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Summary

« Lignin, a major component of secondary cell walls, hinders the optimal processing of
wood for industrial uses. The recent availability of the Eucalyptus grandis genome
sequence allows comprehensive analysis of the genes encoding the 11 protein families
specific to the lignin branch of the phenylpropanoid pathway and identification of
those mainly involved in xylem developmental lignification.

e We performed genome-wide identification of putative members of the lignin gene
families, followed by comparative phylogenetic studies focusing on bona fide clades



inferred from genes functionally characterized in other species. RNA-seq and
microfluid real-time quantitative PCR (RT-qPCR) expression data were used to
investigate the developmental and environmental responsive expression patterns of
the genes.

o The phylogenetic analysis revealed that 38 E. grandis genes are located in bona fide
lignification clades. Four multigene families (shikimate O-
hydroxycinnamoyltransferase (HCT), p-coumarate 3-hydroxylase (C3H), caffeate/5-
hydroxyferulate O-methyltransferase (COMT) and phenylalanine ammonia-lyase
(PAL)) are expanded by tandem gene duplication compared with other plant species.
Seventeen of the 38 genes exhibited strong, preferential expression in highly lignified
tissues, probably representing the E. grandis core lignification toolbox.

o The identification of major genes involved in lignin biosynthesis in E. grandis, the
most widely planted hardwood crop world-wide, provides the foundation for the
development of biotechnology approaches to develop tree varieties with enhanced
processing qualities.

Key words: Eucalyptus, lignin biosynthesis, phenylpropanoid pathway, secondary cell wall,
xylem.

Introduction

Lignin, the most complex polyphenolic heteropolymer on earth and the second most
abundant biopolymer after cellulose, represents as much as 30% of the total biomass
produced in the biosphere and, as a consequence of its recalcitrance to biodegradation, it is a
major form of fixed carbon storage (Boerjan et al., 2003; Boudet et al., 2003). Predominantly
found in the secondary cell walls of xylem, lignin has played a crucial role in the emergence
of vascular plants and their transition to terrestrial habitats (Weng & Chapple, 2010). It has
fundamental biological roles such as conferring mechanical rigidity, imperviousness, water
conductivity and resistance to biodegradation and it has important functions in defense
mechanisms (Bhuiyan et al., 2009). Lignin is produced by the oxidative polymerization

of three p-hydroxycinammyl alcohol precursors also called monolignols, which differ in the
degree of methoxylation in their aromatic ring (Boerjan et al., 2003). The three main
hydroxycinnamyl alcohols (p-coumaryl, coniferyl and sinapyl alcohols) give rise to p-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, respectively. Lignin content and
composition vary greatly within and between species, among tissues and organs of the same
plant (Plomion et al., 2001), in different developmental processes, and in response to external
conditions experienced by plants (Bhuiyan et al., 2009).

Lignin resistance to degradation is a major obstacle for industrial processing of wood such as
during pulp and paper manufacturing, where it requires aggressive and costly chemical
treatments. The huge economic importance of the pulp industry has been a driving force to
decipher the lignin biosynthetic pathway, which has proved more complex and reticulate than
initially thought (reviewed in Grima-Pettenati & Goffner, 1999; Boudet et al., 2003). The
topology of the pathway has been revised several times in recent decades (reviewed in
Humphreys & Chapple, 2002; Boerjan et al., 2003; Ralph et al., 2004; Vanholme et al.,
2010) and new alternative routes are still being discovered such as that involving the recently
described caffeoyl shikimate esterase (CSE; Vanholme et al., 2013). Altogether, 11
enzymatic reactions are implicated in the synthesis of monolignols, which involves the
general phenylpropanoid pathway starting with the deamination of phenylalanine and leading
to the production of hydroxycinnamoyl CoA esters. The enzymes involved in this short

2



sequence of reactions are phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase
(C4H) and 4-coumarate:CoA ligase (4CL). Although lignin is the most abundant
phenylpropanoid derived from the hydroxycinnamoyl-CoA esters, the latter are also the
precursors of a wide range of end products including flavonoids, anthocyanins and condensed
tannins, which vary according to species, cell type and environmental signals (Dixon &
Paiva, 1995). In order to produce monolignols, hydroxycinnamoyl-CoA esters undergo
successive hydroxylation and O-methylation of their aromatic rings (Boerjan et al., 2003)
involving the following enzymatic activities: shikimate O-hydroxycinnamoyltransferase
(HCT); CSE; p-coumarate 3-hydroxylase (C3'H); caffeoyl CoA 3-O-methyltransferase
(CCoAOMT); ferulate 5-hydroxylase (F5H) and caffeate/5-hydroxyferulate O-
methyltransferase (COMT). The conversion of the side-chain carboxyl to an alcohol group is
catalyzed successively by cinnamoyl CoA reductase (CCR) and cinnamyl alcohol
dehydrogenase (CAD), two enzymes considered to be the most specific of the monolignol
biosynthesis pathway.

