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The importance of UV stress and its side-effects over the loss of plant productivity in forest species demands a
deeper understanding of how pine trees respond to UV irradiation. Although the response to UV stress has
been characterized at system and cellular levels, the dynamics within the nuclear proteome triggered by UV is
still unknown despite that they are essential for gene expression and regulation of plant physiology. To fill this
gap this work aims to characterize the variations in the nuclear proteome as a response to UV irradiation by
using state-of-the-art mass spectrometry-based methods combined with novel bioinformatics workflows. The
combination of SEQUEST, de novo sequencing, and novel annotation pipelines allowed cover sensing and trans-
duction pathways, endoplasmic reticulum-related mechanisms and the regulation of chromatin dynamism and
gene expression by histones, histone-like NF-Ys, and other transcription factors previously unrelated to this
stress source, as well as the role of alternative splicing and other mechanisms involved in RNA translation and
protein synthesis. The determination of 33 transcription factors, including NF-YB13, Pp005698_3 (NF-YB) and
Pr009668_2 (WD-40), which are correlated to stress responsive mechanisms like an increased accumulation of
photoprotective pigments and reduced photosynthesis, pointing them as strong candidate biomarkers for breed-
ing programs aimed to improve UV resistance of pine trees.
Significance: The description of the nuclear proteome of Pinus radiata combining a classic approach based on the
use of SEQUEST and the use of a mass accuracy precursor alignment (MAPA) allowed an unprecedented protein
coverage. This workflow provided the methodological basis for characterizing the changes in the nuclear prote-
ome triggered by UV irradiation, allowing the depiction of the nuclear events involved in stress response and
adaption. The relevance of some of the discovered proteins will suppose a major advance in stress biology
field, also providing a set of transcription factors that can be considered as strong biomarker candidates to select
trees more tolerant to UV radiation in forest upgrade programs.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The environmental stresses are the main factors affecting tree pro-
ductivity. The importance of drought and temperature tolerance has
been studied for years [1–4]. However, in the actual climate change
scenario, UV radiation claims for attention. UV radiation has significant-
ly increased in the last decades [5] and is expected to continue to raise in
the near future, according to the current UV irradiance prediction
models [6]. Since this stress affects growth and development of plants
[7], as well as reproduction and survival [8], which in the end
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determines plant productivity, the increase of the levels of UV reaching
Earth's surface will have an important economic impact in the forestry
sector.

Previous studies have demonstrated the effects of UV stress over tree
physiology in Poplar [9] and Laurus [10] including well known photo-
morphogenic alterations, physiological effects on photosynthesis per-
formance and water and pigment contents, as well as metabolomics
profiling describing metabolism rearrangement under UV to promote
phenolics and isoprenoid accumulation. In addition, UV causes damage
to macromolecules and the generation of reactive oxygen species [11–
13]. Nonetheless, most of this responses and adaptation mediating
mechanisms have been reported in the model species Arabidopsis
thaliana [9,14,15] or in crop species, like grapevine [16], rice [17–19]
and maize [20,21]. These studies were based on the application of
high UV dosages to obtain clear responses, but the magnitudes of
these dosages which are unlikely to be reached in the field, make
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difficult to conclude the actual impact of the radiation over plant pro-
ductivity, aswell as its scope, thus reducing the translational application
of these knowledge to the field [22].

To overcome these limitations, in our groupwe studied the systemic
response to UV stress in Pinus radiata applying a realistic UV dosage
based on existing climate models. We combined metabolomic and
proteomic analyses, finding that adaptation to UV stress courses
through a rearrangement of centralmetabolism to prevent ROS produc-
tion and support biosynthetic processes leading to the accumulation of
photoprotective pigmentsmediated by a coordinated integration of UV-
, ROS- and light-dependent signals and a deep proteome remodelling
and having a payback in productivity as a consequence [23].

In the current context, in which environment is changing and new
tools need to be developed in order to assist breeding programs, the
knowledge of the nuclear regulation of stress adaptive responses is of
special interest since long term adaptive processes including proteome
andmetabolome remodelling reflect, in last term, very specific changes
in gene regulation modulated by precise signalling pathways.

Nuclear proteins play a role in many crucial cellular functions, such
as signalling, gene regulation and protein degradation. Moreover,
there are increasing numbers of functions related to regulation of trans-
lation andRNA-dependentmechanisms. In fact, last estimations say that
around one-fourth of the total proteins are localized in the nucleus [24].
However, quantitatively speaking they are not abundant compared to
the total protein amount and their study faces some difficulties related
to their structural redundancy and biological significance. Thus, there
are many families and individual nuclear proteins that have been de-
scribed, but the functions of most of them remain unknown in model
species [25] and are almost undescribed in orphan species. This fact, to-
gether with the opposite biological effects have been described for very
similar nuclear factors [26], hinders the interpretation of plant nuclear
proteomes.

Despite the paramount role of the nucleus the number of studies fo-
cusing on nuclear protein dynamics under UV or other environmental
stress is scarce. To fill this gap, and considering that previous studies fo-
cused on total proteome (Pascual et al., unpublished data)were not sen-
sitive enough to decipher nuclear protein dynamics, we performed a
time course experiment employing realistic UV dosages aimed to char-
acterize the quick variations in the nuclear proteome triggered by short
exposition to UV (2 h) and those changes observed after a two days UV
exposure (16 h).

