIABLO algorithm (Rohart et al., 2017) to analyze proteome and metabolome datasets
(Figure 3). This approach provided a better clustering of the samples at proteome and
metabolome levels (Figure 3A). The joint analysis of both datasets correctly classified studied
tissues (Figure 3B). The basis of this classification relied on the biological source of variation
gathered by two main components, which collectively accounted 59% of the total variance
(Supplementary Table S5). The analysis of the variables exhibiting highest loadings to these
components (Figure 3C-D; Supplementary Table S5) allowed a biological interpretation of these

results.

Component 1 gathered the variation related to ontogenic differentiation, distinguishing between
young and mature buds. Enzymes related to energy, protein biosynthesis, lipid metabolism, and
signaling/differentiation showed the highest correlations to this component (Figure 3C). Young
tissues were characterized by an increased accumulation of energy-related ATPases or PSII
reaction center proteins as well as several ribosomal- and RNA-related proteins. Lipids are
supposed to be relevant players in this differentiation, and despite no differential lipids were
identified after metabolome analysis, enzymes related to their metabolism were key nodes of our
models. ACETYLCOA CARBOXYLASE CARBOXYL TRANSFERASE SUBUNIT ALPHA, which
is a key lipidic enzyme as seen above (Harwood, 1996), a START-like domain, whose function in
lipid regulation in plants was previously suggested (Ponting and Aravind, 1999), and GDSL
ESTERASE LIPASE, being described its function in development, defense, synthesis of
secondary metabolites, and morphogenesis in some plant species (Chepyshko et al., 2012), were

some of the most highlighted lipidic-related enzymes.

On the other hand, RAS proteins, 14-3-3 transcription factors and DNA regulatory proteins by
epigenetic mechanisms were re-emphasized as key processes in bud differentiation (Figure 3B).
HISTONE 3 and HISTONE 4 (Tariq and Paszkowski, 2004; Valledor et al., 2010b; Brautigam et
al., 2013), GLYCOSYL HYDROLASES FAMILY 100 (Penterman et al., 2007), and RAS related
proteins (Kamada et al., 1992; Alonso et al., 2007) regulate developmental processes, and were
important to explain the ontogenic differences in the analyzed tissues. Many of these proteins
were correlated to primary and secondary metabolites, some of which are characteristic of specific
physiological stages, and therefore, having a potential involvement in development. Even though
none of the most significant metabolites were identified in public databases, it would be interesting
to highlight some of them due to their possible importance in differentiation interaction networks.
Specifically, in ontogenic differentiation, significant metabolites (P0340, N1518, P0320, and
N1292) seemed to differentiate young from mature buds (Figure 3D; Supplementary Table S5).

Second component distinguished between the apical and basal parts of the bud. Enzymes related
to protein biosynthesis and folding-related, as well as peroxidases, were characteristic of this
component (Figure 3C). Apical sections of the bud showed a positive correlation, and were
characterized by increased abundance of stress-related proteins such as CHAPERONIN-LIKE
TCP1 and others (Wang et al., 2004), a MANGANESE BINDING SITE from a GERMIN, which is
related to abiotic and biotic stresses response in plants (Woo et al., 2000), and a PEROXIDASE.

http://mc.manuscriptcentral.com/tp
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On the other hand, key variables defining the basal parts of the buds showed negative correlation
to this component. Basal sections were characterized by higher growth and proliferation rates
than apical, fact that explains the importance of proteins related to cell division and reorganization
such as PROFILIN 1 or PROHIBITIN 1 in this model. This last protein was only found in basal
sections of mature bud, having multiple functions related to plant development and stress
tolerance (Chen et al., 2005). In the same way, several transferases such as PYRIDOXAL
PHOSPHATE DEPENDENT TRANSFERASE or PHOSPHORIBOSYLGLYCINAMIDE
FORMYLTRANSFERASE were characteristic of the basal section of the bud. Most of the
metabolites associated to this component were not identified. Among identified metabolites,
loganin and deoxyloganin were only detected in apical sections of the bud, while basal had only
highlighted unidentified metabolites (P1560 + P1340, N2243 and P1379) (Figure 3D;
Supplementary Table S5).

The clustering and heatmap visualization of this integrative analysis (Figure 3B; Supplementary
Figure S1) complemented results described above, revealing four different sets of variables:
those proteins and metabolites over-accumulated in apical section of young bud and down-
accumulated in the rest of the samples; those over-acumulated in basal section of young bud and
down-accumulated in the rest of the samples; those over-acumulated in young buds and not in
matures; and those over-acumulated in mature buds but not in young ones. First set of variables
was mainly composed by metabolites and proteins already referenced such as GERMIN
MANGANESE BINDING PROTEIN, PHOSPHOGLUCONATE DEHYDROGENASE or ribosomal
proteins; conversely, second set of proteins was essentialy constituted by proteins from different
metabolic pathways such as photosynthesis, redox mechanism or signaling. Above all the
differential variables found in the third set of proteins, this group was characterized by numerous
proteins belonging on the one hand to stress pathways such as the previously described CPN10
or H-TYPE THIOREDOXIN (Zhang et al., 2011) and EPOXIDE HYDROLASE (Morisseau, 2013)
like proteins, and on the other hand, to energetic routes with a large number of proteins identified
(ATP-DEPENDENT 6-PHOSPHOFRUCTOKINASE 2, MALATE DEHYDROGENASE,
CYTOCHROME C, V-TYPE PROTON ATPase SUBUNIT D, SUCCINATE DEHYDROGENASE
UBIQUINONE FLAVOPROTEIN SUBUNIT). Likewise, previously highlighted proteins related to
lipid metabolism (ACETYL-COA ACETYLTRANSFERASE) and cellular reorganization
(PROFILIN 1 and PROHIBITIN 1) were found in this pattern. Last set, including those proteins
characteristic of mature buds, differentiation was established by a large number of non-identified
metabolites and a small number of proteins, including ribosomal proteins, 14-3-3, HISTONE H3
or GLYCOSYL HYDROLASE FAMILY 100 previously described.

The analysis of proteome-metabolome interaction combined with targeted
transcriptomics allowed a deeper characterization of the bud

differentitation process
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The integration of metabolome and proteome datasets also allowed the definition of a protein-
metabolite interaction network based on the different correlations between variables of different
types. The resulting network (Figure 4; correlation >0.75) showed two interaction clusters. First
cluster (Figure 4A, left) gathered proteins and metabolites more abundant in the apical sections
of young buds (Figures 4B-D). Proteins in this cluster are related to protein biosynthesis and
transport (ribosomal-related, CHAPERONIN TCP1, TMP21), transcriptional response to stress
(GERMIN, NUCLEIC ACID BINDING PROTEIN), and a PHOSPHOESTERASE similar to
Arabidopsis PURPLE ACID PHOSPHATASE, PAP14 (At2g46880), required for petal
differentiation and expansion (Zhu et al., 2005). These proteins positively correlated to different
terpenoids (mascaroside, loganin, menthane) and the flavonoid luteolin. The abundance of these
variables greatly diminished during the transition to basal section and also in mature buds. 4,4’-
ditolylthiourea, the only metabolite in this cluster whose abundance is maximal in the basal section

of mature buds, showed negative correlations to all of its linked nodes.

Second cluster (Figure 4A, right) was not as selective in its variable categories as first cluster,
since groups variables peaking at each developmental stage and bud section. However, there
was a major presence of variables more accumulated in mature tissues and/or basal sections of
the buds (Figures 4C, D). Young buds are characterized by an increased photosynthesis (active
center of PSIl, GAPDH) and glycolytic (PYRUVATE KINASE, PHOSPHOFRUCTOKINASE)
pathways. HISTONE H4, GDSL ESTERASE LIPASE, and elements related to protein
biosynthesis (eRF1, protease inhibitor SERPIN, ribosomal proteins L15 and L50) and redox
(THIOREDOXIN, START-like domain protein) were also more abundant in young buds. Most of
these enzymes were positively correlated to N1751, an unknown metabolite, and were
characteristic of basal sections of the bud. On the other hand, mature buds had increased
energetic (fructose-6-P and ATPase), signaling and gene regulation (14-3-3 protein gamma,
HISTONE H3, regulator of ribonuclease activity), antioxidant/detoxification activities
(dihydrolipoate), and proteome remodeling (ribosomal proteins and peptidases). 2-alpha-(S)-
Strictosidine, a key compound in monoterpene indol alkaloyds biosynthetic pathway (Ruffer et al.,

1978), was mostly accumulated in the basal sections.