Eucalyptus species and their hybrids (commonly referred to as ‘eucalypts’) are among the
world's leading sources of woody biomass and are the main hardwoods used for pulp and
timber production given their rapid growth rate, their adaptability to diverse ecological
conditions and their good-quality wood fiber (Myburg et al., 2007; Paiva et al., 2011). In
particular, Eucalyptus grandis and Eucalyptus globulus are the most widely planted
hardwood trees for industrial uses in tropical/subtropical areas and temperate zones,
respectively. The economic importance of these two species has been increasingly reinforced
since traditional interests in pulp and paper production have been extended to the emergent
areas of biofuels and biomaterials. For cellulosic pulp and bioethanol production, lignin has a
negative impact whereas, as a consequence of its high calorific value, it is beneficial for
energy production and for recovering pulping chemicals through combustion in paper mills
(Bozell et al., 2007). In recent decades, the huge economic importance of Eucalyptus wood
has been a driving force to delineate the lignin pathway in this genus. Remarkably, the CCR
gene was first cloned in Eucalyptus gunnii (EQUCCR) and its identity was confirmed
unambiguously by the enzymatic activity of the corresponding recombinant protein
(Lacombe et al., 1997). EQUCCR cDNA was then used as a probe to clone its orthologs in
tobacco (Nicotiana tabacum) (Piquemal et al., 1998), Arabidopsis thaliana (Lauvergeat et al.,
2001) and Populus (Leplé et al., 2007). In line with its key role in controlling lignin content
and composition, EQUCCR was later shown to co-localize with a quantitative trait locus
(QTL) for S : G lignin ratio (Gion et al., 2011). Similar pioneering work, including proof of
enzymatic activity, has been carried out for EQUCAD2 (Grima-Pettenati et al., 1993), which
was the second CAD gene cloned in plants. Other lignin biosynthetic genes have been cloned
in eucalypts (Poeydomenge et al., 1994; Gion et al., 2000) and located on genetic maps (Gion
et al., 2011). However, it is the recent availability of the E. grandis genome (Myburg et al.,
2014) that has provided the opportunity to perform a comprehensive genome-wide analysis of
lignin biosynthetic genes, as reported in the present study. By combining a genome-wide
survey of the genes putatively included in the 11 monolignol gene families with comparative
phylogenetic analysis, we identified 38 E. grandis genes belonging to bona fide clades. High-
throughput expression profiling using both RNA-seq and real-time quantitative PCR (RT-
gPCR) technology was used to identify a core lignification gene set comprising 17 genes
probably involved in developmental xylem lignification in Eucalyptus.



Materials and Methods
In silico identification of E. grandis phenylpropanoid/monolignol genes

A first survey of the phenylpropanoid genes involved in monolignol biosynthesis was
conducted using E. grandis annotation v1.0 in phytozome v7.0, and then refined using
annotation v1.1 in phytozome v8.0 (http://www.phytozome.net/eucalyptus.php). A
combination of keywords and BLASTp searches (using as queries proteins from Arabidopsis
thaliana and Populus trichocarpa) allowed retrieval of 175 predicted E. grandis protein
sequences that were used to generate large comparative phylogenetic trees including protein
sequences from Populus trichocarpa, Vitis vinifera, Arabidopsis thaliana and Oryza sativa
(Supporting Information Figs S1-S6). To define the bona fide clades in E. grandis (i.e. clades
with homologs of genes that have been experimentally verified to be involved in xylem cell
lignification), we included sequences of bona fide enzymes proved to have true enzymatic
activity/biological function. To do this, we performed an extensive literature survey,
summarized in Table S1. For E. grandis short name gene nomenclature, we adopted a
species-related prefix (Egr) followed by the multigene family abbreviation (Table S2). The
numbering prioritized E. grandis orthologs of bona fide lignification genes from other species
described in the literature. The remaining family members were numbered sequentially
according to their position on the 11 main chromosomes. Manual curation of the retrieved

E. grandis sequences was performed whenever necessary, resulting either in the correction of
some gene models or in the elimination of truncated predictions. Gene models were plotted
according to their physical position in the 11 chromosome scaffolds of E. grandis using
mapchart 2.2 (Voorrips, 2002).

Phylogenetic analyses

Phylogenetic relationships among selected sets of predicted primary transcripts (Table S3)
were analyzed separately for each multigene family. The protein sequences were first aligned
using the mafft online program (Katoh et al., 2002) using the default settings. The trees were
computed and assembled in mega5 (Tamura et al., 2011) using the maximum likelihood
method based on the JTT matrix-based model (Jones et al., 1992). Bootstrap-supported
consensus trees were inferred from 1000 replicates (Felsenstein, 1985). Branches with < 50%
bootstrap support were collapsed. The initial tree(s) for the heuristic search was obtained
automatically as follows: when the number of common sites was < 100, or less than one-
fourth of the total number of sites, the maximum parsimony method was used; otherwise the
BIONJ algorithm with the Markov Cluster (MCL) distance matrix was used. The trees were
drawn to scale with branch lengths measured in terms of the number of substitutions per site
and were graphically displayed in the form of a radiating phylogenetic tree. Protein sequence
identity, similarity and global similarity matrixes were generated using the sias online tool
(http://imed.med.ucm.es/Tools/sias.html). Matrixes were generated involving only the

E. grandis family members or involving all the proteins selected for the construction of the
bona fide protein phylogeny trees (Table S4).

Microfluid RT-gPCR expression analysis

RT-qPCR was performed using a ‘developmental tissue’ panel comprising 12 samples
collected from fruit capsules, floral buds, shoot tips, roots, young leaves, mature leaves,
cambium-enriched fractions, developing secondary xylem, secondary phloem, and primary

and secondary stems. In addition, we used a panel of ‘contrasting xylem samples’ consisting
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of juvenile vs mature xylem, tension vs opposite xylem and high vs limiting nitrogen
fertilization. We also included stems, leaves and roots of young eucalypt trees subjected to
cold treatments. Plant material description, RNA extraction and cDNA synthesis were
previously reported in Cassan-Wang et al. (2012), Soler et al. (2014) and Camargo et al.
(2014). Transcript abundance was assessed by microfluid qPCR using the BioMark® 96.96
Dynamic Array platform (Fluidigm, San Francisco, CA, USA) as explained in Cassan-Wang
et al. (2012). Gene-specific primer pairs (Table S5) were designed using the quantprime
program (Arvidsson et al., 2008). A dissociation step was performed after amplification to
confirm the presence of a single amplicon. Three reference genes identified in the same tissue
panels by Cassan-Wang et al. (2012) were used for data normalization: PP2A1 (protein
phosphatase 2A subunit 1) (Eucgr.B03386), PP2A3 (protein phosphatase 2A subunit 3)
(Eucgr.B03031) and SAND (trafficking protein Mon1) (Eucgr.B02502). Data normalization
was performed using the formula proposed by Pfaffl (2001) and adopting as calibrator a mix
of all of the samples used in the assay. The normalized data were further processed in
expander6 (Ulitsky et al., 2010) for use in hierarchical clustering analysis. The data treatment
procedure consisted of data flooring (1 E™), log transformation and standardization
(normalization of each expression pattern to have a mean of 0 and a variance of 1).
Hierarchical clustering was performed using Pearson correlation and average linkage. The
consistency of the results provided by the biological replicates was evaluated and the results
for each sample were averaged using the geometric mean.

