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a b s t r a c t

Eucalyptus grandis and Eucalyptus globulus are among the most widely cultivated trees, differing in lignin
composition and plantation areas, as E. grandis is mostly cultivated in tropical regions while E. globulus is
preferred in temperate areas. As temperature is a key modulator in plant metabolism, a large-scale
proteome analysis was carried out to investigate changes in the antioxidant system and the lignifica-
tion metabolism in plantlets grown at different temperatures. Our strategy allowed the identification of
3111 stem proteins. A total of 103 antioxidant proteins were detected in the stems of both species. Hi-
erarchical clustering revealed that alterations in the antioxidant proteins are more prominent when
Eucalyptus seedlings were exposed to high temperature and that the superoxide isoforms coded by the
gene Eucgr.B03930 are the most abundant antioxidant enzymes induced by thermal stimulus. Regarding
the lignin biosynthesis, our proteomics approach resulted in the identification of 13 of the 17 core
proteins involved in this metabolism, corroborating with gene predictions and the proposed lignin
toolbox. Quantitative analyses revealed significant differences in 8 protein isoforms, including the fer-
ulate 5-hydroxylase isoform F5H1, a key enzyme in catalyzing the synthesis of sinapyl alcohol, and the
cinnamyl alcohol dehydrogenase isoform CAD2, the last enzyme in monolignol biosynthesis. Data are
available via ProteomeXchange with identifier PXD005743.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

According to the Food and Agriculture Organization of the
United Nations (FAO), planted forests correspond to a global area of
approximately 264mi hectares, most of them comprising Pinus and
Eucalyptus species (Del Lungo et al., 2006). Within the economi-
cally important Eucalyptus plants, Eucalyptus grandis is probably
one of the most planted and economically important species due to
its fast growth rate and adaptability to different climate conditions.
Recently, the landmark genome sequencing of a woody perennial
organismwas accomplished (Myburg et al., 2014) paving theway to
explore the genetic information regarding the growth and the
metabolic responses in E. grandis and in closely related species.

After water deficit, high and low temperatures are among the
most influential stresses limiting plant productivity (Boyer, 1982;
logia, Universidade Estadual
of. Paulo Donato Castellane,

buena).
Cramer et al., 2011). Although not representing the first line of re-
sponses against thermal stress, reactive oxygen species (ROS)
generation is a common phenomenon used against plant abiotic
stresses. As the production of ROS at high levels may negatively
affect the cellular machinery, it has to be rapidly degraded to
counteract potential damages induced by those unstable molecular
species. Common enzymatic scavengers of plant ROS are well
described and include the enzymes superoxide dismutase, ascor-
bate peroxidase, glutathione peroxidase and catalase (Apel and
Hirt, 2004; Das and Roychoudhury, 2014; Foyer, 2005).

Due to their crucial impact on plant metabolism, temperature
regions are a worldwide and locally limiting factor for crop plan-
tations, including planted forests. Eucalyptus plant distribution is
based on climate zones, where the species E. grandis and its hybrids
are mostly cultivated in tropical regions and the species Eucalyptus
globulus is preferred for cultivation in temperate areas (Potts, 2004;
Dasgupta et al., 2015). As the latter is a cold tolerant hardwood tree
with major economical importance, the molecular responses
induced by low temperature have been explored. Using a qRT-PCR
strategy, Fern�andez et al. (2010) observed a differential regulation
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Fig. 1. Correlation between proteomics data and the Eucalyptus grandis genome
structure as described by Myburg et al. (2014). Chromosome identities are indicated by
the outermost numbers. a, gene density per 1 megabase (Mb) range; b, expressed gene
density (number of identified proteins, blue peaks) and expressed gene variants
(number of identified isoforms per locus, red peaks) per 1 Mb range; c, proteome-
based genomic coverage for each proposed chromosome. Figure adapted from
Myburg et al. (2014). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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of the genes ELIP (early light-inducible protein), NCED (9-cis-
epoxycarotenoid dioxygenase) and GS (galactinol synthase) in
E. globulus plants exposed to cold. Gamboa et al. (2007) isolated a
CBF (cold-binding factor) cDNA clone from E. globulus plants after
exposure to low environmental temperatures, while Fern�andez
et al. (2012) observed the upregulation of three dehydrin genes
during cold acclimation. Although these targeted gene expression
studies have been used to understand E. globulus responses to
thermal stress, there are no reports on large scale technologies used
to unveil this phenomenon.

