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Abstract The wall-associated kinases (WAKs) are a family
of transmembrane proteins involved in pathogen responses
and cell elongation inArabidopsis. They belong to the major
receptor-like kinase (RLK) family in plants. Given their ar-
chitecture and connection to the cell wall, WAKs are thought
to perceive and propagate extracellular signals. This study
reports the characterization of the WAK family in a woody

species based on the v3.0 genome assembly ofPopulus
trichocarpa. In silico analysis revealed a total of 175PtWAK
sequences classified into four groups based on protein do-
mains. Of thePtWAKs, 91.5 % were found in tandem-
duplicated clusters contributing to the expansion of the family
in poplar. Microarray and EST expression data mining re-
vealed contrasting temporal and spatial expression patterns
in stress treatments for severalWAKmembers. TheWAKsin
poplar form the largest WAK family encountered to date in
plants. The combination of phylogenetic and transcriptional
data showed that members in nonexpanded clusters were
mainly expressed in developmental processes, whereas
PtWAKs that had evolved independently in a species-
specific way were structured in clusters and were involved
in resistance responses. This paper offers an overview of
WAK family structure inP. trichocarpa, which will be useful
for further functional analysis of thePtWAK family.

Keywords WAK . Populus. Phylogeny. Microarray data
mining . Abiotic biotic stress

Introduction

The plant cell wall is an important dynamic structure. It
mechanically connects cells in tissues and controls the shape
of plant cells (Wolf et al.2012). There is increasing new
evidence that this remarkable structure is also critical for
sensing external stimuli and transmitting information into
the intracellular space. For instance, transmembrane proteins
connecting the apoplasm and cytoplasm compartments may
well be able to perceive wall status and variation in cell
volume (Humphrey et al.2007). The wall-associated kinases
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(WAKs) are a set of receptor-like kinases (RLKs; Shiu and
Bleecker2001) involved in signaling pathways (Kohorn et al.
2009). For example,AtWAK1 is able to interact with
oligogalacturonic acids playing a key functional role in re-
sponses to pathogens (Brutus et al.2010). Various studies
have suggested that WAKs are able to bind pectins through
the presence of specific protein domains located in their
extracellular region (He et al.1998; Wagner and Kohorn
2001; Decreux and Messiaen2005). This extracellular region
contains one or two epidermal growth factor (EGF)-like do-
mains (He et al.1999; Verica and He2002; Zhang et al.2005)
that could be involved in protein–protein interactions (Rao
et al. 1995; Stenflo et al.2000). The intracellular region of
WAKs displays a Ser/Thr kinase domain that might be in-
volved in signal transduction. It has been shown that when
oligogalacturonic acids are produced by wall disruption,
AtWAK2 signaling by kinase activity modulates a MAP ki-
nase activity (AtMAPK6; Kohorn et al.2009; Kohorn et al.
2012).

Until now,WAKshave been described exhaustively in two
herbaceous model species:Arabidopsis thaliana(He et al.
1999; Verica and He2002) andOryza sativa(Zhang et al.
2005). TheArabidopsisgenome contains 27WAKs: five are
termedAtWAKs(He et al. 1999) and 22 AtWAK like
(AtWAKLs; Verica and He2002). This gene family is larger
in the rice genome, with 125OsWAKsclassified into 67
RLKs, 28 receptor-like cytoplasmic kinases (RLCKs), 13
receptor-like proteins (RLPs), and 12 predicted short proteins
and five pseudogenes (Zhang et al.2005).

In terms of genome location, the fiveAtWAKsare distrib-
uted along a 30-kb cluster on chromosome I (He et al.1999);
14 AtWAKLsare also found on chromosome I and eight are
located on the other four chromosomes (Verica and He2002).
This clustering was also observed in the organization of rice
WAKs.

In woody species, WAKs, as receptors, may play a decisive
part in development and in response to environmental con-
straints. The main characteristic of trees is wood production
through secondary growth and perennialism, which implies
short-term and long-lasting responses in continually changing
environmental conditions. In addition, environmental stresses
can induce specific modifications in secondary cell wall char-
acteristics (Jourez et al.2001), notably G layer deposition in
the tension wood, which requires cellular communications
between the apoplasm and the cytoplasm. The involvement
of WAKs as potential mediators of the reaction wood forma-
tion in response to gravitropic stimulus has been proposed
(Telewski2006; Tocquard et al.2014).