Interestingly, HISTONE H3, and other proteins related to epigenetic regulation of gene expression
formed a cluster that had a greater accumulation in mature buds. Despite having a positive
correlation to most of the metabolites of this cluster, it negatively correlated to those metabolites
accumulated in young buds. HISTONE H4, characteristic of young tissues, negatively correlated
to metabolite P0265 and through it to glycolytic and carbon-related enzymes, suggesting its role
in regulation of energetic pathways. Finally, 14-3-3 Protein gamma, involved in the signaling
pathways of the main plant hormones (Camoni et al., 2018), was also accumulated in mature
buds in the apical section. However, in this case, it was negatively correlated to most of the
metabolites in this cluster, some of them as relevant as diphyllin, lignin (Hemmati et al., 2007), or

fructose-6-P.
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In order to support hypotheses raised after proteometabolomic dataset, six genes related to the
different activities of the clusters depicted above were analyzed by qPCR (Figure 5). According
to transcriptomics results, the different treatment had different expression patterns of the analyzed
genes. Apical section of young buds had a differential overexpression of
ADENOSYLHOMOCYSTEINASE (SAHH), related to epigenetic regulation (Tanaka et al., 1997;
Rocha et al., 2005), and GLUTATHIONE S-TRANSFERASE (GST) and PHENYLALANINE
AMMONIA LYASE (PAL), both genes involved in secondary metabolism and hormonal signaling
(Hahlbrock and Scheel, 1989; Rivero et al., 2001; Dixon et al., 2010; Czerniawski and Bednarek,
2018). The expression level of these genes was similar in mature buds and in the basal part of
the young bud.

S-ADENOSYLMETHIONINE SYNTHASE (SAM SYNTHASE), a central element in DNA
methylation (Gémez-Gémez and Carrasco, 1998) was more expressed in young buds, as
NEDD8-ACTIVATING ENZYME E1 CATALYTIC SUBUNIT (NEDD8-E1), involved in proteome
remodelling and DNA repair (Brown and Jackson, 2015; Brown et al., 2015). Finally, it is important
to highlight the expression pattern of the MORE AXILLARY GROWTH 1 (MAX1) gene, which is
required for hormonal biosynthesis of a shoot-branching inhibiting signal (Booker et al., 2005).
MAXT1 increased its expression in young basal section, while its expression decreased drastically

in mature basal section.

DISCUSSION

The study of the transition between young and mature buds, and how it is reflected at metabolome
and proteome levels, is not only crucial in order to understand shoot growth and tree architecture,
but also to improve relevant traits for forestry such as total growth or polycyclism (Cabezas et al.,
2015). Growth-related traits are influenced not only by their inherent genetic factors (most of them
polygenic) but also by the environment (Zas and Fernandez-Lopez, 2005). Environmental
conditions (light, temperature, rainfall) in combination with the genotype define not only the yearly
tree growth period, ontogenic stage and flowering time, but also tree architecture, modulating for
instance, polycyclism (Meijon et al., 2016; de Simon et al., 2018). The combination of genetic and
environmental factors, together with the different growth patterns of mature and young buds
sometimes mixed in trees of the same age, makes the apical growth in Pinus pinaster very
complex at physiological and molecular levels (Nguyen et al., 1995). Consequently, the
characterization of the proteome and metabolome of buds in different developmental stages is a

necessary first step towards the fully understanding of all of these processes.

The employment of an integrative approach allowed the characterization of bud maturation from
a holistic perspective, identifying the key molecular pathways of this process. Two main sources
of variation were clearly distinguished after clustering and multivariate analyses. The first was the
bud maturation status (young vs mature) and the second the presence of apical or lateral
meristems (apical vs basal section of the buds), each of them with a different set of characteristic

biomolecules.
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Mature buds exhibit specific phenology and growth patterns distinct from young buds. In the
young stage, leaf primordia differentiate into photosynthetically active primary needles. Axillary
buds develop either into auxiblasts in basal positions or into randomly distributed brachyblasts in
more distal positions on the stem. When trees reach the mature stage, leaf primordia differentiate
into scale leaves, and photosynthetic activity is shifted to long needles differentiated on
brachyblasts (Nguyen et al., 1995; Jordy, 2004). The physiological competence of mature buds
was probably imposed by the increased abundance of ABA and specific gibberelins (bioactive
GA1 and intermediary GA19; Supplementary Table S3). ABA has not only a role in dormancy,
but also in dormancy release and bud set in combination with specific gibberellins (Zheng et al.,
2015; Maurya et al., 2018; Vimont et al., 2019). Interestingly, young buds had slightly lower
concentrations of ABA but an increased abundance of bioactive GA3, and GA8, a degradation
product of GA1. Both gibberellins, GA1 and GA3, are related to shoot elongation (Little and
MacDonald, 2003); however, is complicated to venture which specific role are playing each one
in the different development stage of the bud. Additionally, in relation to hormonal signaling, a key
element was identified in the network, 14-3-3 protein. A possible role for 14-3-3 proteins in the
coordination of GA and ABA signaling has emerged in the last years (Camoni et al., 2018). In
fact, the overexpression of ABA responsive, 14-3-3-interacting transcription factors ABF1-3
impairs GA action, indicating that they act as negative regulators of GA signaling and that 14-3-3
proteins may function by sequestering ABF1-3 in the cytoplasm. However, the mechanism of 14-

3-3 action and all the elements involved in the ABA and GA coordination are still unknown.

As pointed by datasets and correlation networks, having the enzymatic machinery to increase
metabolic rate allowing burst and growth seems to be essential in young buds, since enzymes of
photosynthesis and glycolytic pathways were increased compared to mature (Figures 2 and 4).
Interestingly, the accumulation of fructose-6-P in mature buds indicate not only a differential
allocation of sugars between ontogenic stages, but also specific hormonal, growth (Eveland and
Jackson, 2012), and maturation patterns (Uggla et al., 2001). Lipids such as pimelate and
dihydroxylipoate with a dual redox and transcriptional regulation role (Sen and Packer, 1996)
were also accumulated in mature buds. The mature secondary metabolism was also reflected by
the accumulation of flavonoids. Flavonoids and tannins may be involved in cellular detoxification
(Meijon et al., 2016) and also in plant resistance against herbivores or other stresses (Treutter,
2008). At the end of the growing season, accumulation of lipid and starch is positively correlated
with the onset of dormancy in mature buds (Jordy, 2004). Bud development is also associated to
different abiotic stress tolerance and proteins related to detoxification. In all analyzed tissues,
there were a great abundance of heat shock or chaperonin-like proteins (TCP1, CPN10) and ROS
detoxifying enzymes (peroxidases, thioredoxines); however, mature buds were characterized by
higher abundances of these protein families, suggesting that the greater tolerance to stress
exhibited by these buds (Miller et al., 2008) relies on the overaccumulation of these molecules,

compared to young tissues.

The different cell competence is defined by specific protein sets consequence of differential

transcriptional and post-transcriptional regulation (del Mar Castellano et al., 2004; Dembinsky et

http://mc.manuscriptcentral.com/tp



oNOYTULT D WN =

466
467
468
469
470
471
472
473
474
475

476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

495
496
497
498
499
500
501
502

503
504

Manuscripts submitted to Tree Physiology

al., 2007). Mature and young buds have a differential set of DNA/RNA interacting proteins and
ribosomal proteins. Among them, START-like domain proteins were up-accumulated in young
tissues, despite one characteristic of mature buds (PP100057470). The specific dynamic of this
family, which is required for regulating transcription factors needed for cell differentiation after
binding a lipid ligand (Schrick et al., 2014; Grabon et al., 2019), illustrates the complexity of bud
maturation. Young buds were characterized by the serin protease inhibitors SERPIN (+5-fold
change compared to mature) (Supplementary Table S2), which has been proposed to have also
a non-peptidase inhibitory functions negatively regulating stress-induced cell death or reducing
gene expression by compacting chromatin (Cohen et al., 2019). Epigenetic regulation elements

were also differential between mature and young buds (discussed below).