In addition to the low-temperature tolerance trait, E. globulus
plant cell walls differ from other Eucalyptus species as its lignin
polymer presents a different composition in terms of the p-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) subunits. As the
ratio of S (doublymethylated, on the 3- and 5-hydroxyl moieties) to
G (singly methylated, on the 3-hydroxyl group moiety) subunits
dictates the degree of lignin condensation, the high S/G ratio in
E. globulus lignin is an attractive feature for cell wall degradation
during paper and pulp production (Araújo et al., 2014a, 2014b;
Bhuiya and Liu, 2010; Araújo et al., 2014b). However, a deep un-
derstanding of all steps involved in Eucalyptus lignin biosynthesis
is essential prior to any attempts to engineer plant cell walls in this
genus. Recently, Carocha et al. (2015) carried out a deep analysis of
the core genes involved in the lignin biosynthesis of the closely
related species E. grandis, using RNA-seq high-throughput expres-
sion profiling combined with real-time quantitative PCR.

Due to its potential to provide insights into the proteins that
were effectively decoded from the plant's genome, shotgun prote-
omics technologies were used here to study changes in the gene
expression of E. globulus and E. grandis induced by cultivation in
different temperatures, with a focus on profiling ROS-related pro-
teins and lignin plant cell wall-related enzymes.

2. Results and discussion

2.1. Proteome data correlates with Eucalyptus grandis genomic
architecture

Advances in large-scale nucleotide sequencing have tremen-
dously increased the acquisition and the exploitation of plant
proteome information. Although peptide de novo sequencing is a
powerful and database-independent approach, fragment spectral
mining against reference databases is still the most widely adopted
strategy in the proteomics field. Eucalyptus genome sequencing
initiatives were first launched in the early 2000s and set a mile-
stone for forest tree biotechnology: the E. grandis draft genome
data, a 640-megabase sequence, was assembled into 11 main
chromosome linkage groups (Myburg et al., 2014). This high-
quality reference is a valuable genetic resource for studies
involving gene expression. As proteomics stands out from other
large-scale approaches due to its capacity to target the final prod-
ucts of the genome information path, we firstly attempted to
correlate protein abundance profile, obtained from gene encoded
proteins identified herein (Tables 1Se30S), with the chromosome
gene density pattern proposed by Myburg et al. (2014). The gene
expression profile, in terms of the number of identified proteins,
corroborated the gene density pattern for each of the 11 Eucalyptus
chromosomes (Fig. 1).

The highest number of translated proteins, within a 1 megabase
(Mb) genomic range, was detected in chromosomes 6 and 9,
corroborating the high gene density suggested for upstream posi-
tions of those chromosomes. Additionally, the 1 Mb expression
profile ranges from proteins encoded by chromosomes 3 and 5 also
reflected the gene distribution suggested for those large but gene-
poor chromosomes. Genomic positions of the genes coding for the
protein isoforms are also in accordance with gene density patterns
for all suggested chromosome linkage groups, where high gene
density regions tend to express the highest number of genomic
variants. Genomic coverage, in terms of identified gene products,
reflected the gene distribution across Eucalyptus chromosomes. As
a consequence of the physicochemical properties of proteins and
the analytical strategies we used, the highest sequence coverage
was achieved for chromosomes harboring the highest number of
gene sequences (chromosomes 1, 9 and 10), while chromosomes 3
and 5 contained the lowest number of identified genes. Overall,
proteomics-based gene expression analysis corroborated with the
genomic architecture and the gene spatial distribution suggested
by Myburg et al. (2014), providing proper support for comparative
proteome analyses between the Eucalyptus species described here.
2.2. Eucalyptus antioxidant sub-proteome is regulated by thermal
stimulus