RNA-seq expression analysis

RNA-seq data for six tissues from three field-grown E. grandis individuals, and root samples
prepared from young rooted cuttings, were obtained from EucGenlE
(http://eucgenie.bi.up.ac.za; Mizrachi et al., 2010; Hefer et al., 2011). The absolute transcript
abundance values obtained for the 38 lignin biosynthetic genes were computed from
fragments per kilobase of exon per million fragments mapped (FPKM) values obtained with
TopHat (Trapnell et al., 2009) and Cufflinks (Trapnell et al., 2010). Values were
standardized using expander6 (Ulitsky et al., 2010), as described in Soler et al. (2014).

Results

In silico identification of phenylpropanoid genes encoding bona fide enzymes

Some of the 11 gene families involved in the phenylpropanoid pathway leading to
monolignols, such as the 4CL, COMT, CCR, CCoAOMT and CAD families, belong indeed to
very large superfamilies resulting in erroneous annotations in genome-wide studies, as
thoroughly addressed by Kim et al. (2004, 2007). To avoid such problems, it is necessary to
identify bona fide members, that is, those encoding the true enzymatic reactions. To this end,
we performed an extensive literature survey to identify genes from the 11 gene families
proved to encode bona fide enzymes through biochemical characterization of their enzymatic
activities and/or through forward or reverse genetic approaches (summarized in Table S1). A
total of 75 genes encoding bona fide enzymes from several plant species were included in the
phylogenetic analyses together with phenylpropanoid/lignin annotated genes from Populus
trichocarpa, Vitis vinifera, Arabidopsis thaliana and Oryza sativa and the 175 putative
phenylpropanoid genes retrieved from the E. grandis genome (Table S2). The phylogenetic
reconstructions (Figs S1-S6) enabled us to delimit bona fide clades for each family and
propose a selected subset of 38 E. grandis bona fide genes (Table S2).



PAL

PAL (EC: 4.3.1.5) is the first enzyme of the general phenylpropanoid pathway catalyzing the
deamination of phenylalanine to produce cinnamic acid, a universal intermediate in the
formation of a large variety of plant-specific phenylpropanoid derivatives. We constructed a
phylogenetic tree (Fig. 1a) in which we highlighted the genes encoding bona fide PAL
enzymes. In comparison to A. thaliana, Petroselinum crispum, tobacco and Medicago
truncatula, where PAL is encoded by three to four members, the E. grandis PAL family
comprises nine genes, which is three more than in Populus. Eight of the nine EgrPAL
proteins were positioned in the PAL bona fide clade (Fig. 1a). Only EgrPAL2 was placed
outside, being the most phylogenetically divergent member, sharing only 57—61% amino acid
sequence identity with the other EQrPAL members and exhibiting a closer relationship with
gymnosperm PAL proteins (Fig. 1a). The EgrPAL2 gene was highly expressed in flowers and
shoot tips, exhibiting weak expression in xylem (Fig. 1b,c). EQrPAL1 was found to be
phylogenetically close to AtPAL1 and AtPAL2, and has been reported to be mainly involved
in anthocyanin production (Rohde et al., 2004; Huang et al., 2010). In agreement with this
putative role, this gene showed weak overall expression, mostly restricted to flower tissues.
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Figure 1. The phenylalanine ammonia-lyase (PAL) bona fide clade: comparative phylogeny and expression
profiles. (a) Unrooted protein phylogenetic tree constructed with PAL bona fide enzymes from several species.
A total of 797 nonambiguous amino acids positions were considered in the final data set. (b, ) Heatmaps of
transcript accumulation patterns of EgrPAL genes generated by (b) microfluid real-time quantitative PCR (RT-
gPCR) and (c) RNA-seq. The gene accession number and short name are indicated on the left .
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EgrPALS also showed strong expression in phloem, shoot tips and flowers. EgrPAL9 was
placed in the same subclade as AtPAL4 and was the most abundantly expressed EgrPAL
gene, showing preferential expression in developing xylem, although not being highly
specific (Fig. 1b). The EgrPAL3 gene experienced at least two rounds of tandem duplication
producing four additional lineage-specific genes, EgrPAL4, 5, 6 and 7 (sharing between 97%
and 99% protein sequence identity). Although all five of these PAL genes showed preferential
expression in xylem, EQrPAL3 was the most highly expressed member of the cluster and also
displayed xylem tissue specificity (Fig. 1b,c). Based on their expression patterns, EgrPAL3
and 9 are the PAL genes most likely to be involved in developmental lignification.

The hydroxylation steps

The hydroxylation steps of the monolignol pathway are catalyzed by C4H (EC: 1.14.13.11),
C3'H (EC: 1.14.14.1) and F5H (EC: 1.14.13), three members of the cytochrome P450
monooxygenases superfamily, belonging to the CYP73, CYP98 and CYP84 families,
respectively.