The complexity of a pine bud was also reflected in the direct comparison of its apical and basal
sections. The former containing the shoot apical meristem, and the later the lateral meristems
and needle primordia (Fernando, 2014). This organization implies physiological and metabolic
differences, which has been validated through this work. Starch, lipid reserves, and tannins are
known to accumulate in the shoot tip as pines become older (Jordy et al., 2000; Jordy, 2004). The
accumulation of flavonoids and its biosynthetic machinery in the apical part of the buds reinforces
its role in the protection of the meristem (Meijon et al., 2016) and also in the vegetative bud
outgrowth. Differential organogenetic activity in apical and basal sections, changeable across the
bud maturation, is also related to environment conditions and apical dominance regulation (Jordy,
2004; Hover et al., 2017). Thus, the high activity of MAXT gene in both sections of young bud
suggests the essential role of strigolactone hormone regulating inhibition of axillary bud outgrowth
in this phase; however, in mature bud, MAX7 expression is higher in apical section (Figure 5).
The current models in relation to control of apical dominance suggest complex interaction
networks where sugars and ABA could be responsible for initial release of an apical bud, while
auxins, strigolactones and cytokinins seem to determine sustained outgrowth of axillary buds
(Nguyen and Emery, 2017). Gibberellins, despite being their role well known in shoot elongation,
need more investigation to determine their function inside this network. However, some reports
on their interaction with strigolactone suggest that increased gibberellin levels could repress

axillary bud outgrowth (Luisi et al., 2011).

The basal part of the bud is prepared to burst, contrary to apical whose function is keeping and
protecting apical meristem, and many cell division and development-related proteins like FTSZ
needed for plastid division (Schmitz et al., 2009), dormancy/associated or DNA repair machinery
(Os08g0519400 like protein) were up-accumulated. LEA proteins and TMP21, associated to less
differentiated organs (Zimmerman, 1993), were characteristic of the apical part of the buds
probably helping to maintain meristem identity together with specific abundances of growth
regulators and nucleic acid binding proteins and histone modifications regulating gene

expression.

The great amount of differential proteins and metabolites involved in epigenetic regulation

suggests the key role of these mechanisms in bud development. DNA methylation is a well-known
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epigenetic mark of transcriptional gene silencing, but also in the establishment of
heterochromatin, transposon control and genomic imprinting (Galindo-Gonzalez et al., 2018).
Two of the key enzymes regulating the methylation cycle, SAM SYNTHASE and SAHH, showed
an overaccumulation in young buds and more specifically in its apical part (Figure 5), suggesting
that bud maturation is concomitant to increased DNA methylation levels as previously reported in
Pinus radiata (Fraga et al., 2002). ARGONAUTE, a key enzyme involved in RNA-mediated DNA
methylation, was overaccumulated in mature apical buds, which will be probably related to the
hypermethylation associated to development. Despite the employed analytical procedures were
not intended to describe post-translational modifications defining histone code, specific forms of
HISTONE H3 and H4 were characteristic of each developmental stage, reinforcing the hypothesis
that bud maturation is the consequence of a complex interaction between epigenetic

mechanisms, transcription factors and hormonal regulators.

Overall, our study provided novel insights over bud maturation and the machinery involved in its
development and growth and stress resilience at different molecular levels and pathways. The
comprehensive overview of this process allowed the validation of proteins and metabolites
involved in bud development that were previously described, but also the involvement of novel
proteins, metabolites, and pathways. However, further studies will be necessary to validate these
new set of candidate molecules by using buds coming from different populations that show

contrasting wood quality and stress tolerance.

DATA AND MATERIALS AVAILABILITY

All relevant data can be found within the manuscript and supplementary materials.

SUPLEMENTARY MATERIAL

Table S1. Genes and primers employed in quantitative PCR analyses.

Table S2. Proteins identification according to SEQUEST (scores, % of coverage, number of
common, unique, and razor peptides), quantification (mean £ SD of three biological replicates),
univariate analysis (p and q values; TukeyHSD p values for all paired comparisons).

Table S3. Peaks obtained after UPLC-MS analysis of polar metabolites. Peaks were aligned with
mzMine 2.10 avoiding redundancies between positive (P) and negative (N) modes. This table
shows peak ID, adduct, m/z, retention time, normalized peak areas for each analyzed sample,
and univariate analysis (p and q values; TukeyHSD p values for all paired comparisons). Peak
compound description is provided according to Supplementary Table S4.

Table S4. Identification of metabolites in the 3670 peaks that were analyzed. a) 133 peaks were
unequivocally identified (those metabolites that were defined after the comparison to our
compound library or by comparison of the MS/MS to online databases). b) 987 peaks were
tentatively assigned after comparing its very accurate mass to reference compound databases.

Delta ppm and compound exact mass are provided. Annotation source, molecular form, and
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accessions of KEGG, FooDB and other databases are provided for all identified/assigned
compounds.

Table S5. DIABLO integrative analysis of proteome and metabolome datasets. a) Sample scores
for components 1 and 2 in both datasets, b) variance explained for each component, and c)
variable loadings for both datasets.

Figure S1. Integrative clustering of proteome and metabolome analysis (High resolution Figure
3B).
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FIGURE LEGENDS

Figure 1. Plant material employed in this analysis. Two-year old seedlings exhibiting an apical
bud with young (A) or mature (B) morphology. Comparison of young (left) and mature (right) buds
(C). Dissection of young (left) and mature (right) buds into their apical and basal parts (D). Vertical

bars represent 0.5 cm length.

Figure 2. Venn diagrams showing the qualitative differences between bud sections and ontogenic
stages at proteome (A) and metabolome (B) levels. Heatmap clustering of proteins (C) and
metabolites (D) classified according to Mapman categories. Distances were established

employing Manhattan distance and aggregated according to Ward’s method.

Figure 3. Integrative analysis of proteome and metabolome. (A) Plot of samples scores at
proteome and metabolome levels, showing components 1 and 2 in horizontal and vertical axes,
respectively, (B) integrative heatmap clustering, (C) loadings plot showing the proteins with
greatest correlation to components 1 and 2, (D) and loadings plot showing the metabolites with
greatest correlation to components 1 and 2. Color code of the horizontal bar of the heatmap
represents proteins (cyan) or metabolites (purple), while vertical shows treatments. Euclidean
distances and complete-linkage algorithms were employed for classifying samples. Color of the

protein loading bars represent the treatment with higher protein abundance.

Figure 4. Integrative analysis of proteome and metabolome during bud maturation. (A) sPLS-
based network built after DIABLO analysis. Correlation cut-off was 0.75 and edge color reflect
positive (red) or negative (green) interactions. Node color indicate Mapman functional bin and
shape indicate proteins (circle) or metabolites (square). Same representations in which node color
indicates that protein/metabolite is more abundant in (B) one of the treatments, (C) in the

apical/basal part of the bud, or (D) in mature/young buds.

Figure 5. Whisker box representation of the gPCR analysis of target genes in the different bud
sections. Dots indicate expression values of the different biological replicates normalized vs the
expression of control genes (ACq Target/ACq Controls). Significant differences between bud
sections and developmental status (ANOVA/Tukey HSD, p < 0.001) were highlighted (***).
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ABSTRACT (300 words)

Bud maturation is a physiological process which implies a set of morphophysiological changes

which lead to the transition of growth patterns from juvenileyoung to adultmature. This transition

defines tree growth and architecture, and in consequence traits such as biomass production and
wood quality. In Pinus pinaster, a conifer of great timber value, bud maturation is closely related
to polycyclism (multiple growth periods per year). This process causes a lack of apical dominance,
and consequently increased branching that reduces its timber quality and value. However, despite
its importance, little is known about bud maturation. In this work, proteomics and metabolomics
were employed to study apical and basal sections of juvenileyoung and adulimature buds in P.
pinaster. Proteins and metabolites in samples were described and quantified using (n)UPLC-LTQ-
Orbitrap. The datasets were analyzed employing an integrative statistical approach, which
allowed the determination of the interactions between proteins and metabolites and the different
bud sections and ages. Specific dynamics of proteins and metabolites such as HISTONE H3 and
H4, RIBOSOMAL PROTEINS L15 and L12, CHAPERONIN TCP1, 14-3-3 protein gamma,
gibberellins A1, A3, A8, strigolactones and ABA, involved in epigenetic regulation, proteome
remodeling, hormonal signaling and abiotic stress pathways showed their potential role during
bud maturation. Candidates and pathways were validated employing interaction databases and
targeted transcriptomics. These results increase our understanding of the molecular processes
behind bud maturation a key step towards improving timber production and natural pine forests
management in a future scenario of climate change. However, further studies are necessary by
using different P. pinaster populations that show contrastingant wood quality and stress tolerance

in order to generalize the results.
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INTRODUCTION

Pines are key players of forest ecosystems since most ef the-species have the ability to colonize
a great variety of niches, act as good CO, sinks due to its fast growth (Allona et al., 1998), and
are demanded by forest industry due to their quality timber, paper pulp and resins (Canales et al.,
2014). Current production is not enough to cover current and predicted timber demand (FAO,
2009) and new strategies should be designed for implementing a more sustainable forest
management also considering the climate change scenario (FAO, 2015). The use of fast-growth
species such as Pinus pinaster Aiton, commonly known as maritime pine, may have an important
role to this aim. This species has a major ecological and industrial role in southern Europe both
at Mediterranean and Atlantic basins (Gonzalez et al., 2016; Meijon et al., 2016; Cano et al.,
2018). lts provenances adapted to different geoclimatic conditions across its distribution exhibit
specific adaptions, allowing its optimal growth under a wide range of environments, from mild
humid Atlantic regions to warm dry Mediterranean. These adaptions are genetically encoded,
having this species a great genetic variability (Meijén et al., 2016; Vizcaino-Palomar et al., 2016;

Vazquez-Gonzalez et al., 2019).