The evolutionary history of plantRLK genes, including
Populusgenes, was presented in a previous study (Lehti-
Shiu et al.2009). However, particular emphasis was not given
to the WAK gene family. In the present study, we carried out a
genome-wide identification of WAK family members from

Populus trichocarpa(PtWAKs), which is considered to be an
important model for basic and applied research in forest
biology (Yang et al.2009). Extensive database searches and
manual reannotation were made. A phylogenetic tree was
constructed to evaluate the evolutionary relationships among
WAK amino acid sequences betweenArabidopsis, rice, and
poplar and to gain insights into potential mechanisms of WAK
gene family expansion in poplar. Additionally, the public
microarray data and ESTs were used to monitor the expression
of PtWAKsin different organs during various stages of devel-
opment and under biotic and abiotic conditions, in a panel of
Populusclones. Finally, we carried out a combined reading
between the patterns of expansion and gene expression related
to different physiological responses, in order to uncover phys-
iological functions of chosen WAK members. This work
provides a basis for a better understanding of the genomic
organization and probable roles of these genes in plant
growth/development and disease resistance in poplar.

Methods

WAK sequence retrieval from public databases

The DNA and protein-predicted sequences ofWAKswere
re t r i eved f rom pop la r v3 .0 genome assemb ly
(P. trichocarpa, Torr. & Gray, Tuskan et al.2006) in v9.0
gene annotation on the public database Phytozome
(P. trichocarpav3.0, DOE-JGI,http://www.phytozome.net/).
Protein sequencesAtWAK1-5 of A. thalianawere used as
queries for a tBLASTx on Phytozome using default
parameters. Retrieved DNA sequences ofPtWAKswere then
used as queries for a BLASTn on Phytozome. In order to
correct predicted sequences, an EST search was conducted on
the NCBI resource database (http://www.ncbi.nlm.nih.gov/)
using BLASTn on both genomic and transcriptPtWAK
sequences. All sequences were then manually expertized to
fit Phytozome-predicted open reading frames. When two pre-
dicted genes were separated by less than 5 kb, the first one
coding an extracellular part of a WAK and the other a kinase
part, a single sequence was created by merging the two parts
and removing one stop codon. All changes are described in
Online resource1. As there was no standard WAK annotation
assigned to these newly identified genes in poplar, we gave
each of them an identity based on the order of their location on
each poplar linkage group (LG) listed in increasing order.

Protein domains were predicted with Conserved Domain
Database (CDD; Marchler-Bauer et al.2011), a resource from
the NCBI. The corresponding regions were extracted from the
alignment performed with MUSCLE (Edgar2004) in order to
identify conserved amino acids between WAKs within each
predicted domain. These sequences were then analyzed using
the Multiple Expectation Maximization for Motif Elicitation
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(MEME) program (Bailey et al.2009) with default
parameters.

Alignment and phylogenetic analysis

The kinase domains of WAK protein sequences were aligned
using the MUSCLE interface in Geneious Pro v5.3.6
(Biomatters, Auckland, New Zealand). The phylogenetic
analysis was performed on the kinase region of the alignment
after removing incomplete sequences. The phylogenetic tree
was generated using the neighbor-joining (NJ), maximum
parsimony (MP), and Bayesian inference (BI) methods with
1,000 bootstrap replicates using the JTT+G+I model deter-
mined with MEGA v5.1 (Tamura et al.2011).

The congruence between the NJ, MP, and BI topologies
was tested using the Kishino–Hasegawa test (Kishino and
Hasegawa1989) implemented in the PAUP*4.0b10 program
(Swofford 2000), using the PaupUp graphical interface
(Calendini and Martin2005). The tree representation was
constructed on the interactive Tree Of Life Web service
(iTOL; Letunic and Bork2011).