The variations in the nuclear proteomewere defined by using organ-
elle purification and a gel- and label-free approach. Protein identifica-
tion and quantification followed a combined strategy, including in-
house databases, MapMan ontology and specific algorithms for the pre-
diction of nuclear protein functions and the analysis of the data in a
comprehensive manner following targeted and untargeted approaches,
emphasizing the discovery of involved transcription factors. The inte-
gration of these results with physiological measurements and previous-
ly generated UVmetabolomics profile enhanced the biological meaning
of this work and its usefulness for providing a novel set of markers for
tree selection and breeding programs.

2. Material and methods

2.1. Plant material and experimental design

The assay was conducted on one-year-old seedlings. After cold strati-
fication, the seedswere germinated andgrown inpeat:perlite:vermiculite
(3:1:1) in 1.5 L pots under a greenhouse-controlled environment and
long photoperiod (16 h light/8 h darkness). Plants were irradiated with
0.33Wm−2 UV light (250–350 nm lamp peaking at 300 nm) in indepen-
dent blocks of 3 individuals each. Samples were taken at different inter-
vals: after 2 h of irradiation (2 h samples) and after 16 h of irradiation
during two consecutive days (8 h each day, 16 h samples). Control plants
were maintained under the same greenhouse conditions without UV
radiation (Control). To avoid biases related to circadian clock, all the
plants were sampled at the same time (Fig. 1). Plant material was sam-
pled, frozen in liquid nitrogen immediately and stored at −80 °C until
analysis.

2.2. Photosynthetic performance measurements

Photosynthetic performance was measured immediately after the
end of UV treatment. Chlorophyll fluorescence-based measurements
were employed to monitor induced damage with an imaging/pulse-
amplitude modulation fluorimeter (OS1-FL, Opti-Sciences, Hudson,
USA) in the three replicates per experimental situation. Maximal effi-
ciency of the PSII (Fv/Fm) in needles pre-adapted to darkness for
30 min and the PSII quantum yield (QY) in light-adapted needles
were calculated according to Maxwell et al. [27].

2.3. Needle pigment contents

Pigment contents were quantified in three replicates of each treat-
ment following the protocol by Escandón et al. [28]. In brief, the needles
were ground (100 mg) to a fine powder with liquid nitrogen before
adding extraction solutions. Chlorophylls a (Chl a) and b (Chl b), and ca-
rotenoids were extracted with 2 mL of cold acetone:Tris-HCl (80:20, v/
v, pH 7.8) and anthocyanins with methanol:HCl:water (90:1:1, v/v/v).
The concentration of Chl a, Chl b, carotenoids and anthocyaninswas de-
termined spectrophotometrically according to the equations provided
by Sims et al. [29].

2.4. Nuclei isolation and protein extraction

Nuclei were isolated following the protocol described by Valledor
et al. [30] withminor modifications (described in the companion article
[31]). Once isolated, proteins in nuclei samples were extracted in 300 μL
of 1% SDSwith the help of a sonication period of 15 s. Proteinswere dis-
solved in 1 v of 1.5 M sucrose, 10 mM DTT and 1% protease inhibitor
cocktail (Sigma, P9599) and purified with phenol. Dry protein pellets
were dissolved in 1.5% SDS, 8 M Urea and quantified by BCA assay
[32]. The detailed protein extraction procedure is described in Ref.
[31]. The enrichment in nuclear proteins was assessed by 1-DE SDS-
PAGE (see Fig. 1 in Ref. [31]).

2.5. Protein digestion and mass spectrometry

Proteinswere processed and analysed as described by Valledor et al.
[33] with minor modifications. In brief protein samples (60 μg) were
run 0.5 cm in 12% SDS-PAGE gels, and then protein bandswere cleaned,
trypsin digested and desalted [31].

The nLC-Orbitrap (Thermo) system was maintained as previously
specified, 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.

We followed database dependent and independent approaches for
quantifying protein abundance. The abundance of the proteins obtained
after applying SEQUEST algorithmwas estimated from the peak areas of
the three most abundant peptides assigned to each protein employing
Proteome Discoverer 1.4 software (Thermo). A database independent
strategy based on ProtMax software [34] was also used to reduce biases
related to the poor presence of Pine nuclear proteins in databases. The
individual m/z and abundances were determined and quantified using
the ion count method following the recommendations previously
given by Egelhofer et al. [34].

2.6. Protein identification

The identification of proteins in our database dependent approach
followed a sequential strategy. Firstly, three in-house protein databases



Fig. 1. Scheme of the experimental system employed. The photoperiods, as well as the UV radiation times are indicated in the two days the experiment lasted.
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were constructed from Pinus pinaster transcriptome v. 3.0 [35], Pinus
taeda genome v. 1.01 [36], and P. radiata sequences available in public
databases and in house libraries [37] following the procedure described
by Romero-Rodríguez et al. [38]. Databases were annotated against
UniProtKB/Swiss-Prot and UniProtKB/TrEMBL Viridiplantae using
sma3s script [39] and functionally classified through Mercator pipeline
annotation [40] according to MapMan ontology [41] (Databases and
MapManmaps are available atwww.valledor.info; detailed information
is provided in [31]) SEQUEST algorithm included in Proteome Discover-
er 1.4 was used for the identification of proteins employing a 5% false
discovery rate (FDR), two peptides per protein, medium confidence,
and an XCorr score above 1.8 as identification threshold. Unknown
and unannotated proteins were analysed with PlantTFcat tool [42] and
blasted against PlnTFDB [43] transcription factors database in order to
identify transcription factors and nuclear regulators. Contaminant pro-
teins not belonging to the nuclei or endoplasmic reticulum were
dropped from analysis based on their annotation.