C4H, the second enzyme of the general phenylpropanoid pathway, catalyzes the 4-
hydroxylation of trans-cinnamic acid into 4-hydroxy-cinnamate. With the exception of A.
thaliana, presenting a single C4H gene, C4H is in general encoded by small gene families not
exceeding four members. The E. grandis genome has two C4H members encoding EgrC4H1
and EgrC4H2, sharing 61% identity and belonging to classes | and 11, respectively (Fig. 2a
(). In agreement with its membership of class I, in which several members have a major role
in lignin biosynthesis, EgQrC4H1 was highly and preferentially expressed in developing xylem
(sevenfold less), and its overall transcript level was lower than that of EgrC4H1 (12-fold
lower). C4H class Il genes have been associated with stress responses (Costa et al., 2003;
Raes et al., 2003; Lu et al., 2006), although involvement in vascular lignification has also
been shown in Phaseolus vulgaris and tobacco (Nedelkina et al., 1999; Blee et al., 2001).

Together, these results suggest that EgrC4HL1 is the main C4H gene involved in lignin
biosynthesis, but a role for EgrC4H2, although a less prominent role, is also likely.

C3'H catalyzes predominantly the 3-hydroxylation of 4-coumaroyl shikimate. C3H-defective
A. thaliana ref8 (reduced epidermal fluorescence8) mutants exibited lignin depleted in meta-
hydroxylated G and S units (Franke et al., 2002; Abdulrazzak et al., 2006). The C3'H-
catalyzed reaction is the first irreversible step toward S and G lignins (Anterola & Lewis,
2002). Interestingly, C3'H from Populus (PtrC3H3) expressed in yeast converts 4-coumaroyl
shikimate, but when it was coexpressed with PtrC4H1 and/or PtrC4H2, a dramatic increase in
catalytic activity and efficiency was observed. PtrC4H1, PtrC4H2, and PtrC3'H3 form all
three possible heterodimers and a heterotrimer (PtrC4H1/C4H2/C3'H3) likely to be involved
in monolignol biosynthesis (Chen et al., 2011). Whereas A. thaliana has a single C3'H gene
(Raes et al., 2003), in E. grandis, the C3'H family encompasses four members. Three
(EgrC3H1-3) are located in a 73-kb genomic region of chromosome 1 (Fig. S7) and share
93-95% sequence identity (Table S5). As in Populus, this family has been expanded by
lineage-specific tandem duplications (Hamberger et al., 2007). EgrC3H4 is located on
chromosome 7 and shares 76—-80% similarity with the other three E. grandis genes. RNA-seq
profiling highlighted marked distinctions between the four members of this family (Fig. 2b-
iii). For instance, the expression profile of EgrC3'H3 was distinct from that of EgrC3’HI and
2, exhibiting a strong and preferential expression in xylem, while the other two genes were
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generated by (i) microfluid real-time quantitative PCR (RT-gPCR) and (|||) RNA-seq.

preferentially expressed in leaves, shoot tips and flowers. The xylem preferential expression
was also shown by EgrC3'H4. However, EgrC3'H3 was by far the most strongly expressed
member in xylem, with a 65-fold higher expression than EgrC3'H4 (Fig. 2b). EgrC3'H3 and



to a lesser extent EgrC3'H4 are likely to be involved in developmental lignification in
Eucalyptus.

F5H (EC: 1.14.13), also called coniferaldehyde/coniferyl alcohol 5-hydroxylase to better
reflect its preferred substrates (Humphreys et al., 1999; Osakabe et al., 1999), is involved in
the pathway leading to sinapyl alcohol and, ultimately, to S lignin. The A. thaliana genome
harbors two F5H paralogs encoding AtF5H1 (CYP84A1) and AtF5H2 (CYP84A4). AtF5H1
had been shown to be involved in lignification through analysis of the fahl (ferulate-5-
hydroxylase-deficient) mutant which has little to no S lignin (Meyer et al., 1998; Marita

et al., 1999). By contrast, the overexpression of AtF5H1 in the mutant background produces
plants displaying substantially higher proportion of S units than normal: up to ¢. 92% in
AtF5H1-upregulated A. thaliana (Meyer et al., 1998), up to 84% in tobacco (Franke et al.,
2000), and as high as 93.5% in hybrid Populus (Stewart et al., 2009). The gene previously
termed AtF5H2 was shown recently to be an A. thaliana-specific paralog of AtF5H1,
originating from a recent duplication event that led to neofunctionalization. Indeed, the
encoded enzyme (CYP84A4) is involved in the biosynthesis of alpha-pyrones and generates
the catechol-substituted substrate for an extradiol ring-cleavage dioxygenase (Weng et al.,
2012).

In E. grandis, we also identified two EgrF5H genes, both of which showed closer
phylogenetic proximity to AtF5H1. They are located in different chromosomes (EgrF5H2 in
chromosome 9 and EgrF5H1 in chromosome 10; Fig. S7) and encode proteins sharing 84%
amino acid sequence similarity (Table S4). EgrF5H2 showed modest overall expression,
almost exclusively restricted to root tissues, whereas EgrF5H1 was very highly and

shares 99.6% similarity with its E. globulus ortholog recently shown to be involved in
vascular lignification (Garcia et al., 2014).

