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s  u  m  m  a  r  y

PRLIP  (pathogenesis-related  lipase)  is  a  gene  family  encoding  class  3 lipase-like  proteins  originally
described  and  first  characterized  in Arabidopsis  thaliana.  Nine  paralog  genes  of Arabidopsis  can  be sep-
arated  into  two  groups  based  on expression  characteristics  and  pathogen  responses.  Genes  of  Group  1
are clustered  on  chromosome  5 and  show  either  high  inducibility  to  different  stress  hormones  and  in
response  to  pathogen  attack  or are  undetectable  at  the  transcript  level.  Group 2 contains  the remain-
ing  genes,  spread  over  the  genome  and  are expressed  constitutively  in  all the  tissues  tested.  The  aim
of  the  present  study  was to  determine  the  distribution  of these  two  groups  among  plants,  and  to ver-
ify  their  differential  expression.  Orthologs  of  constitutively  active  members  (Group  2)  were  found  in
all  angiosperms,  with  available  genome  sequences.  They  are  referred  to  as “core  PRLIPs”.  In contrast,
the  gene  cluster  containing  the  pathogen-inducible  PRLIPs  (Group  1) was  unique  for  Arabidopsis.  Among
other angiosperms,  grapevine  also  possesses  such a unique  genome-specific  group  of  PRLIP  genes.  To

investigate  whether  these  genes  are  also  counterparts  in  pathogen  responses,  their  expression  pattern
was  tested  under  stress  conditions.  Two  of the  specific  Vitis  PRLIPs  were  highly  induced  in response  to
both powdery  mildew  infection  and  benzothiadiazole  (BTH)  treatment.  Core  Vitis  PRLIPs,  however,  were
not responsive  to  either  pathogen  attack  or the  chemical  inducer.  Our  data  provide  insights  into  the
distribution  of a  pathogenesis-related  gene  family  in different  plant  lineages,  and  might  reveal  common
characteristics  with  other  inducible  defense-related  gene  families.
ntroduction

PR proteins are important effector molecules of plant disease
esponses. They are commonly found in the plant kingdom and are
urrently classified into 17 PR families based on biological and bio-
hemical properties (Van Loon et al., 2006). However, no PR family
onsisting of lipases or lipase-like proteins has yet been estab-
ished, although recent studies highlight the importance of lipases
nd lipidic signals in different plant stress responses (Shah, 2005).
ipases, along with esterases, belong to the alpha/beta-hydrolase
old family of enzymes. They preferentially hydrolyze long-chain
cylglycerols into glycerols and free fatty acids, while the latter

rimarily hydrolyze short chain acylglycerols (Ollis et al., 1992).

The stress hormone jasmonic acid (JA), a lipid derivative itself,
as been proposed to play a role in lipidic signaling in JA-mediated

Abbreviations: BTH, benzothiadiazole; CDS, coding sequence; PR, pathogenesis-
elated; RQ, relative quantitation; SAR, systemic acquired resistance.
∗ Corresponding author at: University of Pecs, Ifjusag utja 6, Pecs H-7624,
ungary. Tel.: +36 72 503600x24209; fax: +36 72 503634.

E-mail address: jakab@gamma.ttk.pte.hu (G. Jakab).

176-1617/$ – see front matter ©  2012 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.jplph.2012.07.010
© 2012 Elsevier GmbH. All rights reserved.

wound responses (Farmer and Ryan, 1992). Salicylic acid (SA) medi-
ated SAR is also strongly affected by lipidic signaling through SABP2,
a protein having SA-stimulated lipase activity, and thus acting as
a receptor for SA in tobacco (Kumar and Klessig, 2003). In Ara-
bidopsis, a similar function has been attributed to the homologous
AtMES proteins with esterase activity (Vlot et al., 2008). One group
of stress-related lipases of special interest is the GDSL (also known
as SGNH) lipases. GLIP1, a GDSL-type lipase, was  observed to be
highly induced in response to ethephon treatment and to play
an important role in inducible resistance against Alternaria bras-
sicicola. It might be implicated in either the signaling process or
exert antimicrobial activity (Oh et al., 2005). Overexpressing lines
of GLIP1 exhibited increased defense against Alternaria and were
assumed to form a GLIP1-ethylene (ET) signaling pathway function-
ing independently from SAR (Kwon et al., 2009). Another member
of the Arabidopsis GLIP gene family GLIP2 has also been reported
to affect defense responses through repression of the auxin sig-
naling pathway. However, the transcript levels of GLIP2 were also

enhanced by SA, methyl jasmonate (MeJA) and ethephon (Lee et al.,
2009), suggesting involvement in multiple, even antagonistic sig-
naling pathways. A GDSL lipase from hot pepper (CaGLIP1) with
an organ- and tissue-specific expression pattern displayed reduced

dx.doi.org/10.1016/j.jplph.2012.07.010
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:jakab@gamma.ttk.pte.hu
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ymptoms of infection and repression of bacterial growth by viru-
ent Xanthomonas campestris following silencing of the gene (Hong
t al., 2008). Overexpression of CaGLIP1 caused enhanced disease
usceptibility in transgenic Arabidopsis plants. Another GDSL lipase
rom pepper was highly inducible by MeJA as well as wounding,
nd is also likely to modulate CaPR4 expression (Kim et al., 2008).
r-sil1, a putative lipase from Chinese cabbage leaves and stems
Lee and Cho, 2003), is highly inducible by the SA analog benzoth-
adiazole (BTH) and by Pseudomonas syringae infection, but neither
y JA nor by ET. The GDSL lipase GER1 from rice can be induced by
A and red and far red light (Riemann et al., 2007).