Database independent approach relied on the previous identifica-
tion since those m/z showing statistical significance were, in first
place, assigned to peptides in proteins groups previously identified by
SEQUEST searching algorithm. For those m/z not present in previously
described dataset, Novor de novo algorithm [44] included in DeNovoGUI
[45] was applied and confidence thresholds were established according
toMa [44]. In a second step, the identified sequenceswere annotated by
homology using BLAST against UniProtKB/Swiss-Prot, UniProtKB/
TrEMBL Viridiplantae, and our custom databases using the settings rec-
ommended for “blastp-short” program in BLAST+ guide [46].
2.7. Analysis of proteome dataset

Data preprocessing of both targeted and untargeted strategies
was performed following the recommendations given by Valledor
and Jorrín [47]. Data were normalized following a sample-centric ap-
proach and log transformed. To avoid biases caused by estimation of
non-nuclear proteins abundance values were corrected by using the
average value of the two most stable nuclear proteins present in all
samples (Pp003257_2-Pp003276_2 and PITA_000008893-RA, anno-
tated as histones). The stability of these proteins during experiment
was determined by a pairwise comparison approach considering all
detected protein species following the method described by
Vandesompele et al. [48].

Centered and scaled values (z-scores) were subjected to multivari-
ate (Principal Component Analysis (PCA) and Heatmap clustering)
and univariate (one-way ANOVA; 5% FDR with an alpha= 0.05) analy-
ses. The abundance data of the proteins identified with SEQUEST were
integrated with photosynthetic performance and pigment content
data (Supplemental Table 1) and metabolomics results from a previous
study (Supplemental Table 2) by Sparse Partial Least Squares (sPLS) re-
gression and the construction of sPLS-based interaction networks.

All the preprocessing and analysis described were performed in R
environment v.3.1.1 [49] using mixOmics v.4.0.2 [50], SLqPCR v.1.30.0
[51] and specific scripts developed in our lab (available upon request).
2.8. RNA extraction and quantitative real time PCR

RNAwas extracted from three replicates of each situation according
to Valledor et al. [52] and then quantified in a spectrophotometer. RNA
integritywas checked by agarose gel electrophoresis, and potential DNA
contaminations by PCR employing the UBIQUITINE (UBI) primer pair.
Later, 500 ng of RNA was reversed transcribed using the RevertAid kit
(Thermo Scientific) and random hexamers as primers following the
manufacturer's instructions.

qPCR reactionswere performed in a CFX Connect Real Time PCRma-
chine (Bio-Rad) with SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad); three biological and two analytical replicates were made.
Normalized Relative Quantities (NRQ) and Standard Errors of RQ were
determined according to Hellemans et al. [53]. Expression levels of
ACTIN (ACT) and UBIQUITINE (UBI) were used as endogenous controls.
Detailed information about the primers used for qPCR experiments is
available in Supplemental Table 3.

3. Results

3.1. Applied UV dosages induced changes in photosynthetic performance
and pigment contents

The applied UV dosage, 0.33Wm−2 led to a significant reduction of
both fluorescence-based photosynthetic performance parameters mea-
sured:maximal efficiency of photosystem II (Fv/Fm) and quantum yield
(QY) (Supplemental Table 1). Specifically, we observed a significant re-
duction in both parameters after 16 h of radiation (Fig. 2a). In addition,
in themeasured pigment contentswe observed transient changes in Chl
a and carotenoids in 2 h plants (Fig. 2b), being in both cases recovered
contents similar to those observed in the control after 16 h of radiation.
Surprisingly, no significant changes were observed in the cases of Chl b
and anthocyanins after 2 h of UV (Fig. 2b).

3.2. Needle nuclear proteome dynamically responded to UV radiation

GeLC-Orbitrap/MS analysis of the nuclei-enriched fractions from the
needles sampled after the UV assay allowed the identification of 388
proteins and the quantification of 374. After the removal of the non-
nuclear proteins based on their in silico annotation, 267 proteins were
identified, of which 145 were considered as differentially accumulated
(see Supplemental Table 1 in Ref. [31]; ANOVA, 5% FDR).

MapMan categorization of the identified proteins showed longer-
term increases in protein, RNA and amino acid metabolism proteins in
average, consistent with active protein remodelling under UV, while
DNA metabolism was reduced with the UV, likely as a consequence of
the damage caused by the UV. Surprisingly, stress and redox bins
showed an average decrease (Fig. 3).

Quantified proteins showed different accumulation patterns during
experiment course (Fig. 4a; Supplemental Fig. 1). Heatmap revealed
the existence of 6 protein clusters regarding their accumulation profile
during the experiment: proteins overaccumulated with the UV,

http://www.valledor.info


Fig. 2. (a) Photosynthetic performancemeasured asmaximal efficiency of PSII (FvFm) andQuantumYield (QY) in the control and the treated plants. The error bars showSD, and the letters
indicate significant differences (Kruskal-Wallis, p b 0.05). (b) Needle contents of chlorophylls a and b, carotenoids and anthocyanins. In all cases, the error bars show SE, and the letters
indicate significant differences (Kruskal-Wallis, p b 0.05).
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depleted, not changing, depleted in 2 h plants, accumulated in 2 h plants
and depleted after 16 h of UV.