Transcriptomics data analyses

PtWAK expression patterns
among tissues/conditions/genotypes

Most of the data used for transcriptomics data analysis in this
study were robust multi-array average (RMA) normalized
transcriptomics data obtained from Affymetrix Poplar
Genome Array (Platform accession GPL4359). For the
drought experiment in the apex only, data were obtained from
the Agilent array with custom probe design based on v2.0
poplar gene models (Lafon-Placette et al., unpublished data).
Values of gene expression were downloaded from the v2.2
PopGenIE Website (http://popgenie.org/, Sjödin et al.2009).
Analyses of WAK expression were conducted on different
datasets: (i) tissue profiling (GSE13990, Wilkins et al.
2009a), (ii) light treatments (GSE13990, Wilkins et al.
2009a), (iii) pathogen infection (Melampsora medusae)
(GSM412653, Levée et al.2009; GSE9673 Azaiez et al.
2009), (iv) drought stress on roots (GSE17223, Cohen et al.
2010), (v) drought stress on leaves (GSE15242, Wilkins et al.
2009b; GSE17226, Balzergue et al., unpublished data;
GSE17230, Cohen et al.2010; and GSE21171, Hamanishi
et al. 2010), (vi) drought/rewatering cycle on apex (Lafon-
Placette et al., unpublished data), (vii) genotypes (GSE15242,
Wilkins et al. 2009b; GSE17226, Balzergue et al.,
unpublished data; GSE17230, Cohen et al.2010; and
GSE21171, Hamanishi et al.2010), (viii) aluminium stress
(GSE19297, Grisel et al.2010), and (ix) hypoxia stress by
flooding (GSE13109, Hauberg et al., unpublished data). To
avoid experimental bias when combining several studies

(batch effect), data were normalized with the ComBat method
(Johnson et al.2007) in R v2.15.2 (R Development Core
Team2008) using “control” and “pathogen”/“drought” as
covariates for the pathogen/drought effect. No covariate was
defined for genotype effect, thus assuming no genotype effect
to normalize data (only batch effect). Significant tissue/
condition/genotype effects were tested using Welch’s t test
or one-way ANOVA for two or more samples, respectively.
Adjusted Bonferroni correction was used to decrease false
discovery rate. Statistical tests were considered significant at
*p<0.05. Average linkage hierarchical clustering analysis was
applied using Euclidean distance. These statistical analyses
were performed with MeV software, v4.8.1(Saeed et al.
2003).

Entropy and random comparison

To evaluate thePtWAK global expression, 72 genes were
randomly selected using the“Random List” tool from the
PopGenIE Website (Sjödin et al.2009). To define tissue/
condition/genotype specificity ofPtWAK expression, the
Shannon entropy value was calculated for each gene (Schug
et al. 2005) using expression levels from the experiments
described above instead of EST counts. Shannon entropy
value ranks a gene according to the degree to which its
expression pattern is similar to ubiquitous uniform expression
among several samples. Thus, the more similar to ubiquity
(i.e., the less specific) is the expression pattern, the higher is
the Shannon entropy value. To evaluatePtWAK effect on
entropy distribution, a� 2 homogeneity test was performed at
*p<0.05, **p<0.01, or ***p<0.001 with R v2.15.2 (R
Development Core Team2008).

Results and discussion

A genome-wide analysis of the WAK multigenic family in
P. trichocarpawas initiated. The monitoring of the dynamics
of this family and of the transcriptional expression patterns in
different tissues and stress conditions brings some insight into
the structural and functional diversities of this family.

Features of WAK gene family inPopulus

Exploration on the Phytozome portal (Goodstein et al.2012)
and NCBI databases enabled us to identify 175 putative
PtWAKs. This represents 85 % more thanA. thalianaand
28.5 % more thanO. sativa. Marked expansions of multigenic
families have already been described in poplar (Lan et al.
2009; Petre et al.2011). This is especially observed for
RLKs, the largest gene family in most plant species (Kohler
et al.2008), which comprises the WAK subfamily. According
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to Lehti-Shiu et al. (2009), the RLK family expanded at a
significantly higher rate than other kinases.

The fact that the poplar WAK family had more members
than rice tempers the hypothesis of Zhang et al. (2005) where-
by the expansion of WAKs arises specifically in monocot
species. Although we cannot rule out the hypothesis ofWAK
gene loss events inArabidopsis, the high number ofWAKsin
poplar and rice compared with the number ofWAKs in
Arabidopsissuggests, alternatively, that both poplar and rice
genomes present a lineage-specific expansion of this WAK
family.