However, the architecture of this species can be greatly affected by harsh environmental
conditions like drought periods, which can ultimately affect tree productivitydespite—its—great
adaptive-capacity;-the-productivity-of this-species-is-greatly-affected-by-environmental-conditions
and-specifically-drought-periods-since-they-can-greatly-altertree-architecture. Pinus pinasteris a

species with a characteristic polycyclic growth (multiple shoot flushes in a single season) (Zas et

al., 2004). This growth pattern, which reduces tree value due to a loss of apical dominance and
increased branching, is inheritable and genetically conditioned, with provenances more polycyclic
than others (Sabatier et al., 2003; Zas et al., 2004; Meijén et al., 2016). Polycyclism also presents
an important environmental component, being conditioned by water availability, soil composition
or radiation (Sabatier et al., 2003; Girard et al., 2011). It has been shown that periods of drought
reduce its appearance and also tree growth, and that fertile soils and good irradiation lead to
increase growth cycles and branching (Sabatier et al., 2003; Verdud and Climent, 2007).
Polycyclism is also conditioned by the maturation state of the apical bud (Sabatier et al., 2003;
Girard et al., 2011), being buds with juveniteyoung phenology more polycyclic than adulimature,
although the molecular mechanisms that explain these differences have not yet been described.

Bud maturation implies a number of phenological changes, altering growth pattern,
morphogenetic competence and increasing abiotic stress resistance (Jordy, 2004; Brunner et al.,
2017). Maturation is regulated by internal and environmental factors. Among internal factors, plant
hormones (Meijon et al., 2009) and epigenetic mechanisms regulating differential gene
expression are required for bud maturation (Valledor et al., 2010b; Valledor et al., 2015; Conde
et al., 2017). This differential gene expression should lead to changes in proteome and, in
consequence, in metabolome, altogether resulting in the physiological and morphological
characteristics of each ontogenetic age (Haffner et al., 1991; Meijén et al., 2016; GroRRkinsky et

al., 2017). Surprisingly, and despite its importance for adaptive responses, tree growth or
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polycyclism, little is known about the molecular processes that are behind bud maturation process
and different developmental stages and how they interact with environment. The great complexity
that these processes seem to have along with the large number of variables potentially involved
and not previously described suggest an unmanaged and massive strategy as the most

appropiate to address this problem.

The availability of high throughput alternatives for molecular phenotyping such as gel-free
proteomics and metabolomics give us an unprecedented capability to address this gap (Valledor
et al., 2018). These techniques usually associated to model species can currently be applied with
high confidence in almost any organism, since they do not require extended genome information.
Despite unsequenced, Pinus pinaster has extensive transcriptomic data available that ease
protein identification (Romero-Rodriguez et al., 2014). In this species, there are several
contributions in the proteomics field but focused on the study of wood forming tissues (Paiva et
al., 2008; Garcés et al., 2014) and somatic embryogenesis (Morel et al., 2014; Trontin et al.,
2016). As the final reflection of genomes and its variation, metabolome analyses allowed to define
population structures and evolution in this species (Meijén et al., 2016; Lépez-Goldar et al., 2019),
and also adaptive responses to abiotic/biotic stress responses—to—abiotic/biotic—stress—and
adaption-(Cafas et al., 2015; de Simén et al., 2017; Lépez-Goldar et al., 2020). The combination
of different omics greatly increases the power of analysis since the datasets of the different levels

complement each other in a synergistic way (Mochida and Shinozaki, 2011; Kim et al., 2012).
This type of integrative studies has already been carried out successfully in conifers to study
needle development combining proteomics and transcriptomics (Valledor et al., 2010a) or to
comprehensively analyze response to heat (Escandén et al., 2017) or ultraviolet stress comparing
proteomics and metabolomics (Pascual et al., 2017). However, there is no information related to

bud maturation in pines.

Therefore, the main aim of this work was to study the bud maturation process in Pinus pinaster
using integrative omics approach combining proteomics and metabolomics. The integration of
both levels allowed the extensive characterization of bud maturation processes. Specific
dynamics of proteins and metabolites related to epigenetic regulation, proteome remodeling,
hormonal signaling, and abiotic stress response (such as histones, ribosomal proteins,
strigolactones, gibberellins, ABA, and chaperones) showed an essential role during bud
maturation. In addition, the interconnection of these elements and its relation to different polycyclic
capacity and stress tolerance of each maturation state of the bud was revealed through an

integrative approach.
MATERIAL AND METHODS
Plant material and growth conditions

Apical buds in young and mature stages were sampled from two-years-old Pinus pinaster
seedlings (plant size about-around 20 + 3 cm) just after they exhibited young/mature apical phase

change. These plants were grown in a greenhouse with seasonal fertirrigation.
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Buds in the young stage show leaf primordia differentiate into photosynthetically active primary

needles arround of the shoot apical meristem (SAM). However, when it-isreached-the mature

stage is reached, leaf primordia differentiate into scale leaves, and photosynthetic activity is
shifted to long needles differentiated on brachyblasts in more distal positions on the stem (Jordy,
2004). Apical buds of 18 seedlings of the same age, half of them having mature morphology and
half of them young, were sampled and dissected into their apical and basal sections,
corresponding to apical and axillary/foliar meristems, respectively (Figure 1). Three biological
replicates for each treatment (apical and basal parts of the bud, young and mature buds) were
constituted pooling basal or apical parts of the buds of three different seedlings with the same
bud developmental stage. Samples were immediately frozen in liquid nitrogen and kept at -80 °
C until biomolecule extraction. Metabolites, proteins, and RNA were isolated from the same

sample following the protocol of Valledor et al. (2014a) using 75 mg of fresh weight per sample.

Metabolome analysis

High-performance liquid chromatography (Dionex Ultimate 3000, ThermoFisher Scientific, USA)
was coupled to a LTQ-Orbitrap XL high resolution mass spectrometer equipped with a HESI |l
(heated electrospray ionization) source and controlled by Xcalibur version 2.2 (Thermo Fisher
Corporation). Polar fraction of each sample was analyzed twice, first using the positive and then
the negative ion modes. Samples were run according to the procedure described by Meijén et al.
(2016). Instrument was operated in full-scan mode with a resolution of 60 000, and spectra were
acquired in mass range m/z 50-1000 in the positive mode, and 65-1000 in the negative mode.
The resolution and sensitivity were controlled by the injection of a standard mix (caffeine, proline,
and sucrose) after the analysis of each batch and resolution was also checked with the aid of lock
masses (phthalates). Blanks were also analyzed during the sequence. With the aim of improving
metabolite assignation, one sample of each treatment was additionally reanalyzed including an
ion fragmentation step. Chromatrographic and analytical conditions were the same, but top-three
ions of each scan were fragmented (30 s dynamic exclusion window). Parent ions (minimum
intensity of 500) were fragmented by CID (normalized collision energy of 35, activation Q 0.25,
and activation time 90 ms). These spectra were employed for MS/MS metabolite identification as

described below.

RAW files were directly processed employing MZMINE v2.14 (Pluskal et al., 2010). Spectra were
filtered establishing noise threshold at 2 x 104 and minimum peak height at 2.5 x 103. Peaks were
smoothed and deconvoluted using a local minimum search algorithm (95 % chromatographic
threshold, minimum retention range 0.2 min, minimum relative height of 5 %, and minimum ratio
top/edge of 0.5). Chromatograms were aligned using the RANSAC algorithm with a tolerance of

5 ppm of m/z and 0.2 min of retention time. Peak areas were used for quantification.