4CL

4CL (EC: 6.2.1.12), the third and last enzyme of the general phenylpropanoid pathway,
catalyzes the formation of CoA thiol esters of 4-coumarate and other 4-hydroxycinnamates in
a two-step reaction involving the formation of an adenylate intermediate (Ehlting et al.,
2001). The 4CL family comprises the acyl:CoA synthetase (ACS) superfamily (Hamberger
et al., 2007; de Azevedo-Souza et al., 2008), as shown in Fig. S1, allowing discrimination of
the 4CL bona fide clade (Fig. 3a (i)), grouped into two classes according to Ehlting et al.
(1999). Like Populus and A. thaliana, E. grandis has a single representative (Egr4CL2) in
class Il associated with flavonoid and soluble phenolic biosynthesis (Ehlting et al., 1999).
The Egr4CL2 gene was preferentially expressed in shoot tips, flowers and leaves, consistent
with its possible function in Eucalyptus. In contrast to other dicots which have two to four
members in class | (Hamberger et al., 2007), E. grandis has a single member (Egr4CL1). In
agreement with the predicted role of members of class | in monolignol biosynthesis, Egr4CL1

HCT (hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase)

HCT (EC: 2.3.1.133) catalyzes the reactions both immediately preceding and following the
insertion of the 3-hydroxyl group by C3H into monolignol precursors (Hoffmann et al., 2003,
2004). HCT uses p-coumaroyl-CoA and caffeoyl-CoA as preferential substrates to transfer an
acyl group to the acceptor compound shikimic acid, yielding p-coumaroyl shikimate. A
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closely related acyl transferase, hydroxy-cinnamoyl CoA:quinate hydroxycinnamoyl
transferase (HCQ), yielding p-coumaroyl quinate esters, is involved in chlorogenic acid
biosynthesis and not lignin biosynthesis (Niggeweg et al., 2004; Umezawa, 2010). Because
of the high similarities between HCT and HCQ, we first constructed a phylogenetic tree
including both HCT and HCQ proteins (Fig. S2), allowing us to distinguish the two major
clades corresponding to the bona fide HCQ and HCT, respectively. The five EQrHCTs belong
to the latter, showing a lineage-specific expansion as compared with the other dicots where
only one (A. thaliana and Medicago) or two members (Populus) are present (Fig. 3b (i)).
EgrHCT1 to 4 are in tandem arrangement in an 87-kb genomic region of chromosome 6 (Fig.
S7), and have high amino acid sequence identities (89-96%) resulting from recent tandem
gene duplication events. EQrHCT1, 2 and 3 exhibited very similar expression profiles (highly
expressed in leaves). The fourth member of the tandem array, EQrHCT4, exhibited a very
distinct profile, being highly and preferentially expressed in xylem, thus suggesting that
functional divergence occurred after tandem duplication. Its expression profile clustered with
that of EQrHCT5S which was, however, more strongly and preferentially expressed in xylem.
EgrHCT5 is located on a different chromosome (chromosome 10; Fig. S7); the corresponding
protein was phylogenetically distinct from the other four, presenting 66-69% amino acid
sequence identity (Table S4), and being closer to the HCT from other species. EgrHCT5 and
EgrHCT4 are therefore probably involved in lignin biosynthesis.

CSE

The involvement of CSE (EC: 3.1.1.-) in lignin biosynthesis was indicated very recently by
an analysis of an A. thaliana cse-2 (caffeoyl shikimate esterase 2) knockout mutant that
presented a reduced lignin content enriched in H units and depleted in S units (Vanholme

et al., 2013). CSE hydrolyzes caffeoyl shikimate into caffeoyl-CoA (Vanholme et al., 2013).
Together with 4CL, CSE was proposed to be involved in an alternative pathway leading to
the formation of caffeoyl-CoA, bypassing the second reaction performed by HCT. We mainly
used the eudicotyledon orthologs of AtCSE previously reported (Vanholme et al., 2013) to
generate the CSE phylogenetic tree (Fig. 3c (i)). The EgrCSE gene has a closer phylogenetic
relationship to the grapevine (V. vinifera) and the Populus CSE genes. The EgrCSE gene was
found to be strongly and preferentially expressed in E. grandis developing xylem tissues,
supporting its inferred role in lignin biosynthesis.

The methylation steps

Plants present a wide variety of S-adenosyl-I-Met-dependent O-methyltransferases (OMTS)
that act on Phe-derived substrates during the production of numerous plant secondary
compounds in addition to lignin (Eckardt, 2002). COMT (EC: 2.1.1.68) and CCoOAOMT (EC:
2.1.1.104) are both involved in methylation steps of the monolignol pathway (Ye & Varner,
1995).

CCoAOMT catalyzes the methylation of caffeoyl CoA to produce feruloyl CoA. Functional
characterization of CCOAOMT in several plant species (see Table S1) revealed that it was
involved in the synthesis of G units. Focusing on the bona fide CCOAOMT discrete clade
(Fig. 4a (i)) delimited from a superfamily tree (Fig. S3) allowed us to identify two
EgrCCoAOMT genes, the same number as in Populus (Chen et al., 2000). EQrCCoAOMT1
was located on chromosome 9 and EgrCCoAOMT2 on chromosome 7 (Fig. S7). They were
reported to originate from a lineage-specific whole-genome duplication event (Myburg et al.,
2014). Both EgrCCoAOMT genes showed strong, preferential expression in developing
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Figure 4. The caffeoyl CoA 3-O-methyltransferase (CCoAOMT) and caffeate/5-hydroxyferulate O-
methyltransferase (COMT) bona fide clades: comparative phylogeny and expression profiles. (i) Unrooted
protein phylogenetic tree constructed with bona fide (a) CCOAOMT and (b) COMT enzymes from several
species. A total of 262 (CCoAOMT) and 365 (COMT) nonambiguous amino acid positions were considered in

EgrCOMT genes were generated by (ii) microfluid real-time quantitative PCR (RT-gPCR) and (iii) RNA-seq.

xylem tissues, although EgrCCoAOMT2 presented a twofold higher expression relative to
EgrCCoAOMT1 (Fig. 4a (iii)).