Reactive oxygen species (ROS) are key elements in plant stress
responses. Ascorbate peroxidase (APX), glyoxalase (GLX), gluta-
thione peroxidase (GPX), peroxiredoxin (PRX), superoxide dis-
mutase (SOD), thioredoxin (TRX) and catalase (CAT) are the most
common antioxidant enzymes in plant cells (Foyer, 2005;
Hasanuzzaman et al., 2012; Choudhury et al., 2013). In Eucalyptus
species, E. dunnii plants grown at 4 �C showed an increase of 25% in
CATactivity after 3 h of stress exposure (Liu et al., 2014). An increase
in the expression of CAT was confirmed through a large-scale
transcriptome analysis where the authors detected a two-fold in-
crease in CAT-related transcripts after 24 h of treatment. Using
shotgun proteomics coupled with stringent database mining
against E. grandis genome coded proteins, we identified 103 ROS-
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related proteins in E. globulus and E. grandis stems. Although not
statistically significant, a combined analysis of the expression of all
antioxidant-related proteins in E. globulus plantlets indicates a
higher oxidative metabolism in plants grown at high temperature
(HT) than in relation to those grown at low temperature (LT)
(Fig. 2). Contrarily, no difference was found in E. grandis plants
grown at different temperatures, suggesting that the E. globulus
species may be more sensitive to those temperature changes than
the close relative E. grandis. The increased expression of antioxidant
enzymes detected in E. globulus stems grown at HT corroborates
with the results of the study carried out by Macfarlane et al. (2002),
from which a maximum growth rate of E. globulus seedlings was
detected at 25 �C, a temperature in which an increase in the
respiration rates is counterbalanced by a decrease in the carbon
conversion efficiency.

Thioredoxin was found to be the enzyme with the highest
number of identified protein isoforms (38) associated with a
particular gene family in the Eucalyptus stem antioxidant sub-
proteome (Table 31S). From all of the 38 TRX protein isoforms,
18 were identified as isoforms of only six genes, which include
Eucgr.B02223, Eucgr.F02962, Eucgr.K02606, Eucgr.K03198,
Eucgr.H02332, Eucgr.K03531. For the gene loci Eucgr.H02332 and
Eucgr.K03531, four protein isoforms were identified; the latter
was detected in all Eucalyptus samples and with a predicted
localization in the reticulum endoplasmic compartment, which
suggests a constitutive role of these proteins in the protein folding
mechanism. Other proteins involved in redox processes were also
identified in a large number of copies. Superoxide dismutase, an
enzyme involved in reducing superoxide radicals, accounted for
18 protein species encoded by 7 different genes. The highest
number of protein isoforms was identified for the gene
Eucgr.K00110, from which encoded proteins were highly abun-
dant in both Eucalyptus species and described as exclusively
localized in the chloroplasts.

In silico sub-cellular predictors (e.g., Predotar, WofPsort, PPDB,
SUBA) indicated that 53 proteins were localized in the stem chlo-
roplasts, a major cellular source of ROS in plants (Fig. 3). The hier-
archical clustering of chloroplastic and mitochondrial antioxidant
proteins suggests a closer proteome regulation profile between
E. globulus plants exposed to LT and medium temperature (MT)
than in relation to the HT sub-proteome. Although the regulation
profile of the antioxidant mitochondrial proteome in E. grandis
stems suggests a close relation across all temperature treatments,
E. grandis plants exposed to LT and HT showed a closer sub-
Fig. 2. Protein abundance (in terms of NSAF) of Eucalyptus globulus and Eucalyptus
grandis antioxidant-related proteins.
proteome expression profile compared to those grown at MT for
the chloroplastic sub-proteome. These differential antioxidant re-
sponses between the Eucalyptus species are in accordance with the
distinguishing use of these species in tropical or temperate plan-
tation areas, suggesting the recruitment of characteristic antioxi-
dant machinery when E. globulus and E. grandis plants are
cultivated in higher or milder temperatures, respectively.

