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Abstract Poplars are economically important fast
growing trees. They are exposed to broad range of
fungal diseases like powdery mildew (PM). MLOs (mil-
dew resistance locus O), as plant susceptibility genes,
act as negative regulators and whose loss-of-functions
confer complete resistance to PM disease. Herein, work
identified the MLO gene family members in poplar, a
woody model species. A total of 26 identified MLOs
(annotated as PtMLO1-26) were distributed on 14 pop-
lar chromosomes either individually or in groups of two
to four. PtMLO genes encoded a polypeptide of 341—
593 residues with a characteristic MLO domain struc-
ture. One tandem and eight segmental duplications were
revealed in PtMLO genes. PEIMLO proteins anchored at
plasma membrane and had putative 5-9 TMDs with
extracellular/cytosolic N- and C-terminuses. They were
rich in leucine (9.1-12.9%), which is reported to play
roles in defense response signaling. The C-terminal
calmodulin-binding domain (CaMBD), reported to
modulate the signaling mechanism in the defense re-
sponse, was completely preserved in all PtMLOs,
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except PtMLOG6. This domain was partially absent in
PtMLOG6 which is inferred to be a different MLO type or
a pseudogene with a lost/impaired function in PM re-
sponse. Besides, second and third cytoplasmic loops
that are critical for PM-susceptibility were identified in
PtMLOs. Particularly, PtMLO17, 18, 19, and 24 genes,
inferred from Arabidopsis-poplar comparative phyloge-
ny, were identified as potential candidates that may be
involved in poplar-PM resistance. Notably, inductions
of 14 PtMLO genes were detected in probes of micro-
array data such as GSE56865, GSE16417, and
GSE23726 under different fungal infections indicating
their involvements in plant defense. Overall, this work
provided a basis for woody plant genomics for the
effective and better management of poplar-PM disease.

Keywords Poplar- Powdery mildew- MLO -
Susceptibility gene - Fungal disease

Introduction

Poplars (Populus spp.) are economically important fast
growing deciduous trees that are mainly distributed in
the northern hemisphere (Pinon and Frey 2005). They
are exposed to a wide range of fungal and bacterial
pathogens throughout their life cycles (Newcombe
1996). For example, Melampsora spp. pathogenic to
Populus are observed across the world and have impor-
tant effects on plantation production in Europe and
North America. Additionally, some other fungal leaf
pathogens such as Venturia spp., Septoria spp. and
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Marssonina spp. have been also reported to affect pop-
lars (Newcombe 1996). These bacterial and fungal path-
ogens are generally detected in the Populus, Aigeiros
and Tacamahaca sections of poplar. Particularly, pow-
dery mildew (PM) is a well-known damaging fungal
disease that affects a wide range of plant species, rang-
ing from the grasses to forest trees (Zheng et al. 2013;
Severoglu and Ozyigit 2012).

In agricultural applications, plant resistance
(R-genes) and susceptibility genes (S-genes) have
an important place to combat with PM-disease
(Fu et al. 2009; Parlevliet 1993). Particularly, S-genes
have high significant value in agricultural practices to
increase plant resistance and reduce pesticide usage
(Pessina et al. 2014). S-genes, with loss-of-function,
contributes to the plants a recessively inherited resis-
tance (Pavan et al. 2010). For example, loss-of-function
in a barley mildew locus O (MLO) gene confers com-
plete PM-resistance to barley cultivars (Biischges et al.
1997). However, in Arabidopsis, loss-of-function in
three closely related MLO orthologues such as AtMLO2,
6 and 12 are required for complete resistance (Consonni
et al. 2006). Thus, a successful pathogen infection ne-
cessitates a complete MLO gene function in plants
(Piffanelli et al. 2002).