In angiosperms, COMT (EC: 2.1.1.68) was initially thought to be a bifunctional enzyme
similarly involved in the synthesis of G and S precursors. However, in several plants species,
COMT down-regulation led to a dramatic decrease in S units and to the incorporation of 5-
hydroxyguaiacyl units (5-OH-G) into lignins. COMT is now considered to be pre-eminently
involved in the synthesis of S units through the preferential methylation of 5-
hydroxyconiferyl aldehyde into sinapaldehyde (Davin et al., 2008). We assembled a
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phylogenetic tree for the OMT superfamily (Fig. S4) in which we delimited the bona fide
COMT clade (Fig. 4b (i)). Compared with other species harboring only one or two members
within the bona fide clade, the E. grandis COMT family is expanded with seven EgrCOMT
genes resulting from distinct duplication mechanisms. Expression profiling highlighted
EgrCOMT1 as being by far the most expressed EgrCOMT member, with massive and highly
specific expression in developing xylem. The closest ortholog to EQrCOMT1 (99%
similarity) was found to be the E. gunnii COMT (Poeydomenge et al., 1994). EgrCOMT1, 2,
3 and 4 were all located in a 135-kb genomic region of chromosome 1 and resulted from
tandem gene duplication events (Fig. S7) followed by functional divergence. Indeed,
EgrCOMTZ2, 3 and 4 presented similar expression profiles that were very different from that
of EgrCOMT1, exhibiting low expression in highly lignified tissues and higher expression
over the other sampled tissues. EQrCOMT2 showed very high expression in shoot tips

(Fig. 4b (ii)). Together with EQrCOMT5, EgrCOMT1-4 formed a distinct subclade (Fig. 4b
(i)). EgrCOMTS5 was located in another region of chromosome 1, exhibiting a similar
tendency although with lower expression levels. All the amino acid residues described to be
involved in the catalytic activity, substrate binding and chemical interactions of COMT
enzymes (Zubieta et al., 2002) are only fully conserved in EQrCOMTL1. For the remaining
proteins EQrCOMT2-5, the catalytic center amino acids (His-269, Glu-329 and Glu-297) are
conserved but residue substitutions are found in the lignin monomer binding interaction
residues, COMT methoxy and SAM/SAH (S-adenosylmethionine/S-adenosylhomocysteine)
substrate binding pockets (data not shown). EQrCOMT6 and EgrCOMT7 were reported as
having originated by recent segmental duplication (Myburg et al., 2014). Their predicted

proteins sharing 99% amino acid sequence identity (Table S4) were positioned in the same
subclade as AtCOMT and NaCOMT. These two genes were found to be preferentially
expressed in leaves and flowers according to E. grandis RNA-seq data (Fig. 4b (iii)), but
were also detected in cambium, xylem and phloem tissues in RT-qPCR experiments
performed with a larger, different organ and tissue panel. EgrCOMTL is the most likely
candidate involved in developmental lignification.

The two last reductive steps

CCR (EC: 1.2.1.44) catalyzes the first committed step of the lignin-specific branch of
monolignol biosynthesis by converting cinnamoyl CoA esters to their corresponding
cinnamaldehydes. The first cDNA (EguCCR) and a genomic clone encoding CCR were
isolated from E. gunnii and their identity confirmed by enzymatic characterization of the
corresponding recombinant protein (Lacombe et al., 1997; Lauvergeat et al., 2001). The
cDNA was used to clone the tobacco CCR cDNA leading to the first transgenic plants with
down-regulated CCR activity, exhibiting a severe reduction (50%) in their lignin content
(Piquemal et al., 1998). An extensive study of the CCR and CCR-like gene superfamily in
land plants revealed a distribution in three major subfamilies, and highlighted the bona fide
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Figure 5. The cinnamoyl CoA reductase (CCR) and cinnamy! alcohol dehydrogenase (CAD) bona fide clades:
comparative phylogeny and expression profiles. (i) Unrooted protein phylogenetic trees constructed with bona
fide (a) CCR and (b) CAD enzymes from several species. A total of 380 (CCR) and 390 (CAD) nonambiguous
amino acid positions were considered in the final data set. Heatmaps of transcript accumulation patterns of two
EgrCCR and two EgrCAD genes were generated by (ii) microfluid real-time quantitative PCR (RT-qPCR) and
(iii) RNA-seq.

CCR family (Barakat et al., 2011; this study, Fig. S5). In addition to EgrCCR1, which is
closely related (91% identity) to the E. gunnii EQUCCR1 and probably involved in lignin
biosynthesis, the bona fide clade also includes a second CCR gene (EgrCCR2), reported for
the first time in Eucalyptus (Fig. 5a (i)). EQrCCR1 and EgrCCR2 are located on distinct
chromosomes (chromosome 10 and 6, respectively) and encode proteins sharing only 56%
amino acid sequence identity. Both proteins harbor the CCR signature, NWYCY (Lacombe
et al., 1997), essential for its enzymatic activity (Escamilla-Trevino et al., 2010). Other
species have been shown to harbor two functional CCR genes, such as A. thaliana
(Lauvergeat et al., 2001), maize (Zea mays) (Pichon et al., 1998; Tamasloukht et al., 2011),
and switchgrass (Panicum virgatum) (Escamilla-Trevino et al., 2010). In all cases, the
AtCCR1 gene was shown to be involved in developmental lignin biosynthesis, while AtCCR2
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was poorly expressed during development but was inducible by biotic or abiotic stresses and
hypothesized to play a role in defense mechanisms. Indeed, a similar situation was found in
E. grandis where the two EgrCCR genes showed distinct overall expression levels and
patterns. EQrCCR1 was found to be strongly and preferentially expressed in developing
xylem, in agreement with a role in developmental lignin biosynthesis. By contrast, EgrCCR2,
which presented very low overall expression, was expressed in E. grandis shoot tips (RNA-
seq data), whereas it could be detected in developing xylem by RT-gPCR (Fig. 5a (ii)).