Peaks were identified following a sequential approach. The first stage was performed against our
in-house library (>100 compounds) and manual annotation considering its m/z and retention

times. In a second stage, MS/MS data was used for identification employing Compound
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Discoverer software (Thermo Scientific, USA) and custom scripts for comparing experimental
data to MS/MS databases Metlin, HMDB and FooDB. A positive identification was defined when
parent mass was below 5-ppm threshold compared to analyte in DB and at least, two main ions
of fragmentation spectra were identified. The last stage assigned potential identity to masses by
direct comparsion of ion masses using a 5-ppm threshold and KEGG, HMDB, FooDB, Plantcyc,
and MassBank databases. Those metabolites that were defined after the comparison with our
standard compound library or by a matching of MS/ MS were considered as unquestionably
‘identified’, while were considered ‘tentatively assigned’ those molecular ions with exact masses
corresponding to identified metabolites in databases. Metabolite identification against our library

was confirmed by RT, mass, and isotopic patterns.

Protein identification and quantitation using nLC-Orbitrap-MS analysis

Sixty ug of total protein were cleaned, digested, and desalted following the protocol described by
Valledor and Weckwerth (2014). Peptide chromatography and mass spectrometric analysis were
performed according to Pascual et al. (2017) with only a slight modification in the effective
gradient, which was set to 90 min from 5 % to 45 % acetonitrile/0.1 % formic acid (v:v) with a later
column regeneration step of 27 min. The employed column was a Chromoltih RP-18R 15 cm

length 0.1 cm inner diameter (Merck, Germany).

Spectra were processed in Proteome Discoverer 2.0 (Thermo Scientific, USA). Protein
identification threshold was established at 5% and 1% false discovery rates (FDR) at peptide and
protein levels, respectively. Only proteins with at least two identified peptides and one of them
unique were considered as identified. Four databases were used: Pinus sylvestris and Pinus
faeda (34063 accessions) (Proost et al., 2014), and against in-house databases, Pinus pinaster
(117080 accessions) and Pinus radiata (67647 accessions) that were built following the
procedure described by Romero-Rodriguez et al. (2014). Proteins were also functionally
classified according to Mapman (Thimm et al., 2004) functional bins. Identified proteins were
quantified by a label-free approach based on the estimation of the areas of the three most

abundant peaks assigned to each protein by Proteome Discoverer.
Targeted transcriptomic analysis of candidate genes

RNA abundance was determined in a microdrop spectrophotometer NB1 (Nabi, South Korea) and
its integrity was checked by agarose gel electrophoresis. One ug of RNA was reversed
transcribed using the RevertAid kit (Thermo Scientific, USA) and random hexamers as primers
following the manufacturer’s instructions. gPCR reactions were performed in a CFX96™ Real-
Time System (Biorad, USA) with RealQ Plus Master Mix Green, no ROX (2X) (Ampligon,
Denmark); four biological and two analytical replicates per treatment were made for each gene.
Expression levels of GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH) and
UBIQUITINE (UBI) were used as endogenous control and the results were analyzed by Bio-Rad
CFX Manager 3.1 (Biorad, USA) software using the cycle threshold comparative method (ACy).
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Detailed information about the primers used for gqPCR experiments is available in Supplementary
Table S1.

Statistical and bioinformatics analysis

All statistical procedures were conducted with the R programming language running under the
open source computer software R v3.5.0 (R Development Core Team, 2015) and RStudio
v1.1.423 (RStudio Team, 2016) using the packages pRocesomics! and mixOmics (Rohart et al.,
2017).

Three biological replicates per treatment were used for metabolome and proteome analysis.
Proteome and metabolome datasets were pre-processed following the recommendations of
Valledor and Jorrin (2011) and Valledor et al. (2014b). In brief, missing values were imputed using
a Random Forest approach, and variables were filtered out if they were not present in at least all
of replicates corresponding to one treatment or in at least 45% of the analyzed samples. Data
were normalized and transformed following a samplecentric approach followed by log
transformation. Centered and scaled values (z-scores) were subjected to univariate (one-way
ANOVA followed by a Tukey HSD post-hoc test, P<0.05.) and Venn diagrams, and heat map
clustering. To avoid variable noise only those variables with interquartile range 50% greater than
average were selected for multivariate analyses. Integrative analysis was based on the use of
DIABLO algorithm and network representation. Cytoscape v. 3.7 (Shannon et al., 2003) was
employed in network representation and analysis. Proteins were annotated according to Mapman
classification employing protein sequences and Mercator online tool v3.6 (Lohse et al., 2014)

while metabolites were manually classified according to this classification.

RESULTS

Proteomic and metabolomic characterization of buds in Pinus pinaster

Proteomic analyses of juvenileyoung and adulimature buds and their sections allowed the
identification of 1609 proteins. Proteins were annotated according to Mapman, classifying 1540
proteins in 34 functional bins. 951 proteins showed abundances and consistencies above
threshold for their use in quantitative analyses. Out of these, 142 were differentially accumulated
between treatments (ANOVA p-value <0.05; Supplementary Table S2). At metabolome level,
3670 peaks were detected, being 2267 suitable for quantification (Supplementary Table S3).
From these, 133 peaks were unequivocally identified using the in-house database or MS/MS
spectra, corresponding to 105 unique compounds, and 974 were tentatively assigned by
comparing their very accurate masses to those available in public databases (Supplementary
Table S4). 75 metabolites were classified according to Mapman. Despite the high number of
identified/assigned metabolites, their complete classification according to Mapman was not
possible, mainly due to the difficulty of classifying secondary metabolites. However, this potential

bias does not affect the most studied and preserved functional groups such as those related to

! https://github.com/Valledor/pRocessomics
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primary metabolism. From all detected compounds, 914 were differentially expressed between
analyzed samples (ANOVA 5% FDR; Supplementary Table S3).

Venn analyses revealed qualitative differences between ontogenic stages and bud sections. At
protein level (Figure 2A), juvenileyoung buds (apical and basal sections) showed the highest
number of characteristic proteins (126) but, interestingly, the apical section of the adulimature
bud was the most differentiated organ with 59 characteristic proteins. At metabolome level (Figure
2B), adultmature tissues showed the highest rate of unique compounds (569), while the apical

section of the juvenileyoung bud exhibited the highest number of characteristic metabolites (194).

Quantitative analyses of Mapman classified proteins (Figure 2C) and metabolites (Figure 2D)
pointed the differential pathways among bud sections and developmental stages. At proteome
level, increased pathway clusters related to stress, hormone, lipidic, energetic, and major
carbohydrate metabolism pathways can be correlated to the different tissues that were analyzed.
Heatmap classified samples according to bud section, which may be suggesting a greater
variation between apical and basal meristem proteomes than between adulimature and
jevenileyoung bud proteomes. Contrary to proteome, metabolome allowed the classification of
samples in relation to their ontogenetic age. This metabolomic differentiation was mainly caused
by differences in photosynthesis, aminoacid synthesis and metabolism, redox regulation, and

nucleotide metabolism.

These differences between adultmature and juvenileyoung buds and their basal and apical
sections may be related to the location of the shoot apical meristem (SAM) activity in the apical
section of the bud and also to the differential growth and developmental patterns of juvenileyoung
and adulimature buds, as it was demonstrated by the differential accumulation of sample-specific
pathways. Furthermore, the accumulation of a higher number of specific metabolites in
comparison to proteins revealed the potential effect over the metabolome of the changes related
to a smaller number of proteins. Alterations of key enzymes of metabolic pathways may lead to
changes in abundance of a large number of metabolites. On the other hand, samples with a great
ontogenic and functional differentiation (juvenileyoung vs adulimature) shared numerous
proteins, which difficulted their classification according to their developmental stage. However,
metabolites allowed their classification, reflecting the importance of metabolomic specificity in
functional differentiation. The metabolome is the final downstream product of gene transcription
and, therefore, changes in it are amplified relative to the changes in transcriptome and proteome
(Das et al.,, 2015; Escandon et al.,, 2017). As juvenileyoung buds present more active
development than differentiated adulimature buds, it is expected an overaccumulation of
metabolites related to active processes of development, such as redox activity or aminoacid

synthesis.
The integrative analysis of proteome and metabolome unmasked potential
interaction networks involved in bud maturation and differentiation in Pinus

pinaster
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The combination of different omic levels in an integrative analysis supposes a major analytical
advantage since the different levels can be used for cross-validation and, at the same time, to get
a global overview of the physiological processes (Singh et al., 2018). For this purpose, we
employed DIABLO algorithm (Rohart et al., 2017) to analyze proteome and metabolome datasets
(Figure 3). This approach provided a better clustering of the samples at proteome and
metabolome levels (Figure 3A). The joint analysis of both datasets correctly classified studied
tissues (Figure 3B). The basis of this classification relied on the biological source of variation
gathered by two main components, which collectively accounted 59% of the total variance
(Supplementary Table S5). The analysis of the variables exhibiting highest loadings to these
components (Figure 3C-D; Supplementary Table S5) allowed a biological interpretation of these

results.