MLO genes have been identified in some plant spe-
cies, including Arabidopsis (15 genes; Devoto et al.
2003), cucumber (14 genes; Zhou et al. 2013), grape
(17 genes; Feechan et al. 2009), maize (nine genes; Li
and Zhu 2008), Medicago truncatula (14 genes;
Rispail et al. 2013), rice (11 genes; Li and Zhu 2008),
sorghum (13 genes; Singh et al. 2012), tomato (17
genes; Chen et al. 2014), wheat (seven genes; Konishi
et al. 2010), soybean (39 genes; Deshmukh et al. 2014),
Brachypodium distachyon (11 genes, Ablazov and
Tombuloglu 2016), and Citrus sinensis (14 genes, Liu
etal. 2017). In other studies, phylogenetic analyses have
identified six clades in the MLO protein family. Clade V
included all PM susceptibility-related proteins in dicots
while clade IV had all PM susceptibility proteins in
monocots (Pessina et al. 2014). In addition, seven puta-
tive transmembrane domains (TMDs) with an extracel-
lular N- and a cytoplasmic C-terminal calmodulin-bind-
ing domain (CaMBD) were reported to characterize the
MLO proteins (Devoto et al. 1999; Kim et al. 2002a, b;
Reddy et al. 2003; Fig. 1).

Moreover, some highly conserved Cys and Pro resi-
dues in TMD/extracellular loops were reported to be
essential for MLO function and stability (Elliott et al.
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2005). The second and third cytoplasmic loops of MLO
proteins have also critical importance in PM suscepti-
bility (Reinstidler et al. 2010). MLO proteins are
leucine-rich peptides (9—13%) (Singh et al. 2012) and
Leu-rich proteins are thought to play significant roles in
the signal transduction pathways of the defense response
(Jung et al. 2004; Kédzierski et al. 2004; Torii 2004;
Osakabe et al. 2005; Kemmerling et al. 2007).

In light of above studies, MLO loss-of-function pro-
vides a potential strategy to introduce PM-resistance
into the cultivated species. However, for this aim, iden-
tification of MLO genes in the plants is fundamental.
Although MLO genes were identified in some plants,
many are still waiting to be elucidated. In this study,
Arabidopsis MLO genes were used as references to
find orthologues in the poplar genome (Populus
trichocarpa) and these putative genes were analyzed
at nucleotide and protein sequences and 3D structure
levels using bioinformatics approaches. Therefore, by
identifying and analyzing the putative MLO genes, the
poplar genome could contribute to the basis for future
poplar-powdery mildew management studies.

Materials and methods
Retrieval of poplar MLO sequences

15 Arabidopsis MLO proteins, MLO 1 (049621.1), MLO
2 (Q9SXB6.1), MLO 3 (Q94KB9.1), MLO 4
(023693.2), MLO 5 (022815.1), MLO 6 (Q94KB7.2),
MLO 7 (022752.3), MLO 8 (022757.2), MLO 9
(Q94KB4.2), MLO 10 (Q9FKY5.1), MLO 11
(Q9FI100.1), MLO 12 (080961.2), MLO 13
(Q94KB2.1), MLO 14 (Q94KB1.1) and MLO 15
(080580.1) were obtained from UniProtKB/Swiss-Prot
database of NCBI (Romiti 2010; Online Resource
Table 1). These sequences were used as queries for blastp
analyses in Populus trichocarpa from Phytozome
(phytozome.jgi.doe.gov/pz/portal.html; Goodstein et al.
2012) database with a<e '°° cut-off. Redundant se-
quences (isoforms of MLO genes) were then re-
moved and remaining genes were used for subse-
quent analyses. Protein domains were checked in
Pfam31.0 (pfam.xfam.org/; Sonnhammer et al. 1997)
and Conserved Domain (ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi; Marchler-Bauer et al. 2011) databases,
respectively. Also, KEGG (Kyoto Encyclopedia of
Genes and Genomes) database (genome.jp/kegg/) was
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Fig. 1 Predicted schematic model of MLO proteins. An extracellular N-terminal and a cytoplasmic C-terminal region with seven
transmembrane (TM) domains. C-terminal calmodulin-binding domain (CaMBD) modulates the signaling mechanism in defense response

used to confirm MLO domain structure and biological
function. These steps were crucial for identifying the
correct number of MLO proteins.