Multivariate analysis based on PCA also revealed specific dynamics of
the responses to UV at the nuclear proteome (Fig. 4b, Supplemental
Table 4). Considering the distribution of the samples along PC1 and the
proteins showing higher loadings, like redox-related proteins (negatively
correlated) and amino acidmetabolism-relatedproteins such as aspartate
aminotransferases (positively correlated), it could be hypothesized that
this component gathers the variance of the samples related to the UV
irradiation or dosage. On the other hand, PC2 showed high loadings (pos-
itive and negative) to RNA binding proteins (PITA_000008378-RA,
PITA_000008612-RA) and ribosomal proteins (RPL11, RPL26, RPS12,
RPS16, RPS17), andmaybe representing the changes in themachinery re-
quired for the stress survival and active proteome remodelling triggered
after first irradiation period.

3.3. Untargeted approach revealed a new set of proteins involved in UV
stress response and sensing

A database independent approach, based on the untargeted analysis
of all parent ions present in our samples, was the solution we chose to
reduce the biases and limitations consequence of the poor coverage of
Pine nuclear proteins in the available databases.
Fig. 3. Overview of protein abundance of protein metabolism, not assigned, DNA, RNA and a
situation. Average protein abundances are expressed over a maximum value of 1. The number
Untargeted analysis of the MS proteomics results using ProtMax
accounted 16,638 ions, of which 9094 was above the established back-
ground signal. Out of these, 6098 ions were differentially accumulated
(see supplemental Table 2 in [31]). PCA of the quantified ions (Fig. 5b,
Supplemental Table 5) showed a good separation between treatments
and the expected grouping between replicates following a similar pattern
to protein dataset (Fig 4b). Heatmap clustering analysis of the quantified
ions showed the existence of 6 clusters (Fig. 5a): proteins depleted with
the UV, not changing, overaccumulated in 16 h plants, depleted after
2 h of UV, accumulated mainly in 16 h plants and accumulated with the
UV. After statistical analyses 300m/z corresponding to those ions showing
lower p-values in ANOVA and/or showing the highest loadings consider-
ing its absolute value to the first two principal components allowed the
confident determination of 57 sequences, some of them revealed as rele-
vant also in the targeted approach (Supplemental Table 6).

Interestingly 17 of the 300m/z were annotated as transcription fac-
tors or as other proteins involved in transcription regulation, like Zinc
finger and SNF2 domain containing proteins or RNA-binding (Supple-
mental Table 6). In addition, a set of Ser/Thr protein kinases and phos-
phatases of the 2C family of unknown function in both cases, although
these families are related to stress [54–56], were identified, as well as
several unknown proteins categorized in the light signalling MapMan
category (Supplemental Table 6).
mino acid metabolism, stress and redox MapMan functional bins in each experimental
of proteins in each bin is indicated in brackets.



Fig. 4. Targeted approach. (a) Hierarchical clustering analysis and heatmap of the quantified proteins. Data were log2-transformed. Coloured bars represent protein clusters: yellow,
proteins overaccumulated with the UV; red, depleted; black, not changing; green, depleted in 2 h plants; orange, accumulated in 2 h plants; and grey, depleted after 16 h of UV.
(b) Principal Component Analysis (PCA) plot showing the first two principal components (PCs), explaining more than 50% of the observed variance.
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3.4. Combined targeted and untargeted approaches revealed new tran-
scription factors involved in UV stress in pine

One of the aims of this work was deepening into the mechanisms
regulating UV stress adaption in Pinus genre, being targeting DNA and
RNA interacting proteins one of our main objectives. The use of in-
house constructed databases coupled to DNA-interacting proteins
searching algorithms combined with a database independent strategy
and de novo sequencing allowed the identification of a set of transcrip-
tion factors and other transcription regulators of different families,
which are reported here to be involved in UV stress response in
P. radiata for the first time. Table 1 showed the summary of the 34 dif-
ferent transcription regulators found by SEQUEST search and in the de
Fig. 5. Untargeted approach. (a) Hierarchical clustering analysis and heatmap of the quantifi
proteins depleted with the UV; black, proteins not changing; green, overaccumulated in 16 h
mainly in 16 h plants; and grey, accumulated with the UV. (b) Principal Component Analysis
of the observed variance.
novo sequenced most relevantm/z from the untargeted approach. Spe-
cifically, transcription factors and regulators from the APFI, ARR, bHLH,
bZIP, C2C2-CO-like, HB, HSF, MYB, NF-YB, SNF2, TCP, Trihelix and
WRKY families and a WD40-repeat domain containing protein were
found, showing different accumulation patterns after UV irradiation
(Fig. 6).

The biological relevance of the transcriptional regulators with a sig-
nificant differential accumulation was explored by integrating their
abundances, physiological parameters measured in the experiment
(Supplemental Table 1), and metabolomics results from a previous
study (Supplemental Table 2). After testing that sPLS approach was ca-
pable to distinguish the different treatments (Supplemental Fig. 2) in-
teraction networks were plotted considering edges with correlations
ed proteins. Data were log2-transformed. Coloured bars represent protein clusters: red,
plants; pink, depleted after 2 h of UV and accumulated after 16 h; violet, accumulated

(PCA) plot showing the first two principal components (PCs), explaining more than 50%



Table 1
Summary of transcription factors and other transcription regulators found in the combined targeted and untargeted approaches. The accessions (UniProt in italics),m/z, when corresponding, mean abundances ± SD, algorithm used for the identi-
fication, score, ANOVA significance (5% FDR), transcription factor family following PlnTFDB classification and BLAST annotations are indicated in each case.