Superoxide dismutase (SOD) Eucgr.B03930, TRX Eucgr.K02606
and the GRXs Eucgr.I01764 and Eucgr.I01760, all genes encoding
chloroplastic proteins, were those with the highest expression
profiles constitutively expressed in all treatments in both Euca-
lyptus species (Fig. 3). Similarly, APX Eucgr.B02456, PRX
Eucgr.B01112 and TRX Eucgr.A01555 genes, which encode mito-
chondrial proteins, were also found to be highly expressed in the
Eucalyptus stems upon thermal treatments. As a general rule,
protein isoforms of themitochondrial and chloroplastic antioxidant
system presented the same regulation profile across treatments.
However, the protein SOD Eucgr.B03930.1 presented a specific
abundance trend, being hierarchically clustered in a different group
from the other isoforms from the gene Eucgr.B03930. While five
chloroplastic isoforms derived from the gene Eucgr.B03930 were
found to be highly accumulated in all thermal treatments in both
Eucalyptus species, the variant Eucgr.B03930.1 was identified only
in E. grandis stems cultivated at LT and HT. This unique regulation
profile suggests the specific recruitment of this isoform to counter-
balance superoxide damage in E. grandis chloroplasts after high
thermal stimulus. Due to its high abundance in both Eucalyptus
species, we carried out a dedicated comparative analysis of the
Eucgr.B03930 isoforms. We found a very similar response profile
for all protein isoforms, as indicated by the clustering, and signifi-
cant differences in the abundance of Eucgr.B03930.2,
Eucgr.B03930.3, Eucgr.B03930.4 and Eucgr.B03930.5 between
E. grandis and E. globulus cultivated under HT treatment (Fig. 4),
corroborating the hypothesis that E. globulus is more sensitive to a
high temperature stimulus than E. grandis and that SOD gene
products play an important role in the antioxidant response.

Peroxidases are also known to play an important role in the
antioxidant metabolism. In the present work, we identified 30
peroxidase isoforms in the Eucalyptus stems: 14 APXs, 09 GPXs and
07 TPXs/PRXs. The importance of the antioxidant metabolism in
E. grandis and E. globulus stems may be exemplified by the
expression redundancy of the 14 APX isoforms found to be coded
by only 07 genes (Eucgr.A01180, Eucgr.B02456, Eucgr.E00760,
Eucgr.F00373, Eucgr.F04344, Eucgr.I01408 and Eucgr.J00965).
Although most APX isoforms were identified in both species after
all thermal treatments, isoform Eucgr.E00760.1 was only detected
in E. globulus grown in high temperature. The isoform
Eucgr.I01408.2 also showed a preferential expression in E. globulus
stems but only in plants grown in the low temperature environ-
ment. Similarly, two GPX isoforms of the gene Eucgr.C02602 were
not identified in E. grandis plants and were only identified in
E. globulus stems after low temperature treatment.

Thioredoxins are small-sized proteins with the ability to reduce
other protein species due to the presence of two cysteine residues
in the canonical active site motif (Martí et al., 2009; Meyer et al.,
2005; Pfalz et al., 2012; Goodstein et al., 2012). Interestingly, the
Eucgr.C00774.1 and Eucgr.H00536.1 proteins were identified in
both stems of E. grandis and E. globulus plants and annotated as
nuclei TRX (Table 31S). Although the former did not show expres-
sion differences across the assayed thermal treatments and be-
tween the Eucalyptus species, the latter was over-induced in stems
of E. grandis grown at LTand HT in relation to those cultivated atMT.
Nuclei localization of thioredoxins was already observed in other
plant species (Martí et al., 2009; Serrato et al., 2001; Pulido et al.,
2009). However, the exact role of this of protein family within the



Fig. 3. Mitochondrial and chloroplastic antioxidant enzymes identified in Eucalyptus grandis and Eucalyptus globulus seedlings grown at LT, MT and HT as described in the Materials
and methods section. Identified proteins were clustered according to their relative expression and their predicted sub-cellular localization. In silico predictors were used to identify
the sub-cellular location of identified proteins.
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plant nuclei remains unknown. Nuclei TRX may be directly
involved in gene expression regulation or indirectly involved in the
expression of specific genes by controlling ROS levels inside plant
nuclei. Serrato and Cejudo (2003) observed a predominant nuclei
subcellular localization of thioredoxins in wheat seeds stimulated
by oxidative stress, while Pulido et al. (2009) identified TRX
involvement in the regulation of transcription factors upon oxida-
tive stress. Marchal et al. (2014) identified a novel nuclei TRX sys-
tem involved in pollen fertility in Arabidopsis plants. Induction of
nuclei TRX in E. grandis plants may be related to its higher adap-
tation to different climate conditions compared to the closely
related species E. globulus. However, the nuclei signaling cascade
induced by temperature stimulus and the target genes that may be
regulated by this abiotic stress still deserve further study in Euca-
lyptus species.
2.3. Differences in the Eucalyptus lignification metabolism revealed
by thermal stimulus