Sequence analysis of poplar MLOs

Physico-chemical properties of proteins such as se-
quence length, molecular weight and isoelectric
point (p/) were calculated by using ProtParam tool
(web.expasy.org/protparam/; Gasteiger et al. 2005).
Sub-cellular localizations were determined by
using CELLO (subCELlular LOcalization predic-
tor) server (cello.life.nctu.edu.tw/; Yu et al. 2006).
Transmembrane domains (TMDs) were predicted
using SCAMPI server (scampi.cbr.su.se/; Bernsel
et al. 2008). Exon-intron organization of MLO
genes was analyzed by using Gene Structure Display
Server (GSDS) (gsds.cbi.pku.edu.cn/; Guo et al. 2007).
For this analysis, genomic and coding sequences of
MLO genes were used. Potential gene duplications
were identified with the following criteria; 1) the
length of alignable sequence covers >80% of the
longer gene; and 2) the similarity of aligned regions
>80% (Gu et al. 2002; Yang et al. 2008). Conserved
motifs in proteins were analyzed by using the MEME
(Multiple Em for Motif Elicitation) tool (meme.nbcr.
net/meme/; Timothy et al. 2009) with parameters: max
motif number to find, 10; and min-max motif width, 20—
50. Protein sequences were aligned by ClustalW
(Thompson et al. 1994) and visualized by BioEdit Se-
quence Alignment Editor (Hall 1999). The phylogenetic
tree was constructed by MEGA7 (Molecular Evolution-
ary Genetics Analysis) (Tamura et al. 2011) with max-
imum likelihood (ML) method for 1000 replicates. Sub-
stitution model and tree inference option were selected

as the Jones-Taylor-Thornton (JTT) model and the
Nearest-Neighbor-Interchange (NNI) method, respec-
tively. Physical map was drawn based on chromosome
position obtained from Phytozome database by using
chromosome diagram tool in PopGenlE (The Populus
Genome Integrative Explorer) database (Sjodin et al.
2009). All of the above-mentioned analyses were per-
formed with the aim of contributing to a better under-
standing of the MLO genes in the poplar genome.

Expression profiles of MLO genes

Expression profiles of Populus MLO genes in response
to biotic stress were retrieved from NCBI’s Gene Ex-
pression Omnibus (GEO) (Edgar et al. 2002) to under-
stand MLO gene regulation under biotic stress condi-
tions. No expression data is available for P. trichocarpa
and Populus species challenged with powdery mildew.
However, the following data are publicly available.
Affymetrix microarray data were under the accession
numbers GSE56865, GSE16417 and GSE23726.
Probe-set IDs were obtained using Affymetrix Poplar
Genome Array (Santa Clara, CA, USA) GeneChip®
oligonucleotide microarray which were utilized to pre-
pare the transcriptome profiles for during stress response
to inoculation of Laccaria bicolor (Populus tremula x
Populus tremuloides; GSE56865, Populus tremula x
Populus alba; GSE56865), Melampsora medusae f.
sp. tremuloidae (Populus tremula x Populus alba;
GSE16417), and Marssonina brunnea (Populus
euphratica; GSE23726) in poplar species. In addition,
control plants were used as uninoculated or mock-
inoculated (MI). Data were processed using NCBI’s
GEO2R tool to compare two or more groups of samples
in order to identify genes that are differentially
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expressed across experimental conditions by using
the GEOquery and limma R packages from the
Bioconductor project (Smyth 2005; Sean and Meltzer
2007). The heat map was generated using the CIMminer
tool that generates color-coded Clustered Image Maps
(CIMs) (discover.nci.nih.gov/cimminer/home.do).