Accession m/z Control 2 h 16 h Algorithm Score ANOVA Transcription
factor family

BLAST annotation

Mean SD Mean SD Mean SD 5% FDR
Protein
symbol Protein name

PITA_000042515-RA 4.01E-03 5.25E-04 6.47E-03 7.89E-04 9.62E-03 2.44E-12 SEQUEST 6.19 * APFI CAG3 Transcription factor APFI

Q75HW2, PITA_000011845-RA 1090.51 8.93E-04 1.61E-04 7.82E-04 1.24E-04 6.01E-03 2.04E-04 NOVOR 24.7 * ARR RR27
Two-component response regulator
ORR27 (OsRRA16)

Q9CAA9–2, Pr009222_1 773.72 8.29E-03 1.33E-03 2.21E-03 5.15E-04 4.49E-03 7.69E-04 NOVOR 10.3 * bHLH BHLH49

Transcription factor bHLH49 (basic
helix-loop-helix protein 49) (AtbHLH49)
(bHLH 49) (Protein ACTIVATOR FOR CELL
ELONGATION 1) (Transcription factor EN
82) (bHLH transcription factor bHLH049)

Q99142, Pr009259_2 452.23 2.97E-03 2.79E-04 2.68E-03 2.22E-04 9.83E-03 1.53E-03 NOVOR 30.2 * bZIP GBF3 bZIP G-box

Q9SID1,
Pr000415_1

579.62 1.37E-01 3.02E-02 1.24E-01 2.92E-02 2.76E-02 2.03E-03 NOVOR 32.6 * C2C2-CO-like BBX25
B-box zinc finger protein 25 (protein SALT
TOLERANCE HOMOLOG 1) (Salt
tolerance-like protein)

Q9M9P4,
PITA_000025316-RA

361.91 2.10E-04 1.13E-04 1.24E-02 7.43E-03 6.30E-03 3.34E-03 NOVOR 24.5 * HB HDG8

Homeobox-leucine zipper protein HDG8
(HD-ZIP protein HDG8) (Homeodomain
GLABRA 2-like protein 8) (Homeodomain
transcription factor HDG8) (Protein
HOMEODOMAIN GLABROUS 8)

Q9FFK0,
PITA_000041531-RA

516.77 0.00E + 00 0.00E + 00 2.26E-03 7.20E-04 5.57E-03 6.30E-04 NOVOR 23.1 * HB WOX7 WUSCHEL-related homeobox 7

Q6H6Q7,
PITA_000031067-RA

711.88 9.17E-03 2.01E-04 7.93E-03 2.41E-04 1.91E-02 3.37E-04 NOVOR 53.6 * HSF HSFA3
Heat stress transcription factor A-3 (Heat
stress transcription factor 7) (OsHsf-07)

Q6A333–3, PITA_000004378-RA 626.3 1.58E-02 1.03E-03 9.41E-03 3.57E-04 1.17E-02 1.01E-03 NOVOR 39.2 * MYB Unknown protein
Q0JIC2–2, PITA_000011057-RA 827.08 1.88E-03 4.82E-04 2.53E-03 4.74E-04 7.29E-05 6.31E-06 NOVOR 15.7 * MYB Unknown protein

Q9LDE1, PITA_000030235-RA 759.01 8.75E-03 1.00E-03 8.40E-03 1.19E-03 1.95E-02 1.80E-03 NOVOR 29.8 * MYB MYB108
Transcription factor MYB108 (Myb-related
protein 108) (AtMYB108) (Protein
BOTRYTIS-SUSCEPTIBLE 1)

P27898, PITA_000016280-RA 526.88 7.69E-05 2.63E-05 0.00E + 00 0.00E + 00 8.17E-03 6.84E-03 NOVOR 19.3 * MYB P Myb-related protein P
P49592, PITA_000067106-RA 494.26 5.32E-03 1.03E-03 3.78E-03 9.41E-04 1.90E-02 1.59E-03 NOVOR 52 * NF-YB NF-YB13 Nuclear factor Y, subunit 13
Pp005698_3 2.94E-01 7.56E-02 1.21E-01 3.99E-03 5.75E-02 8.96E-12 SEQUEST 65.47 * NF-YB
Pp004797_2 1.03E + 00 7.00E-03 1.02E + 00 2.68E-03 1.02E + 00 2.11E-10 SEQUEST 69.69 NF-YB
Pr002465_1–Pp016823_1 3.16E-01 1.73E-01 6.64E-01 4.59E-02 5.64E-01 1.07E-02 SEQUEST 19.33 NF-YB
Pp003764_3 1.27E + 00 4.04E-01 1.77E + 00 5.95E-01 9.51E-01 5.85E-11 SEQUEST 35.77 NF-YB
Pp016390_2 1.32E + 00 6.68E-02 1.34E + 00 2.75E-02 1.29E + 00 3.66E-10 SEQUEST 99.96 NF-YB
PITA_000013079-RA 3.13E-01 7.77E-02 1.24E-01 1.15E-02 4.05E-02 6.57E-12 SEQUEST 60.72 * NF-YB
PITA_000046208-RA 9.93E-02 7.77E-03 1.15E-01 6.92E-03 1.31E-01 3.75E-11 SEQUEST 16.91 * NF-YB
PITA_000059035-RA 4.33E-01 1.54E-01 8.57E-01 3.68E-02 7.99E-01 3.10E-02 SEQUEST 31.88 NF-YB
PITA_000040049-RA 1.15E + 00 3.19E-01 1.49E + 00 4.41E-02 1.81E + 00 4.10E-01 SEQUEST 46.84 NF-YB
PITA_000067325-RA 1.43E + 00 1.81E-01 1.47E + 00 5.19E-02 1.36E + 00 2.60E-10 SEQUEST 204.52 NF-YB