Component 1 gathered the variation related to ontogenic differentiation, distinguishing between
juvenileyoung and mature buds. Enzymes related to energy, protein biosynthesis, lipid
metabolism, and signaling/differentiation showed the highest correlations to this component
(Figure 3C). JuvenileYoung tissues were characterized by an increased accumulation of energy-
related ATPases or PSII reaction center proteins as well as several ribosomal- and RNA-related
proteins. Lipids are supposed to be relevant players in this differentiation, and despite no
differential lipids were identified after metabolome analysis, enzymes related to their metabolism
were key nodes of our models. ACETYLCOA CARBOXYLASE CARBOXYL TRANSFERASE
SUBUNIT ALPHA, which is a key lipidic enzyme as seen above (Harwood, 1996), a START-like
domain, whose function in lipid regulation in plants was previously suggested (Ponting and
Aravind, 1999), and GDSL ESTERASE LIPASE, being described its function in development,
defense, synthesis of secondary metabolites, and morphogenesis in some plant species

(Chepyshko et al., 2012), were some of the most highlighted lipidic-related enzymes.

On the other hand, RAS proteins, 14-3-3 transcription factors and DNA regulatory proteins by
epigenetic mechanisms were re-emphasized as key processes in bud differentiation (Figure 3B).
HISTONE 3 and HISTONE 4 (Tariq and Paszkowski, 2004; Valledor et al., 2010b; Brautigam et
al., 2013), GLYCOSYL HYDROLASES FAMILY 100 (Penterman et al., 2007), and RAS related
proteins (Kamada et al., 1992; Alonso et al., 2007) regulate developmental processes, and were
important to explain the ontogenic differences in the analyzed tissues. Many of these proteins
were correlated to primary and secondary metabolites, some of which are characteristic of specific
physiological stages, and therefore, having a potential involvement in development. Even though
none of the most significant metabolites were identified in public databases, it would be interesting
to highlight some of them due to their possible importance in differentiation interaction networks.
Specifically, in ontogenic differentiation, significant metabolites (P0340, N1518, P0320, and
N1292) seemed to differentiate juvenileyoung from adulimature buds (Figure 3D; Supplementary
Table S5).

Second component distinguished between the apical and basal parts of the bud. Enzymes related

to protein biosynthesis and folding-related, as well as peroxidases, were characteristic of this
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component (Figure 3C). Apical sections of the bud showed a positive correlation, and were
characterized by increased abundance of stress-related proteins such as CHAPERONIN-LIKE
TCP1 and others (Wang et al., 2004), a MANGANESE BINDING SITE from a GERMIN, which is
related to abiotic and biotic stresses response in plants (Woo et al., 2000), and a PEROXIDASE.
On the other hand, key variables defining the basal parts of the buds showed negative correlation
to this component. Basal sections were characterized by higher growth and proliferation rates
than apical, fact that explains the importance of proteins related to cell division and reorganization
such as PROFILIN 1 or PROHIBITIN 1 in this model. This last protein was only found in basal
sections of adulimature bud, having multiple functions related to plant development and stress
tolerance (Chen et al., 2005). In the same way, several transferases such as PYRIDOXAL
PHOSPHATE DEPENDENT TRANSFERASE or PHOSPHORIBOSYLGLYCINAMIDE
FORMYLTRANSFERASE were characteristic of the basal section of the bud. Most of the
metabolites associated to this component were not identified. Among identified metabolites,
loganin and deoxyloganin were only detected in apical sections of the bud, while basal had only
highlighted unidentified metabolites (P1560 + P1340, N2243 and P1379) (Figure 3D;
Supplementary Table S5).

The clustering and heatmap visualization of this integrative analysis (Figure 3B; Supplementary
Figure S1) complemented results described above, revealing four different sets of variables:
those proteins and metabolites over-accumulated in apical section of juvenileyoung bud and
down-accumulated in the rest of the samples; those over-acumulated in basal section of
juvenileyoung bud and down-accumulated in the rest of the samples; those over-acumulated in
jeveniteyoung buds and not in adultmatures; and those over-acumulated in aduitmature buds but
not in juvenileyoung ones. First set of variables was mainly composed by metabolites and proteins
already referenced such as GERMIN MANGANESE BINDING PROTEIN,
PHOSPHOGLUCONATE DEHYDROGENASE or ribosomal proteins; conversely, second set of
proteins was essentialy constituted by proteins from different metabolic pathways such as
photosynthesis, redox mechanism or signaling. Above all the differential variables found in the
third set of proteins, this group was characterized by numerous proteins belonging on the one
hand to stress pathways such as the previously described CPN10 or H-TYPE THIOREDOXIN
(Zhang et al., 2011) and EPOXIDE HYDROLASE (Morisseau, 2013) like proteins, and on the
other hand, to energetic routes with a large number of proteins identified (ATP-DEPENDENT 6-
PHOSPHOFRUCTOKINASE 2, MALATE DEHYDROGENASE, CYTOCHROME C, V-TYPE
PROTON ATPase SUBUNIT D, SUCCINATE DEHYDROGENASE UBIQUINONE
FLAVOPROTEIN SUBUNIT). Likewise, previously highlighted proteins related to lipid metabolism
(ACETYL-COA ACETYLTRANSFERASE) and cellular reorganization (PROFILIN 1 and
PROHIBITIN 1) were found in this pattern. Last set, including those proteins characteristic of
adultmature buds, differentiation was established by a large number of non-identified metabolites
and a small number of proteins, including ribosomal proteins, 14-3-3, HISTONE H3 or
GLYCOSYL HYDROLASE FAMILY 100 previously described.
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The analysis of proteome-metabolome interaction combined with targeted
transcriptomics allowed a deeper characterization of the bud

differentitation process

The integration of metabolome and proteome datasets also allowed the definition of a protein-
metabolite interaction network based on the different correlations between variables of different
types. The resulting network (Figure 4; correlation >0.75) showed two interaction clusters. First
cluster (Figure 4A, left) gathered proteins and metabolites more abundant in the apical sections
of juvenileyoung buds (Figures 4B-D). Proteins in this cluster are related to protein biosynthesis
and transport (ribosomal-related, CHAPERONIN TCP1, TMP21), transcriptional response to
stress (GERMIN, NUCLEIC ACID BINDING PROTEIN), and a PHOSPHOESTERASE similar to
Arabidopsis PURPLE ACID PHOSPHATASE, PAP14 (At2g46880), required for petal
differentiation and expansion (Zhu et al., 2005). These proteins positively correlated to different
terpenoids (mascaroside, loganin, menthane) and the flavonoid luteolin. The abundance of these
variables greatly diminished during the transition to basal section and also in adultmature buds.
4,4’-ditolylthiourea, the only metabolite in this cluster whose abundance is maximal in the basal

section of adulimature buds, showed negative correlations to all of its linked nodes.

Second cluster (Figure 4A, right) was not as selective in its variable categories as first cluster,
since groups variables peaking at each developmental stage and bud section. However, there

was a major presence of variables more accumulated in adultmature tissues and/or basal sections

of the buds (Figures 4C, D). JuvenileYoung buds are characterized by an increased
photosynthesis (active center of PSIl, GAPDH) and glycolytic (PYRUVATE KINASE,
PHOSPHOFRUCTOKINASE) pathways. HISTONE H4, GDSL ESTERASE LIPASE, and
elements related to protein biosynthesis (eRF1, protease inhibitor SERPIN, ribosomal proteins
L15 and L50) and redox (THIOREDOXIN, START-like domain protein) were also more abundant
in juveniteyoung buds. Most of these enzymes were positively correlated to N1751, an unknown
metabolite, and were characteristic of basal sections of the bud. On the other hand, adultmature
buds had increased energetic (fructose-6-P and ATPase), signaling and gene regulation (14-3-3
protein gamma, HISTONE H3, regulator of ribonuclease activity), antioxidant/detoxification
activities (dihydrolipoate), and proteome remodeling (ribosomal proteins and peptidases). 2-
alpha-(S)-Strictosidine, a key compound in monoterpene indol alkaloyds biosynthetic pathway

(Ruffer et al., 1978), was mostly accumulated in the basal sections.

Interestingly, HISTONE H3, and other proteins related to epigenetic regulation of gene expression
formed a cluster that had a greater accumulation in adulimature buds. Despite having a positive
correlation to most of the metabolites of this cluster, it negatively correlated to those metabolites
accumulated in juvenileyoung buds. HISTONE H4, characteristic of juvenileyoung tissues,
negatively correlated to metabolite P0265 and through it to glycolytic and carbon-related
enzymes, suggesting its role in regulation of energetic pathways. Finally, 14-3-3 Protein gamma,
involved in the signaling pathways of the main plant hormones (Camoni et al., 2018), was also

accumulated in adutmature buds in the apical section. However, in this case, it was negatively
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correlated to most of the metabolites in this cluster, some of them as relevant as diphyllin, lignin

(Hemmati et al., 2007), or fructose-6-P.