Structural analysis of MLO proteins

Secondary structural analysis was performed by using
SOPMA server (npsa-prabi.ibep.fr/cgi-bin/npsa
automat.pl?page=/NPSA/npsa_sopma.html; Geourjon
and Deleage 1995). 3D models of proteins were predicted
by I-TASSER server (zhanglab.ccmb.med.umich.edu/I-
TASSER/; Yang et al. 2015) and visualized by Pymol
(DeLano 2002). Model quality was checked by
Ramachandran plot analysis (Lovell et al. 2003). Putative
binding/active sites were predicted by CASTp server
(sts.bioe.uic.edu/castp/; Binkowski et al. 2003).

Results and discussion

Plant resistance (R) and susceptibility (S) genes are of
crucial importance in agricultural practices to fight PM-
disease. Especiall, S-genes, whose loss-of-function con-
tribute recessively inherited plant resistance (Pavan et al.
2010); thereby, this may aid to improve the plant path-
ogen tolerance (Parlevliet 1993; Fu et al. 2009; Pessina
et al. 2014). Thus, MLO genes stand as potential candi-
dates for molecular manipulation aiming to confer PM-
resistance to cultivated or economically important
plants. MLOs were identified in some agricultural or
grass species but studies regarding the forest trees have
been rather scarce. Herein, this study attempted to iden-
tify and characterize the potential MLO genes in the tree
species poplar to provide a basis for woody plant geno-
mics in terms of better management of the poplar-
powdery mildew interaction.

Identification and characterization of poplar MLOs

Using known Arabidopsis MLO1-15 sequences as ref-
erences, a total of 26 MLO orthologues were identified
in genome of the poplar tree (Online Resource Table 1).
Then, they were sequentially numbered as PIMLO1-26
based on their chromosomal locations (Table 1). Later,
genomic, coding (CDS) and protein sequences of these
homologs were retrieved to be used in further analyses.

Poplar MLO genes characterized with 13—15 exons
encoding a polypeptide of 341-593 amino acid residues
with 39.11-67.89 kDa molecular weight and with a
basic 7.61-9.70 pI value. All MLO proteins contained
an MLO domain (PF03094) structure and were predict-
ed to be subcellular localized at plasma membrane with
high-reliability index or high confidence measure
(Table 1). They showed the physico-chemical properties
similar to their Arabidopsis counterparts.

In earlier studies, MLO proteins were characterized
with seven TMDs localized to the plasma membrane
(Devoto et al. 1999, 2003; Ablazov and Tombuloglu
2016; Liu et al. 2017), with an extracellular N-terminal
and a cytoplasmic C-terminal calmodulin-binding do-
main (CaMBD) (Kim et al. 2002a, b). Herein, PtMLOs
were predicted to have 5-9 TMDs with a spanning
range of 233-436 amino acids, of which 14 included
seven putative TMDs with an outside (extracellular) N-
terminus and an inside (cytosolic) C-terminus sites
(Table 1). It was also implicated that various numbers
of TMDs may be associated with the functional diver-
sities of MLOs in plants. Moreover, MLO proteins were
also reported to be leucine-rich peptides (9—13%) and
play significant role in the signal transduction pathways
of the defense response mechanisms (Singh et al. 2012;
Kemmerling et al. 2007; Osakabe et al. 2005; Jung et al.
2004; Kédzierski et al. 2004; Torii 2004). In addition,
genome-wide analysis of poplar revealed that
nucleotide-binding-site (NBS) leucine-rich repeat
(LRR) proteins belonged to a large class of plant resis-
tance genes (R genes) that support the pathogen effector
recognition and defense response signaling (Takken
et al. 20006).