After cellulose, lignin is the most abundant organic compound
on Earth (Boerjan et al., 2003). Lignin is synthesized by the oxida-
tive polymerization of three precursors (p-coumaryl, coniferyl and
sinapyl alcohols), which are also referred as lignin monomers or
monolignols. Once these precursors are released in the cell wall,
they become oxidized by laccases and peroxidases and then un-
dergo oxidative combinatorial coupling (Cesarino et al., 2012).



Fig. 4. The differential abundance of the superoxide dismutase Eucgr.B03930 isoforms
identified in between Eucalyptus globulus and Eucalyptus grandis stems. Significant
differences were determined according to the Kruskal-Wallis test at 1% confidence.
Treatments: LT, low temperature; MT middle temperature; HT, high temperature.
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Upon incorporation into the lignin backbone, these precursors are
then referred to as p-hydroxyphenyl (H), guaiacyl (G) and syringyl
(S) units. The lignin monomers differ in the degree of methox-
ylation in their aromatic ring (Boerjan et al., 2003), and, thus,
depending on the lignin composition, the recovery of cellulose may
be affected by its native composition.

Using the proteomics strategy described here, we identified and
quantitatively profiled 27 protein isoforms potentially involved in
the lignin biosynthesis in the target species. Recently, Carocha et al.
(2015) carried out a genome-wide survey of the genes involved in
Fig. 5. Lignin biosynthetic pathway. Enzymes (E.C. numbers) and corresponding isoforms (ac
indicated as colored circles. Enzyme abbreviations: PAL, phenylalanine ammonia-lyase; C4
CoA:quinate/shikimate p-hydroxycinnamoyltransferase; C3H, p-coumarate 3-hydroxylase;
cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; COMT, caffeic acid O-m
colour in this figure legend, the reader is referred to the web version of this article.)
the monolignol biosynthesis and identified 38 E. grandis genes
belonging to bona fide lignin clades. Additionally, by using different
treatments with the goal of inducing lignification and studying
changes in the expression of those genes, they suggested the direct
involvement of 17 gene products in Eucalyptus xylem lignification.
This set of genes was labeled by the authors as the lignification
toolbox. Our proteomics approach resulted in the identification of
13 of the 17 lignification-related genes (Figs. 5 and 6). The only
proteins not identified were those coded by the genes EgrC4H2,
EgrC30H4, EgrCAD3 and EgrCCR1, a unique representative of the
cinnamoyl CoA reductase (CCR) clade. Thosemissing identifications
could be a consequence of the technical challenges faced by the
proteomics community to successfully extract, solubilize and ac-
quire mass spectrometer data from non-model organisms with the
goal of achieving a deep coverage of the complex and dynamic
cellular proteome in a single shot. Additionally, we need to
emphasize the potential existence of variants not previously
described for the studied species, which contain amino acid poly-
morphisms not predicted in the genome used here for database
searching.

From the nine phenylalanine ammonia-lyase (PALs) isoforms
suggested in the 38 bona fide genes, we identified eight in our
proteome analysis, including the isoforms PAL3 and PAL9 that were
suggested as directly related to lignin biosynthesis (Fig. 5). The
protein abundance of both isoforms was increased in the high and
low temperature treatments for E. globulus and E. grandis species;
those differences were more prominent for E. globulus stems grown
in the LT environment. As the enzyme PAL plays a dual role in the
lignin and other phenylpropanoid biosyntheses, changes in the
abundance of PAL isoforms, as shown here (Figs. 5 and 6), cannot be
categorically determined as involved in the lignification process.
However, it is possible to affirm that those isoforms may be
cession numbers) identified in the Eucalyptus globulus and Eucalyptus grandis stems are
H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; HCT, p-hydroxycinnamoyl-
CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR,
ethyltransferase; F5H, ferulate 5-hydroxylase. (For interpretation of the references to