F4I8S3, PITA_000079040-RA 492.25 4.84E-03 1.09E-03 5.19E-03 1.75E-03 1.47E-04 7.31E-05 NOVOR 33.5 * SNF2 CLSY3

SNF2 domain-containing protein CLASSY 3
(EC 3.6.4.-) (Protein CHROMATIN
REMODELLING 31) (AtCHR31)

Q7X9V2, PITA_000037058-RA 812.93 4.57E-03 4.17E-04 4.15E-03 3.77E-04 1.31E-02 4.17E-04 NOVOR 23.4 * SNF2 PIE1

Protein PHOTOPERIOD-INDEPENDENT
EARLY FLOWERING 1 (EC 3.6.4.12)
(Independent early flowering 1 protein)
(Protein CHROMATIN REMODELLING 13)
(AtCHR13)

O82277, PITA_000037058-RA 732.32 4.05E-03 3.41E-04 3.67E-03 1.73E-04 8.53E-03 1.81E-04 NOVOR 30.7 * TCP TCP10 Transcription factor TCP10

Q9SDW0, PITA_000047138-RA 506.29 2.58E-04 1.24E-04 4.22E-02 1.94E-02 6.03E-02 3.62E-03 NOVOR 52.3 * Trihelix GT-3 A
Trihelix transcription factor GT-3a
(Trihelix DNA-binding protein GT-3a)

Pr009668_2 2.40E-03 5.78E-04 6.09E-03 4.31E-03 1.41E-02 1.72E-12 SEQUEST 3.7 WD40

Q9LY00, PITA_000055692-RA 626.84 4.67E-02 9.67E-03 4.48E-02 6.44E-03 1.22E-02 1.64E-04 NOVOR 33.9 * WRKY WRKY70
Probable WRKY transcription factor 70
(WRKY DNA-binding protein 70)
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higher than |0.8 | (Fig. 7). These networks suggested a pivotal role of
these proteins in the response to the UV stress. NF-YBs showed high
correlations with polyamine metabolism (specifically putrescine) and
several sugars, while the identified APFI andWD40-repeat transcription
factors were highly correlated to Fv/Fm and QY, as well as, intermedi-
aries of flavonoid pathway, like epicatechin and epigallocatechin. In all
the cases a strong link with C supply/demand balance was found, as in-
termediaries of the myo-inositol pathway, like inosose or myo-inositol,
suggested. Moreover, RT-qPCR analysis showed an upregulation con-
comitantly with the radiation in the cases of PITA_000042515-RA
(APFI), Pp005698_3 (NF-YB) and Pr009668_2 (WD40-repeat) (Fig. 8),
supporting also their importance for UV response.

Additional transcriptional regulators were discovered after de novo
sequencing of those precursor ions quantified using theMAPA approach
that showed a significant differential accumulation. Furthermore, the
qPCR analysis of these transcripts (Fig. 8) showed that most of them
were overexpressed after UV irradiation. Importantly, the results from
proteomic and qPCR analysis demonstrated that some correlation
trend exists between the differential expression profiles of the gene
and the accumulation of the transcription factors.

These results, although do not necessarily imply a straight functional
connection between transcript-protein levels and specific biological
processes, represent a promising set of targets to be further studied in
new experiments aimed to unveil specific transcriptional regulatory
mechanisms.

4. Discussion

The present study focuses on nuclei proteomics under UV stress, this
organelle being not included in stress studies very often, despite its cen-
tral role in the regulation of gene expression. Nuclear proteins are, in
general, underrepresented in databases, even in model species, so this
is an important fact when studying orphan species. Therefore, an
untargeted approach, independent of any bias and limitation as conse-
quence of the database/s used for protein identification, shows itself
useful in order to extract asmuch information as possible from anuclear
proteomics study.

4.1. Combined targeted and untargeted approach enhanced the unravelling
of key proteins in UV stress nuclear responses

In the present study, focusing on nuclear proteome profiling by MS,
we identified 388 proteins, improving previous result in themodel spe-
cies rice [57] or Arabidopsis [58] and a recent work in wheat [59]. Inter-
estingly, these three contributions employed a 2-DE based approach,
describing up to 700 spots and identifying b200. This means that de-
spite our efforts for gathering all available genomic information and
the use of de novo sequencing algorithms both of themmust be improve
in order to gain a complete coverage of the nuclear proteome in plant
species. Protein identification from tandemMS data classically depends
on the availability of the sequenced genome of the studied species. In
this aspect the use of a gel free approach together with our custom da-
tabases [38] increased the number of identified proteins in an orphan
species such as Pinus radiata. We were able to identify a higher number
of proteins than previously described in this species in works dealing
with complete needle proteome and following a 2-DE approach [37,
60]. However, these numbers are still far from the predicted number
of nuclear proteins or the number of proteins that can be seen in 2-DE
gels. To overcome database-derived limitations, the use of an
untargeted approach using ProtMax showed itself as convenient, since
57 new proteins, otherwise would had not been unravelled, were
assessed by de novo sequencing and identified from the 300most signif-
icant m/z. Out of these, 18 m/z were identified as transcription factors,
which accumulation changed during the experiment. Identified pep-
tides were initially blasted against UniProt and Pine custom databases,
showing perfectmatches between database and experiment sequences.
qPCR analyses also proved that most of their corresponding gene prod-
ucts also followed a similar trend. These results supported the suitability
of the employed workflow in scenarios of low protein database
coverage.