In poplar, from the 175 WAK members identified, 141
PtWAKgenes were distributed unevenly among 15 of the 19
LGs corresponding to the 19 poplar chromosomes. The re-
maining 34PtWAKgenes were localized on eight independent
scaffolds not yet grouped to the chromosomes. Among the
141PtWAKs, 12 were isolated genes and 129 (91.5 %) were
grouped into 20 clusters containing 2 to 16 genes separated
from 1 to 13 kb (Fig.1). Such a high proportion of clustered
genes was unexpected because inArabidopsis,only 60 % of
members were found in clusters (Shiu and Bleecker2003). It
is widely accepted that the tandem duplications drive most of
the specific lineage expansion of various gene families in-
volved in tolerance to any environmental deviances, and
represent a noteworthy way to generate possible functional
diversity of paralogs (Paterson et al.2010; Lopez et al.2012).
The expansion of thePtWAK family, as hypothesized for
RLKs (Hanada et al.2008), could be linked to the evolution
of poplar to adapt to fluctuating environmental stimuli.

PutativePtWAKs were only annotated as protein kinases in
the poplar genome v3.0. They were predicted to encode a
variable extracellular part with different domain organization,
a single transmembrane region and an intracellular kinase
domain. Our classification adapted from Zhang et al. (2005)
distributedPtWAKs into four groups (Table1). A PtWAK-
RLK had one or more extracellular protein domains and an
intracellular kinase domain, aPtWAK-RLCK had a single
intracellular kinase domain, and aPtWAK-RLP had only
extracellular protein domains.WAKgenes without a function-
al domain were classified asPtWAK short genes, but their
protein sequence showed at least 70 % of similarity with other
WAKs. For comparison, the deduced protein sequences of
OsWAKshort genes showed 40 % similarity with the longer
WAK sequence.

Analysis of the protein extracellular part

Numerous domains (GubWAK, WAK, WAKassoc, EGF-
Ca2+, cEGF, and EGF3) may be found in the extracellular part
of the WAK proteins, which enhance its variability potential.

From the N-terminal, the majority ofPtWAK proteins
displayed the wall-associated receptor kinase galacturonan-
binding (Gub_WAK_bind, called GubWAK) domain, which

was described by Decreux et al. (2006). In PtWAKs, this
domain had two different parts. The first part contained a
highly conserved motif (YF)PF comprising aromatics (F and
Y) and cyclic (P) amino acids. The second part of the domain
comprised aC-X5–6-F-X-(VL)-X-C motif dividing the set of
sequences into two groups (Fig.2). The conserved motifs
could form a possible site of adhesion to a ligand in the cell
wall matrix, whereAtWAKs were shown to bind cell wall
pectins in the N-terminal of their extracellular region in a
calcium-induced conformation (Decreux and Messiaen2005).

Paradoxically, two domains were never found together in
the same protein: the WAK domain, and the wall-associated
receptor kinase C-terminal domain (WAK_assoc, termed
WAKassoc). The role of the WAK domain remains unknown.
It is described in the PFAM database as being associated with
the kinase domain in plant WAK proteins. Our analysis
showed three conserved parts in the WAK domain. Fifty
percent of the proteins contained the first part, which was
highly conserved (Fig.2) and consisted of polar and
noncharged residues (N, T, and S) plus some hydrophobic
amino acids (V and L). The second and third parts were the
most frequent (94 %). The second part mainly comprised
hydrophobic amino acids. A highly conserved structure
(CK(LV)AF(IL)V) was distinguishable in this part, composed
of a charged lysine between a cysteine and a sequence of
hydrophobic amino acids (Fig.2). The third part was com-
posed mainly of cyclic (P), aromatic (W and Y), and aliphatic
(L and V) amino acids. The WAKassoc domain is described as
a cysteine-rich domain, since it contained four highly con-
served cysteines as described in the PFAM database (Punta
et al.2012).