Fig. 6. The relative abundance of the enzymes involved in Eucalyptus lignin biosynthesis. Abundance data are shown in terms of NSAF. Treatments: LT, low temperature; MT:
middle temperature; HT: high temperature. Enzyme abbreviations: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; HCT, p-
hydroxycinnamoyl-CoA:quinate/shikimate p-hydroxycinnamoyltransferase; C3H, p-coumarate 3-hydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA O-meth-
yltransferase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; COMT, caffeic acid O-methyltransferase; F5H, ferulate 5-hydroxylase. Underlined protein
isoforms denote the gene products indicated by Carocha et al. (2015) as those directly involved in the Eucalyptus lignin biosynthesis. Red and green squares represent significant up-
and down-regulation, respectively, according to the Kruskal-Wallis (p < 0.01). Gray squares indicate the absence of significant difference according to the Kruskal-Wallis (p < 0.01).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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involved in temperature responses in stems of E. globulus and
E. grandis. In accordance with the regulation data obtained for the
PAL isoforms, quantitative data of the cinnamate 4-hydroxylase
(C4H) enzyme indicates a stimulation of the lignin/phenyl-
propanoid biosynthetic path when plants are cultivated at 10 or
32 �C.

The first differences in the abundance of the lignification-related
enzymes between E. globulus and E. grandis were detected for the
enzymes 4-coumarate:CoA ligase (4CL) and p-coumarate 3-
hydroxylase (C3H). In E. globulus stems, 4CL1 was down-regulated
when the plants were exposed to high temperature. In the same
manner, the C3H3 isoform was also found to be down-regulated
when E. globulus plants were exposed to high temperature treat-
ment. Oppositely, 4CL1 was up-regulated in E. grandis stems culti-
vated in the same conditions while no C3Hmass spectrometric data
were acquired for this isoform (Fig. 6). It is important to note that
the absence of identification is not an evidence of the lack of gene
expression but a suggestion that this gene product was present in
such a low number of copies that it hampered a confident identi-
fication by the analytical technique used here.

One of the first enzymes involved in the lignin biosynthesis, a
branch from the general phenylpropanoid pathway, is the enzyme
hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase
(HCT). In the present work, we identified both HCT isoforms
directly involved in the lignification process. The abundance of the
HCT5 isoform was increased when both plant species were culti-
vated at high temperature. Although we did not detect the isoform
HCT4 in the E. grandis stems, this isoform showed an opposite
profile, in relation to the other protein variant, as an up-regulation
was observed in E. globulus stems only when plants were cultivated
at low temperature. Methylation in the Eucalyptus lignification
pathway is catalyzed by the enzymes CCoAOMT1, CCoAOMT2 and
COMT1. From our proteomics data, similar regulation profiles were
observed for those isoforms in E. globulus and E. grandis plants after
growth in different thermal conditions and, thus, from our data, no
biological significance could be drawn based on the abundance of
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these enzymes.
Historically, the caffeoyl shikimate esterase (CSE) is the latest

enzyme identified in lignin biosynthesis (Vanholme et al., 2013).
The importance of CSE was recently highlighted for lignification in
all plant species since loss of function mutants of Medicago trun-
catula were profoundly affected during growth, while no CSE
orthologs were found in the grasses Brachypodium distachyon and
Zea mays (Ha et al., 2016). CSE catalyzes the synthesis of caffeoyl
shikimic acid to caffeic acid, which is then converted to caffeoyl-
CoA by 4CL through a bypass of the HCT activity. The CSE enzyme
was initially found in cse deficient mutants of Arabidopsis thaliana,
and it was suggested as an alternative pathway for caffeoyl-CoA.
Our data confirm the expression of the CSE in a Eucalyptus or-
ganism and indicate a higher abundance in the species E. globulus in
relation to E. grandis.