Furthermore, 26 PtMLO genes, ranging with 3583—
11,682 bp were distributed on the 14 out of 19 poplar
chromosomes (Fig. 2). PtMLOI13, 17-19, 23 and 24
were singly located on Chr 6, 8-10, 13 and 16 respec-
tively while other poplar MLOs were located in groups
of twos or threes or fours. Chr 5 had maximum four
(PtMLO9—12) MLO genes followed by three genes of
Chr 7 (PtMLO14-16) and Chr 11 (PtMLO20-22), and
by two genes of Chr 1 (PtMLO1-2), Chr 2 (PtMLO3—4),
Chr 3 (PtMLOS5-6), Chr 4 (PtMlo7-8) and Chr 17
(PtMLO25-26). Inferred from the physical map
(Fig. 2), gene pairs of PtMLO3—4, PtMLO5-6,
PtMLOI11-12, PtMLO14-15, PtMLO20-21 and
PtMLO25-26 were closely localized on their designated
chromosomes. This implied that mentioning pairs may
have become originated by duplication of an ancestral
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gene. To figure out this claim, duplication analysis was
performed based on the adapted criteria (refer to
Materials and methods section). The analysis showed
the possibility of one tandem (PtMLOS5-PtMLOG6) and
eight segmental duplications (PtMLO4-PtMLOI11,
PtMLO7-PtMLO20 or 21, PtMLO9-PtMLO135,
PtMLO16-PtMLO25 or 26, PtMLO17-PtMLO19 and
PtMLO22-PtMLO?2). Shen et al. (2012) reported that
segmental duplications may have been one of the main
ways to increase the MLO gene numbers in soybean.
Therefore, herein detected duplication events could
cause the origination of some MLO members in poplar
genome.

Conserved motifs/residues in poplar MLO proteins

To have insights about the potential conserved residues
possibly associated with protein function, the most con-
served 10 motifs in Arabidopsis and poplar MLO pro-
tein sequences were identified (Fig. 3). Identified motifs
were distributed in a range of 21-50 amino acid residues
and were detected between 21 and 41 sites in MLO
sequences. Remarkably, all detected motifs were found
to be related with the MLO domain structure (PF03094)
(Online Resource Table 2). Besides, block diagram rep-
resentation of motifs (Fig. 3) revealed that motifs 3
(FWFGRPRLLLYLIHFILFQNAFZJAFFFW) and 5

@ Springer
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PiMlol2

(CKKGKVPLVSAEGLHQLHIFIF
VLAVFHVLYSVITMALGRAKIRSWKKWE) are
shared by all MLO sequences. The lowest number of
sites was 21 for motif 10 (WYZFGLKSCFHEN
TELIIIRL), followed by motif 9 (ETKTLEYZFS
NDPSRFRLTRZTSFVRRHL) with 24 sites, and motif
8 (LIJJLAVGTKLZAIITKMALEIQEKHAVV
QGAPLVQPSDDL) with 30 sites. Thus, these 10 con-
served motifs may prove the conservation of MLO
genes in Arabidopsis and poplar. In the phylogenetic
tree, a core cluster of Arabidopsis and poplar MLO
genes related with PM-resistance consisted of AtMLO2,
6, 12, PtMLO17, 18, 19, and 24. The Arabidopsis PM-
resistance genes AtMLO?2, 6, 12 (Consonni et al. 2006)
and probable poplar MLO genes such as PtMLO!7 and
19 contained all motif types, whereas other poplar MLO
genes such as MLOI8 (absent as motif 1:
LGVLVQFLCSYITLPLYALVTQMGSSMKKAIFDE
QVAKALKGWHKAAKKK) and 24 (absent as motif
8: LIJJLAVGTKLZAIITKMALEIQEKHAVVQGAP
LVQPSDDL) not contained all motif types. Motifs are
commonly connected with biological functions, struc-
tures or evolutionary history of proteins. They
agenerally consist of short amino acids (typically 5-25
amino acids) (Saito et al. 2004). According to these data,
it can be suggested that these conserved motif structures
may play vital roles for functions of MLO genes.
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Fig.3 Combined block diagram of the most conserved 10 motifs
in Arabidopsis and poplar MLO proteins. The motifs were identi-
fied by using MEME tool with a motif width of 21-50 amino acid