4.2. Nuclear regulation of UV-induced proteome remodelling

An active remodelling of the proteome is crucial for stress response
and adaptation [61]. Regarding the nucleus, gene transcription and pro-
tein translation are key processes driving to an eventual and complete
remodelling of the whole proteome, including the nuclear proteome
itself.

In this sense, several RNA-binding proteins (RBPs), known to govern
many aspects of RNA metabolism, including pre-mRNA processing,
splicing, and RNA stability [62], showed differential accumulation
under UV stress. However, their specific roles are not completely under-
stood, although they are emerging as important proteins for rapid
response to environmental cues [63]. Between all of them, HEN4
(Pp009885_1), known to be involved in methylation-mediated silenc-
ing of sRNAs [64] and found in nuclear speckles, enriched in splicing
factors [65], was specifically accumulated in UV-treated plants and rel-
evant according to PCA, suggesting an important role of splicing in UV
stress response.

Regarding translation, the high number of ribosomal proteins iden-
tified, as well as the number of them showing high loadings in PC2, hy-
pothesized to represent the changes in the machinery required for the
stress survival and active proteome remodelling triggered after first ir-
radiation period, supports the ribosomal rearranging as an important
mechanism for stress response through protein translation regulation
[66,67]. We found some, like RPS10 and RPL28, which were depleted
with the stress, while others followed an opposite trend andwere accu-
mulated either short- (RPS17) or longer-term (RPS8). There were also
ribosomal proteins specific of the UV-treated plants (RPS24, RPL35,
RPL21 and RPS5). Considering that more experiments are required to
define their specific molecular function, still unknown, their high im-
portance in ANOVA and PCA models supports their crucial implication
in the regulation and control of the proteome remodelling.

4.3. Increased protein foldingmachinery and Endoplasmatic Reticulum reg-
ulation is required for stress adaption

Under stressful conditions, protein folding machinery in endoplas-
mic reticulum is overwhelmed as the demand for protein folding
reaches a maximum [68], particularly in the case of UV due to its
photodamaging effect over macromolecules, including proteins [13].
The need of an increased rate of protein production was supported by
the accumulation of HSP70 (only found in stressed plants), HSP90 and
a J family protein (+2.6-fold and +2.38-fold after 16 h of UV, respec-
tively). These proteins are known to be translocated to the nucleus
under abiotic stress conditions [69] and to be part of a multichaperone
involved in the stability of transcriptional complexes [70,71]. Further-
more, HSFA3 (Q6H6Q7; PITA_000031067-RA), a heat shock transcrip-
tion factor, significantly increased after 16 h of UV at protein (+2.08-
fold) and transcription (+2.26-fold) level being a main regulator of
HSPs expression, including some HSP70 family proteins [72,73]. Inter-
estingly BIP3, a chaperone which is also a master regulator of specific
bZIP transcription factors (i.e. bZIP28) in Arabidopsis by retaining
them in the endoplasmic reticulum [74], was also overaccumulated
(+5.88-fold in 16 h plants). It is proposed that BIP3 is competed away
from bZIP28 by the high abundance of misfolded proteins [74] that are
accumulated in the reticulum. This is in concordance with the
overaccumulation of a peptide corresponding to one bZIP transcription
factor and GBF3 (Q99142; Pr009259_2; +3.3-fold and +2.53-fold in
16 h plants at protein and transcription level, respectively), also a
bZIP, reported to have a COP1- and HY5-dependant expression [75]



Fig. 6.Relative protein abundance of the transcription factors and regulators identified in the study in the different treatments. Protein abundances are expressed over amaximumvalue of
1. The accession and, when corresponding, the protein name and ID are indicated.
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and required in ABA mediated stress responses [76], both elements of
the UVR8 signalling pathway [15,77].

4.4. Nucleosome remodelling through the differential accumulation of his-
tone isoforms and histone-like transcription factors is triggered after UV
irradiation

Chromatin regulation is essential to regulate gene expression and re-
lies on the interaction between many epigenetic factors, including
Fig. 7. sPLS-based networks of the transcription factors found to differentially accumulate in the
(b) PITA_000046208-RA (NF-YB). (c) PITA_000013079-RA (NF-YB). (d) PITA_000042515-RA
factor). Red edges represent positive correlations, while the green ones represent negative co
shown. Node size and colour represent Radiality, corresponding low values to smaller sizes an
histone modifications, DNA methylation and the incorporation of spe-
cific histone variants into the nucleosomes [78]. We found that some
histone variants (H1, H4, H2B, H2B.2, HTB11, and HTA5) were reduced
during the experiment, while others were either longer-term, like
H2A.1 and a histone superfamily protein (PITA_000040049-RA), or
short-term accumulated, like HTA6, HTA3, HTA9, and other histone su-
perfamily proteins (Pr002465_1–Pp016823_1, PITA_000059035-RA,
Pr007105_2, PITA_000067325-RA). Interestingly, some of these histones
were identified as members of the heterotrimeric NF-Y family of
experiment. The first neighbours are shown only in all the cases. (a) Pp005698_3 (NF-YB).
(APFI transcription factor family protein). (e) Pr009668_2 (WD40-repeat transcription
rrelation values. Only those correlations equal or higher, in absolute value, than 0.8 are
d brighter colours and high values to larger sizes and darker colours.