Due to their similar structures, monolignol biosynthesis de-
pends mostly on the activity of the same set of enzymes. However,
the ferulate 5-hydroxylase (F5H) is a key enzyme in catalyzing the
synthesis of sinapyl alcohol and, consequently, S lignin moieties.
Due to its specific position in the lignin biosynthesis, changes in the
abundance or activity of this enzyme may result in increased
biosynthesis of S or G monolignols. Our proteome data shows a
clear distinction in the abundance of the F5H1 isoform between
E. globulus and E. grandis stems. The E. globulus plants grown under
controlled conditions (MT) show a constitutive higher abundance
of F5H1 in relation to E. grandis stems. Such a difference corrobo-
rates with the reported high S/G ratio in E. globulus in relation to the
E. grandis lignin matrix. It is interesting to note that changes in the
abundance of this isoform are pronounced in E. grandis stems
depending on the applied thermal stimulus. High temperature
treatment resulted in an expressive increase in the abundance of
this variant (Fig. 6). Although the up-regulation of a single enzyme
may not be sufficient to result in a phenotypic alteration, F5H1 may
be considered a key target for genetic engineering aiming at an
increase in the recovery of E. grandis cellulose from the ligno-
cellulose matrix.

Finally, the cinnamyl alcohol dehydrogenase (CAD), an enzyme
involved in the reduction of hydroxycinnamyl aldehydes to their
corresponding alcohols and the last known enzyme in the mono-
lignol biosynthesis, showed a contrasting regulation profile be-
tween the studied species. While the biosynthesis of CAD2 was
repressed in E. globulus stems from plants grown at high temper-
ature; abundance of this protein variant was increased in E. grandis
stems from plants cultivated at high temperatures. The exact
reasonwhy CAD2 showed this contrasting regulation profile cannot
be concluded based on our proteomics experiment. However, the
mandatory and ubiquitous role of CAD2 in monolignol biosynthesis
suggests a higher lignin accumulation in E. globulus plants grown at
low temperature than in plants grown at high temperature.
Contrarily, E. grandis plants should potentially accumulate more
lignin in stems when grown in high temperature climates.
Although we did not carry out a lignin assay to measure the
abundance of this metabolite in the evaluated species under the
conditions proposed in the present work, preferential usage of one
of those species in tropical or temperature climate regions cor-
roborates our findings regarding the CAD2 abundance profile.

3. Concluding remarks

To our knowledge, this study is the most comprehensive pro-
teomics study carried out in the Eucalyptus genus. The results
presented here suggest differential antioxidant response mecha-
nisms between E. globulus and E. grandis species and that those
differences are more prominent when plants are exposed to a high
temperature stimulus. Identification and quantification of most of
the core lignification toolbox allowed us to pinpoint changes
induced by the abiotic stress evaluated here. Considering all
quantification data from the proteins described in the protein
dataset, it can be inferred that the lignin biosynthetic path is
stimulated in E. globulus plants grown at low temperature, while
the E. grandis lignin biosynthetic path is induced upon growth in
high temperature environments. Finally, it is important to mention
that protein identities described here, as specific gene products, can
be used tomonitor or engineer plants for the purpose of obtaining a
higher lignocellulose yield.

An Excel file containing all protein identifications and mass
spectrometer data is available for download (Tables 1Se30S). The
mass spectrometry proteomics data have also been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD005743.

4. Experimental procedures

4.1. Plant material and growth conditions

Eucalyptus globulus and Eucalyptus grandis seeds were obtained
from a local nursery, germinated in a mixture of sand and soil (1:1,
v/v) and grown in 0.5 L pots under regular greenhouse conditions
until they grew 5e6 fully expanded leaves. Then, they were
transferred to temperature-controlled chambers where they were
cultivated at 10 �C, 22 �C and 32 �C for five weeks, designated
henceforth as low temperature (LT), medium temperature (MT) and
high temperature (HT), respectively. During this period, plants
were watered every other day. Chambers were adjusted to receive
10 h of light, which was provided by a set of blue and red light-
emitting diodes (LED, 250 mmol photons m2.s�1). After five weeks
of treatment, leaves were removed and the stems were quickly
chopped with scissors before being frozen in liquid nitrogen. Plant
materials were stored at �80 �C prior to sample processing.