In order to support hypotheses raised after proteometabolomic dataset, six genes related to the
different activities of the clusters depicted above were analyzed by gPCR (Figure 5). According
to transcriptomics results, the different treatment had different expression patterns of the analyzed
genes. Apical section of juvenileyoung buds had a differential overexpression of
ADENOSYLHOMOCYSTEINASE (SAHH), related to epigenetic regulation (Tanaka et al., 1997;
Rocha et al., 2005), and GLUTATHIONE S-TRANSFERASE (GST) and PHENYLALANINE
AMMONIA LYASE (PAL), both genes involved in secondary metabolism and hormonal signaling
(Hahlbrock and Scheel, 1989; Rivero et al., 2001; Dixon et al., 2010; Czerniawski and Bednarek,
2018). The expression level of these genes was similar in adultimature buds and in the basal part
of the juvenileyoung bud.

S-ADENOSYLMETHIONINE SYNTHASE (SAM SYNTHASE), a central element in DNA
methylation (Gomez-Gémez and Carrasco, 1998) was more expressed in juvenileyoung buds, as
NEDDS8-ACTIVATING ENZYME E1 CATALYTIC SUBUNIT (NEDDS8-E1), involved in proteome
remodelling and DNA repair (Brown and Jackson, 2015; Brown et al., 2015). Finally, it is important
to highlight the expression pattern of the MORE AXILLARY GROWTH 1 (MAX1) gene, which is
required for hormonal biosynthesis of a shoot-branching inhibiting signal (Booker et al., 2005).
MAXT increased its expression in juvenileyoung basal section, while its expression decreased

drastically in adultmature basal section.

DISCUSSION
The study of the transition between juvenileyoung and adulimature buds, and how it is reflected

at metabolome and proteome levels, is not only crucial in order to understand shoot growth and
tree architecture, but also to improve relevant traits for forestry such as total growth or polycyclism
(Cabezas et al., 2015). Growth-related traits are influenced not only by their inherent genetic
factors (most of them polygenic) but also by the environment (Zas and Fernandez-Lépez, 2005).
Environmental conditions (light, temperature, rainfall) in combination with the genotype define not
only the yearly tree growth period, ontogenic stage and flowering time, but also tree architecture,
modulating for instance, polycyclism (Meijon et al., 2016; de Simoén et al., 2018). The combination
of genetic and environmental factors, together with the different growth patterns of mature and
juvenileyoung buds sometimes mixed in trees of the same age, makes the apical growth in Pinus
pinaster very complex at physiological and molecular levels (Nguyen et al., 1995). Consequently,
the characterization of the proteome and metabolome of buds in different developmental stages

is a necessary first step towards the fully understanding of all of these processes.

The employment of an integrative approach allowed the characterization of bud maturation from
a holistic perspective, identifying the key molecular pathways of this process. Two main sources
of variation were clearly distinguished after clustering and multivariate analyses. The first was the

bud maturation status (juvenileyoung vs adulimature) and the second the presence of apical or
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lateral meristems (apical vs basal section of the buds), each of them with a different set of

characteristic biomolecules.

AdultMature buds exhibit specific phenology and growth patterns distinct from juvenileyoung
buds. In the juvenileyoung stage, leaf primordia differentiate into photosynthetically active primary
needles. Axillary buds develop either into auxiblasts in basal positions or into randomly distributed
brachyblasts in more distal positions on the stem. When trees reach the adulimature stage, leaf
primordia differentiate into scale leaves, and photosynthetic activity is shifted to long needles
differentiated on brachyblasts (Nguyen et al., 1995; Jordy, 2004). The physiological competence
of adulimature buds was probably imposed by the increased abundance of ABA and specific
gibberelins (bioactive GA1 and intermediary GA19; Supplementary Table S3). ABA has not only
a role in dormancy, but also in dormancy release and bud set in combination with specific
gibberellins (Zheng et al., 2015; Maurya et al., 2018; Vimont et al., 2019). Interestingly,
juvenileyoung buds had slightly lower concentrations of ABA but an increased abundance of
bioactive GA3, and GAS8, a degradation product of GA1. Both gibberellins, GA1 and GA3, are
related to shoot elongation (Little and MacDonald, 2003); however, is complicated to venture
which specific role are playing each one in the different development stage of the bud.
Additionally, in relation to hormonal signaling, a key element was identified in the network, 14-3-
3 protein. A possible role for 14-3-3 proteins in the coordination of GA and ABA signaling has
emerged in the last years (Camoni et al., 2018). In fact, the overexpression of ABA responsive,
14-3-3-interacting transcription factors ABF1-3 impairs GA action, indicating that they act as
negative regulators of GA signaling and that 14-3-3 proteins may function by sequestering ABF1-3
in the cytoplasm. However, the mechanism of 14-3-3 action and all the elements involved in the

ABA and GA coordination are still unknown.

As pointed by datasets and correlation networks, having the enzymatic machinery to increase
metabolic rate allowing burst and growth seems to be essential in juvenileyoung buds, since
enzymes of photosynthesis and glycolytic pathways were increased compared to adultmature
(Figures 2 and 4). Interestingly, the accumulation of fructose-6-P in adultmature buds indicate not
only a differential allocation of sugars between ontogenic stages, but also specific hormonal,
growth (Eveland and Jackson, 2012), and maturation patterns (Uggla et al., 2001). Lipids such
as pimelate and dihydroxylipoate with a dual redox and transcriptional regulation role (Sen and
Packer, 1996) were also accumulated in adulimature buds. The mature secondary metabolism
was also reflected by the accumulation of flavonoids. Flavonoids and tannins may be involved in
cellular detoxification (Meijén et al., 2016) and also in plant resistance against herbivores or other
stresses (Treutter, 2008). At the end of the growing season, accumulation of lipid and starch is
positively correlated with the onset of dormancy in adulimature buds (Jordy, 2004). Bud
development is also associated to different abiotic stress tolerance and proteins related to
detoxification. In all analyzed tissues, there were a great abundance of heat shock or chaperonin-
like proteins (TCP1, CPN10) and ROS detoxifying enzymes (peroxidases, thioredoxines);

however, mature buds were characterized by higher abundances of these protein families,
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suggesting that the greater tolerance to stress exhibited by these buds (Miller et al., 2008) relies

on the overaccumulation of these mechanismsmolecules, compared to juvenileyoung tissues.

The different cell competence is defined by specific protein sets consequence of differential
transcriptional and post-transcriptional regulation (del Mar Castellano et al., 2004; Dembinsky et
al., 2007). AduliMature and juvenileyoung buds have a differential set of DNA/RNA interacting
proteins and ribosomal proteins. Among them, START-like domain proteins were up-accumulated
in juvenileyoung tissues, despite one characteristic of adulimature buds (PPI00057470). The
specific dynamic of this family, which is required for regulating transcription factors needed for
cell differentiation after binding a lipid ligand (Schrick et al., 2014; Grabon et al., 2019), illustrates
the complexity of bud maturation. JuvenileYoung buds were characterized by the serin protease
inhibitors SERPIN (+5-fold change compared to adultmature) (Supplementary Table S2), which
has been proposed to have also a non-peptidase inhibitory functions negatively regulating stress-
induced cell death or reducing gene expression by compacting chromatin (Cohen et al., 2019).
Epigenetic regulation elements were also differential between adulimature and juvenileyoung

buds (discussed below).

The complexity of a pine bud was also reflected in the direct comparison of its apical and basal
sections. The former containing the shoot apical meristem, and the later the lateral meristems
and needle primordia (Fernando, 2014). This organization implies physiological and metabolic
differences, which has been validated through this work. Starch, lipid reserves, and tannins are
known to accumulate in the shoot tip as pines become older (Jordy et al., 2000; Jordy, 2004). The
accumulation of flavonoids and its biosynthetic machinery in the apical part of the buds reinforces
its role in the protection of the meristem (Meijon et al., 2016) and also in the vegetative bud
outgrowth. Differential organogenetic activity in apical and basal sections, changeable across the
bud maturation, is also related to environment conditions and apical dominance regulation (Jordy,
2004; Hover et al., 2017). Thus, the high activity of MAX7 gene in both sections of juvenileyoung
bud suggests the essential role of strigolactone hormone regulating inhibition of axillary bud
outgrowth in this phase; however, in mature bud, MAX1 expression is higher in apical section
(Figure 5). The current models in relation to control of apical dominance suggest complex
interaction networks where sugars and ABA could be responsible for initial release of an apical
bud, while auxins, strigolactones and cytokinins seem to determine sustained outgrowth of axillary
buds (Nguyen and Emery, 2017). Gibberellins, despite being their role well known in shoot
elongation, need more investigation to determine their function inside this network. However,
some reports on their interaction with strigolactone suggest that increased gibberellin levels could

repress axillary bud outgrowth (Luisi et al., 2011).