The last downstream extracellular domain was represented
by the EGF-like family with three EGF-like motifs. The
calcium-binding EGF domain (EGF_CA, called EGF-Ca2+)
was the only domain found inArabidopsis, rice andPopulus.
It contained six highly conserved cysteines. We note that the
second cysteine is not represented in Fig.2 because the
MEME program did not detect this second cysteine as con-
served, although it was present in the dataset of sequences and
the alignment (Online resource2). This might be due to a too-
broad variability of the other amino acids flanking this cyste-
ine. The (EGF2)-like domain described in rice and
Arabidopsiswas not found in poplar WAKs. Instead, two
other EGF-like domains were observed: the complement
Clr-like EGF_like domain (cEGF) and the EGF_3 domain
(EGF3). The latter presented the same conserved residues
described in the PFAM database except that the cysteine at
the last position was missing and replaced by an aromatic
residue (Y/F), whereas the poplar cEGF domain was as ex-
pected by the PFAM database description. The substitution of
the sixth cysteine of the EGF3 domain by an aromatic residue
(Y/F) suggested a possible cation–� interaction between an
aromatic compound and a cation (Dougherty2012). The main
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cation of the cell wall with which the protein may interact is
calcium. This is consistent with EGF domains studied mainly
in animals (Rao et al.1995; Morgan et al.1999; Stenflo et al.
2000; Wouters et al.2005), which interact in a calcium-
induced conformation. EGF-like domains can also beO-gly-
cosylated and are known to take part in domain/domain inter-
action, both domains in part bridged by calcium chelation

(Rao et al.1995; Stenflo et al.2000). The presence of one or
more EGF-like domains on the extracellular part of WAK
proteins also suggested potential protein-protein interactions
in the extracellular part of these WAKs.

It is interesting to note that all the domains described above
exhibit highly conserved cysteines that could indicate that
WAK proteins may be regulated via redox processes and/or
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Fig. 1 Representation ofPtWAK types on 15 of the 19 poplar linkage
groups (LGs). Black barsrepresent poplar LGs; their numbers are indi-
cated on theleft. Stacked symbolsrepresent clusters. Within each cluster,
the firstPtWAKgene on an LG is found at thetop of the pile, and the last is

at thebottom. Clustered genes are notedPtWAKx-y, meaning that this
cluster contains (y� x+1) PtWAKgenes.Empty squares, PtWAK-RLK;
filled squares, PtWAK-RLCK; empty circles, PtWAK-RLP; andfilled
circles, PtWAKshort genes
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via protein/protein interactions (Wrzaczek et al.2010;
Freisinger2011). In addition, WAK proteins presented notable
conserved domain architecture in the extracellular region,
potentially offering a physical zoning of protein domains,
which might be set in parallel with cell wall layers deposition,
which is crucial in wood formation.

Phylogenetic analysis

The WAK family inPopulusconsists of a broad RLK subclass
that differs in both intracellular kinase sequence and extracel-
lular domain compositions. GubWAK, WAK, and WAKassoc
protein domains are exclusive to the plant kingdom, and have
been organized around the kinase domain during the course of
plant evolution. Here, the phylogenetic analysis focused ex-
clusively on the intracellular kinase domain, which is the
single region common to mostPtWAKs, and the heart of the
enzymatic activity. Accordingly, this analysis concerned the
PtWAK-RLK and PtWAK-RLCK groups (seePtWAKclassi-
fication in the section entitled“Features of WAK gene family
in Populus”). After removing incomplete sequences from the
alignment, a subset of 112 sequences was used for the phy-
logeny. The three topologies obtained using NJ, MP, and BI
phylogenetic reconstruction were congruent (p=0.274); NJ
and MP bootstrap values and BI posterior probability values
are indicated at each node (Fig.3). Two monophyletic clades
were markedly differentiated (i.e. WAK Clades I and II),
although the intracellular kinase domains of these WAKs were
highly conserved (because of a single Ser/Thr catalytic do-
main and few downstream target recognition domains that
must be evolutionarily constrained). In Fig.3, the composition
of the extracellular region is shown for each protein. The
PtWAK proteins with WAK and EGF-like (EGF-Ca2+,
cEGF, and EGF3) extracellular domains were found only in
clade I, and were unexpectedly organized. Some subclades
preferentially contained one type of extracellular domain com-
bination. This result was supported by high posterior proba-
bility and bootstrap values (Fig.3), suggesting an interesting
parallel evolution between the kinase domain and the WAK/
EGF-like domains ofPtWAK-RLK. By contrast, the
WAKassoc domain was found in two distinct subclades be-
longing to WAK clades I and II. When a focused phylogenetic

analysis of the WAKassoc domain was performed, the 18
proteins were not split into two groups (Online resource3).
These observations suggest that the 18 proteins recognize
similar extracellular signals, but may be involved in two
different intracellular signaling pathways. The last domain
GubWAK was spread over the entire phylogeny, highlighting
its older origin.