CAD (EC: 1.1.1.195) catalyzes the reduction of hydroxycinnamyl aldehydes to their
corresponding alcohols. CAD and CAD-like genes have been reported in numerous species as
forming large multigene families containing members exhibiting a low degree of homology
and different affinities to various substrates, and probably having various physiological roles
(Sibout et al., 2003). Several authors have suggested the existence of three evolutionary CAD
classes, differing in their patterns of evolution and expression (Costa et al., 2003; Raes et al.,
2003; Sibout et al., 2005; Barakat et al., 2009; Guo et al., 2010). Class | comprises all bona
fide CAD genes, as shown in the broad CAD/CAD-like phylogenetic tree (Fig. S6).
Interestingly, in this bona fide clade, A. thaliana, Vitis, parsley, tobacco and E. grandis are
represented by two CAD proteins, Populus being the exception with only a single CAD gene
(PtrCAD1) associated with monolignol biosynthesis (Fig. 5b (i)). The two E. grandis genes,
EgrCAD2 and EgrCAD3, are located on chromosomes 7 and 8, respectively, in regions
reported to result from a recent segmental duplication event (Myburg et al., 2014). The two
genes revealed strong phylogenetic proximity (87% sequence identity at the protein level).
They are also closely related to EQUCAD2, which has been shown to have a true CAD
enzymatic activity and to be strongly expressed in xylem tissue (Grima-Pettenati et al., 1993).
EgrCAD3 (Eucgr.H03208), initially present in the v1.0 annotation, was later removed in v1.1,
but can still be found in the low-confidence transcripts in the current v1.1 annotation. Our
expression data support the conclusion that this gene is actively transcribed. The two
EgrCAD genes presented similar expression patterns, with preferential expression in highly
lignified tissues such as secondary stem and developing xylem. EgrCAD3 exhibited fivefold
higher expression than EgrCAD2 both in developing xylem tissues and overall.

Comparison of hierarchical clustering of RNA-seq and RT-gPCR expression profiling

The step-by-step combined analysis of the phylogeny neighborhood and of the expression
profiles for the 38 bona fide clade members of the 11 families highlighted a subset of 17
genes as the most likely major genes involved in xylem lignification (Fig. 6). The core
vascular lignification toolbox comprises Egr PAL3 and 9, C4H1 and 2, 4CL1, HCT4 and 5,
SCE, C3H3 and 4, CCoOAOMT1 and 2, F5H1, COMT1, CCR1, and CAD2 and 3. In order to
obtain a more global picture of the genes exhibiting strong and/or preferential expression in
highly lignified tissues, given the fact that, in a few cases, we noticed distinctive expression
patterns between the tissue panels used for microfluid RT-qPCR and RNA-seq, respectively,
we carried out independent hierarchical clustering of the overall expression profiling data
obtained in the two panels (Fig. 7; Table S6). Both heatmaps revealed large clusters of genes
with preferential expression in developing xylem, cambium and/or secondary stem, allowing
us to consider eight more genes (EgrPALD5, 6, 7 and 8, C3H1 and 2, and COMT6 and 7) as
potential candidates for vascular lignification. However, these eight genes were not as
strongly expressed in developing xylem as the 17 genes of the core toolbox. Considering their
expression patterns, the remaining 13 genes are probably involved in the biosynthesis of
phenylpropanoid compounds other than lignin.
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maximum meaning higher than third quartile), with red colors indicating higher accumulation of transcript and
white colors indicating lower accumulation.

Environmental and developmental expression characteristics of the 38 bona fide genes
Finally, we examined the response of the bona fide genes to several environmental cues such
as gravitropic stress (tension vs opposite wood), nitrogen fertilization (high vs low) and cold

treatment. We also included xylem samples at two different physiological stages (juvenile vs
mature). The results are presented in Table S7. Interestingly, most of the 13 genes clearly not
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included in the lignification toolbox were more responsive to the environmental stimuli
compared with those of the lignin toolbox, supporting a role in the synthesis of
phenylpropanoids involved in plant defense. For instance, EQrCCR2 was strongly responsive
to gravitropic stimulus, nitrogen supplementation, and cold stress, whereas EQrCCR1
transcript levels were stable under these treatments. The EgrCOMT2-5 genes revealed strong
and similar responses to cold stress in young leaf tissues, EQrCOMT4 being the most induced
gene. Among the tandem duplicated COMT genes (EgrCOMT1-4), EgrCOMT2 was
responsive to most stress conditions tested whereas EQrCOMT1 was only moderately
responsive to nitrogen fertilization. Although lignin biosynthetic genes were in general not
strongly responsive to environmental stimuli, all were down-regulated in response to high
nitrogen fertilization, confirming and extending recent results obtained with the same samples
(Camargo et al., 2014). Among those lignin genes, EgrC3H4 was the most responsive, being
differentially expressed in response to all tested abiotic stimuli. It was also more expressed in
mature than in juvenile wood. The nine members of the EgrPAL family had distinct patterns
of responses to the environmental stimuli, supporting functional diversification following
duplication.

Discussion

Building on the recent availability of the E. grandis genome (Myburg et al., 2014), we report
here a comprehensive genome-wide analysis of the phylogenetic relationships and expression
profiles of the phenylpropanoid and lignin biosynthesis gene families in E. grandis,
highlighting the evolutionary histories of these families and those members that are likely to
be involved in lignification during xylem development.

The E. grandis phenylpropanoid/lignin families have different evolutionary histories

Seven of the 11 families presented no traces of tandem duplications, harboring low- or even
single-copy genes. According to De Smet et al. (2013), single-copy genes are often involved
in essential housekeeping functions highly conserved across species, and result from selection
pressure to preserve them as singletons. For instance, C4H and F5H have critical functions
regulating lignification and determining lignin monomer composition (Franke et al., 2000). In
addition, when proteins function as dimers or part of larger multiprotein complexes, the
presence of multiple isoforms could disrupt protein stability and functionality (Cannon et al.,
2004). C4H is indeed known to be involved in membrane multiprotein complexes with PAL
(Achnine et al., 2004) and also with C3'H (Chen et al., 2011, and references therein),
allowing metabolic channeling.