Fig. 8. Analysis of the relative quantity (RQ) in the different experimental situations of the transcripts of some transcription factors found to differentially accumulate under UV and
revealed as relevant by PCA and/or ANOVA. Expression levels are shown regarding the Control and were normalized using ACT and UBI as housekeeping genes. Error bars show the SE
of normalized RQ for each gene and each sample scaled to the control. Different letters indicate statistically significant differences (t-test, p b 0.05). The accessions corresponding to
UniProt and/or our custom Pine database, as well as the family and, in some cases, the name of the transcription factor in brackets are indicated.
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transcription factors (Pp005698_3, Pp004797_2, Pp016823_1,
Pp003764_3, Pp016390_2, PITA_000013079-RA, PITA_000046208-RA,
PITA_000059035-RA, PITA_000040049-RA, PITA_000067325 and
P49592) that upregulate stress responsive genes [68,79,80], including
NF-YB subunits, regulated their expression by BIP3-bZIP. Pp005698_3,
PITA_000013079-RA, PITA_000046208-RA and P49592 were considered
as relevant players of the UV adaptive mechanisms as it was revealed
by ANOVA and multivariate analyses.

Interestingly, HTA9 (Pp003764_3; +1.38-fold in 2 h plants), an
H2A.Z histone that we annotated as NF-YB subunit, showed a high pos-
itive loading in PC2, proposed to represent the mechanisms involved in
the coordinated remodelling of the proteome so as to survive to the
stress, showing its importance in UV stress responses. This was also
the case of Pp005698_3, found to be upregulated at transcriptional
(+3.6-fold) level after 16 h of UV and being relevant in PCA and sPLS
models, although it protein abundance decreseased (−5.26-fold)
pointing to a possible post transcriptional regulation that reduced the
abundance of this protein. HTA9 levels have been correlated to stress re-
sponse genes and their responsiveness and regulation under stressful
conditions [81]. H2A.Z are known to recruit RNA Pol II and enhance its
access to chromatin [82]. NF-YBs do in a similar way in transcription
complexes with different bZIPs [83].

H2AX isoforms (HTA6 and HTA3, short-term accumulated, +1.23-
fold and +1.38-fold respectively) have different roles in gene regula-
tion. HTA6 and HTA3 are related to promote chromatin condensation
[84] and DNA break repair [85] respectively. The initial accumulation
may be necessary for reducing the initial damage that UV is causing to
the DNA until polyphenolic pigments and ELIP proteins [23] constitute
an effective sunscreen.

NF-YB13 expression is upregulated in Brassica [86] and Populus [87]
under salt stress andABA-treatment, and drought stress, respectively. In
the same way, under UVwe observed a longer-term (+3.7-fold in 16 h
plants) accumulation of NF-YB13 (P49592; PITA_000067106-RA) at
protein level, supported by its increased accumulation observed at tran-
scription level. Its biological function remains undetermined, although
everything points its involvement in stress responses, as the other
members of NF-YB family.

These results reinforced our hypothesis about the crucial role of this
family in UV resistance in Pinus radiata, also supported by the correla-
tions that were found between some NF-YBs and myo-inositol and
polyamines pathways, known to be related to stress response [88,89];
the relevance of this transcription factors for UV stress is strongly sug-
gested and determine their specific biological function in the regulation
of chromatin remodelling would be of special interest.

Interestingly APFI andWD40-repeat transcription factors seemed to
link two of the most known phenomena triggered by UV irradiation
[13], the reduction in photosynthesis (showing a negative correlation
to Fv/Fm and QY) and the increased accumulation of photoprotective
pigments, most of them phenolic compounds (positive correlation to
epicatechin and epigallocatechin). These results, considering only
three families of transcription factors, showed the complexity behind
a systemic stress response in a plant system [13], and provide new can-
didates for establishing new regulatory pathways responsive to this
stress.

5. Conclusions

This work showed for first time the dynamics of the nuclear prote-
ome responding to UV stress. The depth of this study, considering the
number of identified and annotated proteins, allowed the depict of
this process, covering sensing and transduction pathways, endoplasmic
reticulummechanisms, and the regulation of chromatin dynamism and
gene expression by histones, histone-like NF-Y, and other transcription
factors previously unrelated to this stress source, as well as the role of
alternative splicing and other mechanism involved in RNA translation
and protein synthesis. Altogether these mechanisms drove, in last
term, to an active remodelling of the proteome, a crucial process for re-
sponse and adaptation to UV stress in Pine that was previously
uncharacterized.

Considering that the exploit of natural variation in Pine species [90]
as one of themost promising tools for tree upgrading programs, the de-
termination of NF-YB13, Pp005698_3 (NF-YB) and Pr009668_2 (WD-
40) as specific gene products involved in stress responsive mechanisms
strongly correlated to the increased accumulation of photoprotective
pigments and to the reduced photosynthesis will introduce a new set
of novel biomarkers for selecting an industry-demanded trait. More-
over, the importance of a whole set of transcription factors that can be
subject of further research were unravelled.

In conclusion, this work showed an improved analytical workflow for
analysing proteome datasets in conditions of lowdatabase representation
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that allowed the first profile of the UV nuclear proteome of a tree species,
contributing to gain a deeper andwider view of nuclei proteome dynam-
ics and its biological relevance aswell as providing a novel set of clear bio-
markers aimed to help breeding programs focused to increase pine
tolerance to UV stress.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.03.003.
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