4.2. Protein extraction

Stem proteins were extracted according to the protocol origi-
nally proposed by Hurkman and Tanaka (1986). Aliquots of 1 g were
transferred to clean tubes and 4 mL of extraction buffer (500 mM
Tris, 50 mM EDTA, 700 mM sucrose, 100 mM KCl and 1% beta-
mercaptoethanol, pH 8.0) were added to the material. After a
1 min incubation, an equal volume of equilibrated phenol solution
(Sigma-Aldrich) was added to the extract and homogenized for
5 min at 4 �C. Organic and aqueous phases were separated by
15 min of centrifugation at 3,200g. Proteins were recovered by
adding 10 mL of 0.1 M ammonium acetate in methanol into the
transferred upper phase. Overnight precipitation was carried out
at�20 �C and the pellets were obtained by centrifugation at 3,200g
for 15 min at 4 �C. Prior to resuspension, protein pellets were
washed twice with 2 mL of cold acetone, followed by 3,200g
centrifugation for 15 min. Finally, proteins were resuspended in
100 mL of sample buffer (125 mM Tris pH 6.8, 20% glycerol, 1% SDS
and 1% DTT) prior to Bradford assay (Bradford, 1976).

4.3. Polyacrylamide gel electrophoresis and protein digestion

Aliquots of 50 mg of stem proteins were separated under dena-
turing conditions through gel electrophoresis. For this separation,
an equal volume of loading buffer (125 mM Tris pH 6.8, 20% glyc-
erol, 1% SDS, 1% DTT) was added to the sample buffer and the
mixture was boiled for 5 min. Discontinuous gel electrophoresis
was carried out at 20 mA per gel for 2 h. Protein bands were
visualized by Coomassie G-250 staining. In-gel digestions of pro-
teins separated by SDS-PAGE were carried out by slicing the entire
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gel lane into five segments and digesting each segment separately
according to the protocol proposed by Shevchenko et al. (2006).
Protein digestion was carried out for 16 h at 37 �C by adding 2 mg of
trypsin in each tube. Tryptic peptides were eluted from the gel
matrix for 2 h using a 5% formic acid solution in 100% ACN (1:2, v/v)
and then dried down under vacuum centrifugation.

4.4. Mass spectrometer analyses

Tryptic peptides were separated by reverse phase liquid chro-
matography using a 15 cm in-house nanocolumn (75 mm i.d. packed
with Magic 18AQ particles, 5 mm, 200 Å). A 60 min gradient, from
5% to 80% of 0.1% formic acid in acetonitrile, was used for peptide
separation at a constant flow rate of 300 nL/min. Mass spectrom-
eter analyses were carried out using a Q-Exactive (Thermo Fisher
Scientific) instrument operated in the positive ion mode. Mass
spectra acquisition was performed in a data-dependent mode with
cycles consisting of one full scan (400e2000 m/z) at 70,000
(FWHM) followed by ten data-dependent scans at 35,000. Peptide
fragmentationwas obtained by HCD fragmentation using a stepped
collision energy equal to 35 (±5%). Singly charged ions were
excluded from fragmentation events and peptide ions selected for
fragmentation were dynamically excluded for 60 s.

4.5. Protein identification and data analyses

Protein identification was carried out using the spectral corre-
lation approach. For this approach, Eucalyptus grandis protein se-
quences were downloaded from the Phytozome website
(Goodstein et al., 2012) and concatenated with reverse sequences
to obtain a searchable database comprising 85,874 entries.
Stringent-database searches were carried out by the Comet search
engine (Eng et al., 2013) using the following amino-acid mass
modifications: cysteine carbamidomethylation and methionine
oxidation as static and dynamic modifications, respectively. Pre-
cursor mass tolerance of 10 ppm was used during stringent data-
base searches. All suggested peptide-spectrum matches were
filtered using the software SePro (Carvalho et al., 2012), adjusted for
a 1% false-discovery rate. Primary and secondary scores, delta CN
and the number of peaks matched were using in the calculation of
the Bayesian score. A minimum length of six amino acids was
required for peptide identifications and for the proteins described
by only one identified peptide a Bayesian score of 2.5 was
mandatory. Proteins sharing common peptides were grouped ac-
cording to the principle of maximum parsimony with the care of
avoiding double counting the PSMs for the shared peptides. Protein
abundance within each group was evaluated using the NSAF
approach (Paoletti et al., 2006). Differential regulation was only
considered for proteins presenting a significant abundance differ-
ence for the Kruskal-Wallis statistical test at a confidence level of
1%. For each treatment and species, five biological replicates were
used, each comprising five young plant stems.
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