In this study, physico-chemical analysis showed
all PtMLO proteins were rich in leucine content
with 9.1-12.9% (Fig. 4), thereby suggesting possi-
ble roles of poplar MLOs in the plant defense. To
further analyze the conserved sequences, localize
the putative TMDs and identify the other impor-
tant residues, all MLO sequences were aligned,
and identical and similar residues were shaded as
black and grey respectively (Fig. 4). The approx-
imate locations of TMDs and other significant
residues were determined based on the knowledge

residues. Motifs were indicated with different colors, each speci-
fied below the diagram

obtained from TMD predictions and similar previ-
ous studies (Devoto et al. 2003; Feechan et al.
2009; Chen et al. 2014). Aligned sequences dem-
onstrated that residues covering TMD-3, —5 and
—7 were complete in all MLO members without
any disruption whereas other four TMDs were
partially missing in one (TMD-4) or two (TMD-
1, =2 and —6) of 26 poplar MLOs. The implication
is that TMD-3, =5 and —7 may be important for
proper protein function. In addition, residues cov-
ering the C-terminal calmodulin-binding domain
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Fig. 4 Multiple-sequence alignment of poplar MLO proteins.
Sequences were aligned by ClustalW, and identical and similar
residues were shaded as black and grey respectively. Approximate
locations of seven putative TMDs and C-terminal calmodulin-
binding domain (CaMBD) which modulates the signaling
mechanism in defense response were indicated above sequences.
Potential conserved residues in MLOs were also marked with
different color rectangles; LxxTPTWxVAxVC (red),
LxxALXxKxKXxELMxLGFISLLLT (green), QLHIFIFVLA (blue),
FFxQFxxSVx;DYxTLRxGFI (orange), FxFxxYxxR
xLxxDFx3VGIS (purple), Px4,LxVGTKL (brown), FWFxxP
x3LxLIHxxLFQNxXF (yellow) and CSYXTLPLYALVTQMGS
(dark red)

(CaMBD) (Kim et al. 2002a, b), which has been
reported to modulate the signaling mechanism in
defense response (Reddy et al. 2003), was completely
preserved in all 26 PtMLOs, except PIMLOG6. Some
residues corresponding to the CaMBD signaling domain
in PtIMLOG6 was partially absent. It was also reported
that GmMLOG6 does not have any detectable CaMBD;
thereby, it may be a different type of MLO gene or a
pseudogene (Shen et al. 2012). In the case of an inability
to bind MLO proteins with calmodulin, a partial resis-
tance to PM has been reported (Kim et al. 2002a, b).
Therefore, the PtMLOG gene either may not be able to
participate in the powdery mildew response or have
impaired function.

Furthermore, the following potential residues/motifs
were also identified in aligned sequences that highly
characterize all PtMLOs. These residues include
“LxxTPTWxVAxVC” (located in TMD-1),
“LxxALXxKxKXELMxLGFISLLLT” (partially in
TMD-2), “QLHIFIFVLA” (located in TMD-3),
“FFxQFxxSVx;DYXTLRxGFI” (loop region between
TMD-3 and -4), “FxFxxYxxRxLxxDFx;VGIS” (par-
tially in TMD-4), “Px4LxVGTKL” (located in TMD-
5), “FWFxxPx;LxLIHxxLFQNxXF” (partially in TMD-
6) and “CSYXTLPLYALVTQMGS” (located in TMD-
7). They may be also used as benchmark in characteri-
zation of the MLOs in different plant species. Second
and third cytoplasmic loops of MLOs have reported
to be critical for PM-susceptibility (Reinstddler et al.
2010). In this study, second and third cytoplasmic loops
corresponded to the residues between TMD-3 and -4,
and TMD-5 and -6 respectively when the N-terminal
region was accepted as extracellularly located.
Thus, motif residues, “FFxQFxxSVx;DYXTLRxGFI”
and “FWFxxPx;LxLIHxxLFQNxF” in these regions
may be critical for powdery mildew susceptibility in
poplar tree.