Using the same approach, a phylogenetic analysis of
PtWAKs, OsWAKs, andAtWAKs was also carried out. The
topologies obtained using MP and BI methods were congruent
(p=0.842), but the three were not congruent with NJ topology.
Although these analyses showed 18 highly conserved mono-
phyletic groups, their organization was not rigorously con-
served between the three topologies (data not shown).
However, from the combined reading of the two phylogenetic
analyses (Figs.3 and4), two divergent WAK family evolu-
tionary threads can be drawn. A first thread (WAK group I)
with several clades emerged containing members from the
three species. In the second thread (WAK group II), one clade
specifically addressedPtWAK. This result was supported by
high bootstraps and posterior probability. This suggests that
the evolution of the first WAK group had occurred in the
monocot–dicot common ancestor, while the clade from the
second WAK group evolved independently in poplar.

Transcriptomics data analyses

Intuitively, we might argue that such a remarkable expansion
of theWAKfamily and its protein extra-intracellular domain
organization could confer advantages onPopulusprocesses
involved in innate immunity and abiotic stress responses and/
or in plant growth and development. Two main fundamental
questions then arise: (i) what are thePtWAKmembers that
show contrasting transcriptional expressions during specific
physiological responses? (ii) what kind of evolutionary infor-
mation could be highlighted in this panel of modulated
PtWAKsgiven their genomic organization and their protein
domain architecture?

In our study, 119PtWAKsamong the 175 predictedWAK
genes retrieved in v3.0 poplar genome matched v2.2 gene
models that were included in the publicly available tran-
scriptomics analyses (Azaiez et al.2009; Levée et al.2009;

Table 1 Classification ofPtWAKs based on their protein domains

Group Specifications Gene number

PtWAK-receptor-like kinase (RLK) One intracellular kinase domain and one or more extracellular
domains (GubWAK, WAK, WAKassoc, and/or EGFs)

119

PtWAK-receptor-like cytoplasmic kinase (RLCK) Only an intracellular kinase domain 32

PtWAK-receptor-like protein (RLP) At least one extracellular domains (GubWAK, WAK, WAKassoc, and/or EGF) 22

PtWAK short genes No domain 2

Total number of WAKs 175
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Wilkins et al.2009a, b; Cohen et al.2010; Grisel et al.2010;
Hamanishi et al.2010). In the v2.2 genome assembly, only
120PtWAKswere identified (data not shown). To our knowl-
edge, since the v3.0 genome assembly has been released in
August 2012, no transcriptomics analyses based on these data
are available yet. We were able to obtain expression values for
72 genes (Affymetrix array) (Online resource4). For compar-
ison, another technology (Agilent custom probe design array)

found a similar number with 76PtWAKs expressed in apex. In
view of the large number of sequences identified in the poplar
v3.0 genome assembly, and the redundancy of sequences in
the multigenic family, our results give a good indication of
PtWAK expression profile, still limited, however, by probe
design in chips. The WAK family presents a high level of
homology between its members, especially among members
within clusters. As a consequence, one cannot exclude that a

GubWAK

WAK

WAKassoc

cEGF EGF- 3

EGF-Ca2+

or

Fig. 2 Conserved motifs in poplar WAK protein domains. The conserved
motifs are indicated in the order they appear in the differentPtWAK
domains.Arrows indicate conserved amino acids described in PFAM
database.A alanine,Rarginine,N asparagine,D aspartic acid,C cysteine,

Q glutamine,E glutamic acid,G glycine, H histidine, I isoleucine,L
leucine,K lysine,M methionine,F phenylalanine,P proline,Sserine,T
threonine,Wtryptophan,Y tyrosine,V valine
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probe designed on the v2 genome assembly could hybridize
transcripts from different genes. Alternatively, different
probes could hybridize only one v3 gene. Keeping this limi-
tation in mind, the observation of differential expression

pattern suggests the modulation of expression of at least one
WAK member.