The basal part of the bud is prepared to burst, contrary to apical whose function is keeping and
protecting apical meristem, and many cell division and development-related proteins like FTSZ
needed for plastid division (Schmitz et al., 2009), dormancy/associated or DNA repair machinery
(Os08g0519400 like protein) were up-accumulated. LEA proteins and TMP21, associated to less

differentiated organs (Zimmerman, 1993), were characteristic of the apical part of the buds
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probably helping to maintain meristem identity together with specific abundances of growth
regulators and nucleic acid binding proteins and histone modifications regulating gene

expression.

The great amount of differential proteins and metabolites involved in epigenetic regulation
suggests the key role of these mechanisms in bud development. DNA methylation is a well-known
epigenetic mark of transcriptional gene silencing, but also in the establishment of
heterochromatin, transposon control and genomic imprinting (Galindo-Gonzalez et al., 2018).
Two of the key enzymes regulating the methylation cycle, SAM SYNTHASE and SAHH, showed
an overaccumulation in juvenileyoung buds and more specifically in its apical part (Figure 5),
suggesting that bud maturation is concomitant to increased DNA methylation levels as previously
reported in Pinus radiata (Fraga et al., 2002). ARGONAUTE, a key enzyme involved in RNA-
mediated DNA methylation, was overaccumulated in adultmature apical buds, which will be
probably related to the hypermethylation associated to development. Despite the employed
analytical procedures were not intended to describe post-translational modifications defining
histone code, specific forms of HISTONE H3 and H4 were characteristic of each developmental
stage, reinforcing the hypothesis that bud maturation is the consequence of a complex interaction

between epigenetic mechanisms, transcription factors and hormonal regulators.

Overall, our study provided novel insights over bud maturation and the machinery involved in its
development and growth and stress resilience at different molecular levels and pathways. The
comprehensive overview of this process allowed the validation of proteins and metabolites
involved in bud development that were previously described, but also the involvement of novel
proteins, metabolites, and pathways. However, further studies will be necessary to validate these
new set of candidate molecules by using buds coming from different populations that show

contrastant-contrasting wood quality and stress tolerance.

DATA AND MATERIALS AVAILABILITY

All relevant data can be found within the manuscript and supplementary materials.

SUPLEMENTARY MATERIAL

Table S1. Genes and primers employed in quantitative PCR analyses.

Table S2. Proteins identification according to SEQUEST (scores, % of coverage, number of
common, unique, and razor peptides), quantification (mean £ SD of three biological replicates),
univariate analysis (p and g values; TukeyHSD p values for all paired comparisons).

Table S3. Peaks obtained after UPLC-MS analysis of polar metabolites. Peaks were aligned with
mzMine 2.10 avoiding redundancies between positive (P) and negative (N) modes. This table
shows peak ID, adduct, m/z, retention time, normalized peak areas for each analyzed sample,
and univariate analysis (p and q values; TukeyHSD p values for all paired comparisons). Peak

compound description is provided according to Supplementary Table S4.
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Table S4. Identification of metabolites in the 3670 peaks that were analyzed. a) 133 peaks were
unequivocally identified (those metabolites that were defined after the comparison to our
compound library or by comparison of the MS/MS to online databases). b) 987 peaks were
tentatively assigned after comparing its very accurate mass to reference compound databases.
Delta ppm and compound exact mass are provided. Annotation source, molecular form, and
accessions of KEGG, FooDB and other databases are provided for all identified/assigned
compounds.

Table S5. DIABLO integrative analysis of proteome and metabolome datasets. a) Sample scores
for components 1 and 2 in both datasets, b) variance explained for each component, and c)
variable loadings for both datasets.

Figure S1. Integrative clustering of proteome and metabolome analysis (High resolution Figure
3B).
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FIGURE LEGENDS

Figure 1. Plant material employed in this analysis. Two-year old seedlings exhibiting an apical
bud with young (A) or mature (B) morphology. Comparison of juvenileyoung (left) and adulimature
(right) buds (C). Dissection of juvenileyoung (left) and adultmature (right) buds into their apical

and basal parts (D). Vertical bars represent 0.5 cm length.

Figure 2. Venn diagrams showing the qualitative differences between bud sections and ontogenic
stages at proteome (A) and metabolome (B) levels. Heatmap clustering of proteins (C) and
metabolites (D) classified according to Mapman categories. Distances were established

employing Manhattan distance and aggregated according to Ward’s method.

Figure 3. Integrative analysis of proteome and metabolome. (A) Plot of samples scores at
proteome and metabolome levels, showing components 1 and 2 in horizontal and vertical axes,
respectively, (B) integrative heatmap clustering, (C) loadings plot showing the proteins with
greatest correlation to components 1 and 2, (D) and loadings plot showing the metabolites with
greatest correlation to components 1 and 2. Color code of the horizontal bar of the heatmap
represents proteins (cyan) or metabolites (purple), while vertical shows treatments. Euclidean
distances and complete-linkage algorithms were employed for classifying samples. Color of the

protein loading bars represent the treatment with higher protein abundance.

Figure 4. Integrative analysis of proteome and metabolome during bud maturation. (A) sPLS-
based network built after DIABLO analysis. Correlation cut-off was 0.75 and edge color reflect
positive (red) or negative (green) interactions. Node color indicate Mapman functional bin and
shape indicate proteins (circle) or metabolites (square). Same representations in which node color
indicates that protein/metabolite is more abundant in (B) one of the treatments, (C) in the
apical/basal part of the bud, or (D) in adultmature/juvenileyoung buds.

Figure 5. Whisker box representation of the gPCR analysis of target genes in the different bud
sections. Dots indicate expression values of the different biological replicates normalized vs the
expression of control genes (ACq Target/ACq Controls). Significant differences between bud
sections and developmental status (ANOVA/Tukey HSD, p < 0.001) were highlighted (***).
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Figure 1. Plant material employed in this analysis. Two-year old seedlings exhibiting an apical bud with
young (A) or mature (B) morphology. Comparison of juvenile (left) and adult (right) buds (C). Dissection of
juvenile (left) and adult (right) buds into their apical and basal parts (D). Vertical bars represent 0.5 cm
length
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Figure 2. Venn diagrams showing the qualitative differences between bud sections and ontogenic stages at

proteome (A) and metabolome (B) levels. Heatmap clustering of proteins (C) and metabolites (D) classified

according to Mapman categories. Distances were established employing Manhattan distance and aggregated
according to Ward’s method.
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44

45 Figure 3. Integrative analysis of proteome and metabolome. (A) Plot of samples scores at proteome and
46 metabolome levels, showing components 1 and 2 in horizontal and vertical axes, respectively, (B)
47 integrative heatmap clustering, (C) loadings plot showing the proteins with greatest correlation to

components 1 and 2, (D) and loadings plot showing the metabolites with greatest correlation to components
1 and 2. Color code of the horizontal bar of the heatmap represents proteins (cyan) or metabolites (purple),

49 while vertical shows treatments. Euclidean distances and complete-linkage algorithms were employed for
50 classifying samples. Color of the protein loading bars represent the treatment with higher protein
51 abundance.
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Figure 4. Integrative analysis of proteome and metabolome during bud maturation. (A) sPLS-based network
built after DIABLO analysis. Correlation cut-off was 0.75 and edge color reflect positive (red) or negative
(green) interactions. Node color indicate Mapman functional bin and shape indicate proteins (circle) or
metabolites (square). Same representations in which node color indicates that protein/metabolite is more
abundant in (B) one of the treatments, (C) in the apical/basal part of the bud, or (D) in adult/juvenile buds.
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Legend: e@Adult&ApicalBud @ Adult&BasalBud Juvenile&ApicalBud @ Juvenile&BasalBud

Figure 5. Whisker box representation of the gPCR analysis of target genes in the different bud sections. Dots
indicate expression values of the different biological replicates normalized vs the expression of control genes
(OCq Target/Cqg Controls). Significant differences between bud sections and developmental status
(ANOVA/Tukey HSD, p < 0.001) were highlighted (***).
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