Comparative phylogenetic analysis of poplar MLOs

Three separate phylogenies were constructed using
Arabidopsis (Fig. 5a), poplar (Fig. 5b) and Arabidopsis-
poplar (Fig. 5¢) MLOs. The comparative phylogenetic
analysis facilitated the identification of potential MLO
members involved in PM-resistance and allowed us to
infer functional roles to the PtMLOs in a cross-species
dependent way. All phylogenies (Fig. Sa—c) demonstrated
three major clusters, namely as group I, II and II with
similar topological patterns, and group I mainly was the
major cluster with a broader range of phylogenetic distri-
bution. Arabidopsis tree (Fig. 5a), which included func-
tionally characterized sequences, was used as a bench-
mark to identify the MLO members involved in PM-
resistance. Group I of AtMLOs contained five genes
(AtMLOS, 7-10), group II had four genes (AtMLO?2, 3,
6, 12) and group III included six genes (AtMLOI, 4, 11,
13-15). Arabidopsis MLOs such as AtMLO2, 6 and 12,
required for complete resistance in PM (Consonni et al.
2006), were clustered in group II. In poplar (Fig. 5b),
group I was further subdivided into three sub-groups (Ia-
¢). Group la included seven genes (PtMLO3, 4, 9, 11, 12,
14, 15), group Ib had seven genes (PtMLO7, 17-21, 24)
and group Ic included three genes (PtMLO5, 6, 13), while
group II had five genes (PtMLOI, 16, 23, 25, 26) and
group III had four genes (PtMLO2, 8, 10, 22). The
combined Arabidopsis-poplar tree (Fig. 5¢) demonstrated
that Arabidopsis MLOs such as AtMLO2, 6 and 12
required for PM-resistance were clustered with the
PtMLO17-19, 24 sequences in the same clade. Thereby,
inferring from the Arabidopsis MLOs, poplar PtMLO17—
19 and 24 genes are implied to be potential candidates
that may involve in the poplar-PM resistance.

Expression profiling of poplar MLO genes

In order to gain more detailed data about regulation and
expression levels of of MLO genes under biotic stress
conditions, the expression profiles of herein identified
MLO genes were analyzed by using publicly available
perturbation microarray datasets: including infection of
the ectomycorrhizal fungus L. bicolor in roots of hybrid
poplar P. tremula x P. tremuloides and P. tremula x
P. alba, the infection of M. medusae f. sp. tremuloidae
(MMT) in leaves of hybrid poplar P. tremula x P. alba,
and P. euphratica leaves subjected to the infection by
Marssonina pathogen. Upon exposure to fungal species,
detected 14 MLO genes showed significant up and
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Fig. 5 Phylogenetic distributions of: Arabidopsis (a), poplar (b),
and Arabidopsis-poplar (c) MLO proteins. Phylogenies were con-
structed by MEGA 6 with ML method for 1000 replicates. All
trees demonstrated three major clusters, namely as group I (blue),

down regulation in poplar genotypes, implying their
involvements in the plant defense (Fig. 6). All fungal
infections apparently led to the downregulation of most
MLO genes in poplars. However, the mutualistic sym-
biosis between L. bicolor and Populus roots also notably
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upregulated some MLO genes, including
POPTR 0003500970 (PtMLOS) with 3.64 folds,
POPTR 0009501710 (PTMLO18) with 2.42 folds,
POPTR_0004504960 (PtMLO7) with 2.39 folds
and POPTR 0011505790 (PtMLO20) with 2.29
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Fig. 6 Expression profiles of fungal-induced 14 MLO genes in
different poplars based on microarray data. P. tremula x
P. tremuloides and P. tremula x P. alba are inoculated by
L. bicolor, P. tremula x P. alba inoculated by M. medusae f. sp.
tremuloidae, and P. euphratica inoculated by M. brunnea. Red-to-
green scale indicates the up-to-downregulated ranges correspond-
ingly. 14 MLO genes in arrays are annotated herein study as
POPTR_0001s11880 (PtMLO1), POPTR_0001s41280

folds. Thereby, the expression of MLO genes un-
der given fungal infections did not demonstrate
any particular pattern but showed a tendency to
downregulation. Additionally, their considerable in-
duction upon fungal challenge also implied that
they may possibly be associated with biotic
stresses.