Overall, the 72PtWAKsexhibited a lower expression level
than a randomly selected set of genes (Online resource5a).
Likewise, only 35 ESTs were retrieved from the database
(Online resource1, April 2013), representing a very small
group of 17PtWAKs. This is in agreement with the common-
ly found low abundance of WAK transcripts inArabidopsis
(He et al.1996; Kohorn et al.2006). This indicated that these
genes were transcribed at a very low level, or that their
mRNAs were not accessible because of a possible too-short

� Fig. 3 Phylogenetic tree ofPtWAKs. The conserved kinase domain was
analyzed. The protein domain architecture is indicated on theright. Bar
length and color shapes are proportional to the number of amino acids of
the protein and to the NCBI’s CDD prediction of domain length,
respectively. The tree obtained by the BI method is represented, and
posterior probability and bootstrap values of >0.5 are indicated at nodes
as BI/NJ/MP

Fig. 4 Phylogenetic tree ofAtWAKs, OsWAKs and PtWAKs. The
conserved kinase domain ofArabidopsis, rice, and poplar WAKs was
analyzed. The tree obtained by the BI method is represented.PtWAK

names areunderlined in blue, OsWAK names ingreen, and AtWAK
names inred
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half-life, or that these genes presented spatial and temporal
expression patterns not recorded in the public libraries.

The WAK family has been shown to be involved in plant
growth/development and plant-microbe interactions/abiotic
stress responses inArabidopsis(He et al.1998; Sivaguru
et al.2003; Verica et al.2003; Hou et al.2005; Meier et al.
2010), and in plant–microbe interaction in rice (Li et al.2009).
An entropy calculation approach was used to evaluate the
global expression ofPtWAKs. This approach first indicated
that the expression ofPtWAKswas not significantly tissue-
dependent (Online resource5b). This contrasted withAtWAKs
andAtWAKLsexpressions, which were largely tissue-specific
in green tissues and roots/flowers, respectively (Verica and He
2002; Verica et al.2003). However, a detailed analysis yielded
further information. Twenty-fivePtWAKsshowed a signifi-
cant t issue-specif ic expression and were mainly
overexpressed in mature leaves, roots, and flowers (Fig.5).
Secondly, the expression of 16PtWAKswas significantly
affected by changing environmental conditions (Online re-
source5c), after pathogen attacks, light exposure or drought
treatment. In line with the hypothesis that the ability to link
with oligogalacturonic acids is a key factor for the pathogen
attack response (Brutus et al.2010), all thePtWAKsthat were
overexpressed during pathogen stress belonged to the
PtWAK-RLK group, in which members contain a GubWAK
domain (Fig.5; Online resource1). However, we noted
that thePtWAK-RLCK Potri.017G117500, which has no
GubWAK domain, was overexpressed during pathogen
attacks, suggesting the existence of additional pathogen
recognition mechanisms or a lack of structural annota-
tion for this gene model. In addition, the expression of
PtWAKs was significantly modified during light limita-
tion (five members), and by water availability in shoot
apical meristem (five members, Online resource6), in
roots (one member), and in leaves (one member,
Fig. 5). These two abiotic parameters could be viewed
as being two interconnected driving forces involved in
the hydraulic conductivity of the plant, in which WAKs
could play a sensing role (Lally et al.2001; Kohorn
et al. 2006; Ben Bâaziz et al.2012). Lastly, neither
aluminium nor flooding stresses had any significant
effect on the expression of any of the 72PtWAKs
(Online resource4).

Analysis of these expression data together withWAK
family genome organization gave some interesting re-
sults. Except for Potri.008G059900,PtWAK members
showing significant transcript accumulation during path-
ogen attack all belonged to the largest tandem clusters
(chromosome VII, IX, XII, and XVII). Intriguingly,
WAK members of these chromosomes were spread pref-
erentially over the monophyletic WAK clade II, which
is specific toPopulus (Fig. 4). These findings suggest
duplication resulting from strong selection pressure

exerted by poplar pathogens. This hypothesis has also
been advanced by Lehti-Shiu et al. (2009) studying the
RLK family in Arabidopsis, poplar, and rice. This may
be functionally linked to phytopathogen features, which
generally present narrow host spectrum specificities and
display a corresponding genetic evolution (Jones and
Dangl 2006). By contrast, mostPtWAK members that
were differentially expressed during developmental/
growth processes were not integrated into an expanded
tandem cluster. TheseWAKs were found on chromo-
somes III, V, VII, XIV, XV, and XVIII, and were
distributed in the monophyletic WAK clade I, which is
shared with rice andArabidopsis (Fig. 4). Genomic
nontandem receptors involved in development could be
more conserved between plants, probably because of the
common role they play. A few tandem members belong-
ing to chromosomes IV, VII, and XVII were also mod-
ulated in development processes. They could represent
potential developmental innovations that meet specific
woody-species needs. Their presence in clusters could
be explained by specific duplication in poplar after its
divergence.