Although tandem duplication has been described as the most prominent mechanism
contributing to multigene family expansion in E. grandis, shaping the size and the biological
functions of many families (Hussey et al., 2014; Myburg et al., 2014; Soler et al., 2014), only
four bona fide lignification families (PAL, HCT, C3'H and COMT) were shaped by tandem
gene duplication events. In sharp contrast, the tandem duplication mechanism had a major
impact on the non-bona fide clades of the 4CL, COMT, CCoAOMT and CAD families.

The frequencies of tandem duplicated genes in the bona fide PAL (56%), HCT (80%), C3'H
(75%) and COMT (57%) clades exceeded the 34.5% observed at the genome level (Myburg
et al., 2014). In the COMT, HCT and C3'H families, only one of the tandem duplicated genes
showed preferential expression in highly lignified tissues. Gene duplication has been
recognized as a primary mechanism for increasing functional diversification, and the
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increased expression divergence in duplicated genes can substantially contribute to
morphological diversification (Wang et al., 2012). Indeed, the phenylpropanoid pathway
leads to a wide variety of compounds such as flavonoids, lignans and hydroxycinnamate
derivatives produced in specific metabolic branches and participating in diverse cellular
processes underlying plant growth, development, adaptation, defense and reproduction (Tsali
et al., 2006). In metabolic terms, this pattern might derive from cellular strategies to adjust
protein synthesis according to functional needs, keeping only one or two highly expressed
genes in each family, in a particular tissue, and/or in particular environmental conditions.
Many of the E. grandis COMT and HCT genes expanded via tandem duplication tended to be
involved in responses to environmental stimuli, consistent with earlier observations on
tandem duplicated genes (Hanada et al., 2008). For instance, of the tandem duplicated genes
EgrCOMT1-4, only EgrCOMTL1 is likely to be involved in developmental lignification; the
other three have only residual expression in xylem and are inducible by abiotic stresses to
different levels, suggesting neo- or subfunctionalization following duplication from a
common ancestor. Supporting this assumption, some residue substitutions were found in the
lignin monomer binding interacting residues, COMT methoxy and SAM/ASH binding
pockets of EQrCOMT2-5 proteins as compared with bona fide COMTs. EgrCOMT2-5 could
be involved in the synthesis of phenylpropanoid compounds in response to environmental
cues or in as yet unknown pathways specific to Eucalyptus, similar to the recently
demonstrated role of CYP84A4 which originates from AtHCT1 (CYP84ALl) but evolved to
perform a different enzymatic reaction to produce A. thaliana-specific alpha-pyrones (Weng
etal., 2012).

The situation was different for the PAL family, where EQrPAL3 experienced a high rate of
tandem duplication, producing four additional lineage-specific genes, all showing preferential
expression in xylem. Such a functional redundancy has been associated with increasing
robustness of biological systems through functional buffering, suggesting that the eventual
loss of function in one copy can be compensated for by other copies (Gu, 2003). In some
cases, gene duplication has also been proposed to confer an immediate selective advantage by
facilitating elevated expression (Hurles, 2004), resulting in protein dosage benefits. Thus,
lineage-specific duplications of some phenylpropanoid families can lead to both functional
redundancy and to divergence, probably contributing to the wide adaptability of the
Eucalyptus species to the challenging Australian environment.

For the bona fide CAD and CCoAOMT families, duplication mechanisms other than tandem
duplication seemed to be more important in family evolution. Both families present gene
pairs that retained similar expression profiles, suggesting functional redundancy and
substantial involvement in vascular lignification. The two CCoAOMT genes originated from a
lineage-specific whole-genome duplication event (Myburg et al., 2014).

The PAL and COMT families were also affected by other duplication mechanisms. For
instance, EgrPAL1 and EgrPALS8 were traced back to an ancient hexaploidization event
shared by the core eudicots following which only a small proportion of duplicated genes have
survived subsequent gene loss. EQrPAL9 and EgrPAL3 resulted from a lineage-specific
whole-genome duplication event detected in E. grandis (Myburg et al., 2014).
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Expression profiling identifies a core Eucalyptus vascular lignification toolbox within
the bona fide genes

For each of the 11 bona fide gene families, we combined comparative phylogeny within the
bona fide clades with individual gene developmental expression profiling in two independent
data sets (RNA-seq and gRT-PCR). This approach identified 17 genes as being likely to be
involved in developmental lignin biosynthesis and constituting the so-called ‘core lignin
toolbox’, while eight more were identified by hierarchical clustering considering all of the 38
gene expression patterns. Collectively, we can consider the E. grandis lignin toolbox as being
composed of 25 members (17 strong candidates and eight additional genes possibly
involved). As many of these genes have not been reported before, this enriches our
knowledge of the lignin biosynthetic pathway in eucalypts, although a role in the biosynthesis
of heartwood extractives, lignans, polyphenols and condensed tannins that are present in
xylem cannot be excluded. The 13 remaining genes are probably involved in the biosynthesis
of phenylpropanoid compounds other than lignin. For instance, EgrPAL1 may be involved in
anthocyanin production like EQrPALL, because it is phylogenetically close to AtPAL1 and 2
(Rohde et al., 2004; Huang et al., 2010). Several of these genes were hypothesized to be
involved in plant defense as inferred from their orthologs in other species. Consistent with
this, we found that many of these genes (like EQrCCR2) were highly responsive to
environmental stimuli.

In conclusion, this study provides a strong basis for future functional studies as well as for
breeding and/or engineering eucalypts with improved wood properties for current uses such
as pulp manufacture and also for future end uses such as biofuels and biomaterials.
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