Structural analysis of poplar MLOs

Finally, the secondary and tertiary structures of potential
MLOs that involve in PM resistance in Arabidopsis and
poplar were comparatively analyzed. In Arabidopsis
AtMLO?2, 6 and 12 proteins, reported to be required
for complete resistance in PM disease (Consonni et al.
2006), the secondary structural elements were

POPTR_0003500970.1
POPTR_0009s01710.1

POPTR_0006513170.1 f
POPTR_0001s11880.1

POPTR_0004522820.1 i
POPTR_0004504960.1 ';

POPTR_0011505750.1
POPTR_0016508940.1
POPTR_0001541280.1
POPTR_0007508570.1
POPTR_0005527570.1
POPTR_0017500450.1
POPTR_0005511350.1
POPTR_0011505820.1
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(PtMLO2), POPTR_0003s00970 (PtMLOS5), POPTR_0004s504960
(PtMLO7), POPTR_0004s22820 (PtMLOS), POPTR_0005s511350
(PtMLO10), POPTR_0005s27570 (PtMLO11),
POPTR_0006s13170 (PtMLO13), POPTR_0007s08570
(PtMLO14), POPTR_0009s01710 (PTMLO18),
POPTR_0011s05790 (PtMLO20), POPTR_0011s05820
(PtMLO21), POPTR_0016s08940 (PtMLO24), and
POPTR_0017s00450 (PtMLO26)

distributed as 38.02-39.79% oc-helices, 19.62-20.77%
extended strands, 8.03-8.33% beta turns and 31.41—
34.03% random coils. In the herein identified poplar
proteins PtMLO17-19 and 24 that may possibly
be involved in PM resistance, those elements com-
prised of 29.60-43.44% o-helices, 17.21-24.96%
extended strands, 7.87-10.33% beta turns and
29.02-36.68% random coils. Hence, Arabidopsis
and poplar MLOs had not diverged too much in
terms of secondary structural elements distribution;
this may also suggest a possible functional rela-
tionship in the given proteins.

Moreover, 3D models of those Arabidopsis and pop-
lar MLOs were generated, and the quality of models
were verified by Ramachandran plot analysis in which
>90% residues were in allowed region (Fig. 7). This
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Fig. 7 3D models of known Arabidopsis and predicted poplar
MLOs involved in PM resistance. Arabidopsis and poplar models
are visualized with red and green respectively, with yellow N- and

indicates the fairly good fit of the predicted models. The
models of PtMLO17-19, 24 and AtMLO6 showed
similar topological conformations. Supportably, the
p-blast search of protein sequences (refer to
“Homolog/E-value” column in Table 1) also cor-
roborated that PtIMLO17-19 and 24 are the homo-
logs of AtMLOG6. This shows that those sequences
are well conserved at primary and tertiary structur-
al levels. Furthermore, binding sites of those pro-
teins in generated models were predicted. The
various binding patterns were detected in poplar
PtMLOs compared to that of the Arabidopsis pro-
teins (Online Resource Fig. 1-2). This may contrib-
ute to the divergence of MLOs as well as to increase the
flexibility in a species-dependent manner.
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complete PM-resistance. PtIMLO17-19 and 24, identified in this
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Conclusion

Poplars are fast growing deciduous trees with important
economic value. However, they are exposed to broad
range of fungal pathogens, with powdery mildew (PM)
one of the well-known fungal diseases that damage
poplar. Plant susceptibility genes like MLOs have great
importance in agricultural practice to manage this dis-
ease. For this purpose, identification of MLO genes in
the plants has been a fundamental step. Thus, this work
identified the putative MLO genes in a tree species
poplar. A total of 26 putative MLO orthologues were
identified in the poplar genome of which 14 adhered to
the criteria of fully functional MLO proteins. Identified
homologs were investigated from primary sequences to
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the tertiary structural level. Particularly, four genes
PtMLO17, 18, 19 and 24 were revealed as potential
candidates that may be involved in the poplar PM resis-
tance. Overall, this work provides a basis for woody
plant genomics in future studies aimed at the better
management of poplar-PM disease.
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