The large proportion of tandem duplication of WAK
genes raises the question of the functional redundancy
of duplicates (or paralogs). According to Moore and
Purugganan (2005), paralogs may undergo divergent
evolutionary fates during subsequent genome evolution
such as subfunctionalization (partition of original func-
tions), neofunctionalization (acquisition of novel func-
tions), or nonfunctionalization (loss of original func-
tions), which could be paired with divergence in expres-
sion patterns. Of the 11 main phylogenetic homologous
blocks of PtWAK, nine showed near-similar expression
patterns with respect to the tissues or stress conditions
examined (Fig.3; Online resource4), suggesting that
most expressed PtWAK genes have been retained by
subfunctionalization. However, neofunctionalization
may also have been involved, albeit on a smaller scale,
with only two phylogenetic blocks: one composed of
two segmental duplicates, the other containing three
tandem duplicates. These fiveWAK sequences strongly
diverged in their expression patterns. The segmental
duplicate Potri.014G0386000 was predominantly
expressed in roots and female catkin, whereas its coun-
terpart Potri.002G130600 seemed specifically expressed
in differentiating xylem. Furthermore, among the three
tandem duplicated members Potr i .002G075900,
Potri.002G076000, and Potri.002G076100, only the sec-
ond was differentially expressed in mature leaves.

Finally, our analysis revealed a randomly expressed
PtWAKs distribution between genotypes andPopulus
species. 24PtWAKs were modulated by drought stress
in one or more of the ten genotypes studied here. In
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other words, aWAK gene may be differentially
expressed in various genotypes in response to the same
constraint. This suggests complex regulations of the
WAK gene family that may have been set up during
evolution in response to a changing environment.

Conclusions

The WAK family in poplar comprises a very large number of
members. The WAK proteins contain various extracellular
domains putatively playing divergent functional roles.
Together, these features make WAKs appealing candidates

to investigate new communication networks that may relay
the wall status to the cytoplasm in the context of the CPMCW
continuum described by Baluška et al. (2003). The cell wall is
an essential compartment affected not only by both pathogen
attacks and developmental processes but also by abiotic stress-
es such as drought and various mechanical constraints. Our
study reports that a panel ofPtWAKs was modulated at the
transcriptional level in some of these physiological processes,
suggesting that related encoded proteins could be involved,
potentially as receptors of pathogen ligands or as sensors of
hydromechanical cues. Thus this study provides new insight
into the WAK gene family inPopulus. Our findings may also
be a starting point for a study of the physiological roles of
WAKs in cellular regulatory networks in woody species.
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Fig. 5 Clustered heatmap showing expression patterns of significant
tissue/condition/genotype specific expressedWAKsin poplar.PtWAK
v3.0 gene model names are indicated. OnlyPtWAKsshowing differential
expression in at least one tissue/environmental condition/genotype are
displayed (42PtWAKs). For each tissue/environmental condition/geno-
type, mean relative expression values (three to four replicates) are shown.
Scale from 0.0 to 1.0 corresponds to drought experiment in the apex; scale
from 1.0 to 1.2 is for all the affymetrix array experiments. Relative
expression value was calculated by dividing the absolute value (RMA
normalized) by the median of absolute values of all samples, except for
the apex assay. In this case, relative expression was obtained by dividing

each array-normalized expression value by the median of absolute values
of all samples, and was then log2-transformed. Anasteriskindicates
significant tissue/environmental condition/genotype effect onPtWAK
expression according to Welch’s t test/one-way ANOVA for two or more
samples followed by adjusted Bonferroni correction (*p<0.05). Hierar-
chical clustering was performed forPtWAKsaccording to their expression
patterns.“Carpaccio,” “ DN34,” and “Soligo” are Populuscanadensis
genotypes;“NM36” is P. nigra×P. maximowicziiwhile “AP-947,”
“AP-1005,” “ AP-1006,” “ AP-2278,” “ AP-2298,” and “AP-2300” are
P. balsamiferagenotypes.Blue- andred-shaded PtWAKnames belong
to PtWAK-RLKandPtWAK-RLCKgene groups, respectively
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