Class 3 lipases are also involved in plant stress responses. The
amily of alpha/beta-hydrolases containing class 3 lipase domains
omprises three proteins with elemental roles in stress responses
f Arabidopsis. These include PAD4 (Zhou et al., 1998), EDS1 (Falk
t al., 1999) and SAG101. They form a signaling system presumably
unctioning as the main barrier against pathogens (Wiermer et al.,
005). Despite their biological characterization, not much is known
bout the in vivo lipolytic activity and biological substrates of the
lass 3 lipases; it is actually uncertain whether they exhibit such
ctivity (Wiermer et al., 2005). The PRLIPs are also a group of class

 lipases originally characterized by Jakab et al. (2003).  Nine mem-
ers of the gene family were identified in the Arabidopsis genome,
nd three of them – PRLIP3, PRLIP8 and PRLIP9 – were reported
o have orthologs in the rice genome. Expression levels of PRLIP1,
RLIP2 and PRLIP6 were highly induced by different biotic stress
timuli while, PRLIP3,  PRLIP9 and PRLIP8 genes showed only mod-
rate or low biotic stress responses (Szalontai and Jakab, 2010).
he aim of our present study was to highlight functional differenti-
tion between PRLIPs, as indicated in Arabidopsis. The information
resented here is important in understanding the physiological
unction of the PRLIPs, which may  be a new family of PR genes.

aterials and methods

enomic database search and phylogenic analyses

Databases of 25 sequenced and annotated plant genomes avail-
ble in the Phytozome v7.0 Database (http://www.phytozome.net)
ere screened to identify potential PRLIP homolog sequences. To

mprove the alignment, in some cases computationally predicted
xon–intron boundaries were revised to result in better homology
t the amino acid level. Sequences were aligned with the JalView
rogram using the MUSCLE method. Phylogenetic analysis was  car-
ied out only on the satisfactory aligned region, using PAUP*4.0
Swofford, 2003) with the Distance option. A phylogenetic tree rep-
esenting similarities of protein sequences was constructed using
he neighbor-joining method. Bootstrap supports of 1000 replica-
ions are indicated, and the cut-off value for condensed tree was
60.

lant material and hormone treatments

Vernalised cuttings of Vitis vinifera (L.) Cabernet Sauvignon and
inot Noir cultivars were obtained from the Institute of Viticulture
nd Oenology, University of Pecs. Vine-stocks were treated with
.8% alpha-naphtalene acetic acid (INCIT-8; Bioplant, Hungary)
nd rooted in perlite. Plants were grown at 28 ◦C under 16 h light
eriod, 70 �E m−2 s−1 illumination and 60% relative humidity for

 weeks after the emergence of buds. To induce resistance mech-
nisms, a fresh solution of benzo(1,2,3)thiadiazole-7-carbothioic

cid S-methyl ester (Syngenta, Switzerland) at a final concentra-
ion of 600 �M – dissolved in tap water – was applied as soil
rench. ET gas treatment was performed in an airtight container
ith a concentration of 100 �L L−1. Grapevine leaves infected with
ysiology 169 (2012) 1767– 1775

powdery mildew (Erysiphe necator) were collected in the vineyard.
Grapevine leaves with different levels of disease were sorted and
pooled (10 leaves per sample). Samples included PN0: uninfected
leaves; PN2: 5–10%; PN5: 30–40%; and PN8: >75% corresponding to
the surface of visibly infected leaf surface in percentage. The num-
ber of biological replicates was  n = 3 for chemical treatments, and
n = 2 (per cultivar) for powdery mildew disease responses.

RNA isolation, reverse transcription and quantitative PCR

Genomic DNA was  purified from leaves with the use of the
DNeasy Plant Mini Kit (Qiagen, Germany). Total RNA was iso-
lated from flash frozen plant tissues according to the procedure
of Hamiduzzaman et al. (2005).  After DNase I (Fermentas, Lithua-
nia) treatment, the quality of total RNA samples was checked by
separating on a 1.2% agarose gel containing 5% formaldehyde. RNA
quantities were measured spectrophotometrically in a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific, USA). cDNA was
synthesized from 200 ng of total RNA using the First Strand cDNA
Synthesis Kit (Fermentas) with oligodT(18) primer following the
manufacturer’s protocol. Quantitative RT-PCRs were run in a reac-
tion volume of 20 �l consisting of 10 �l MaximaTM SYBRGreen/ROX
qPCR Master Mix  (Fermentas), 1.0 mM each of two primers, 8.5 �l
water and 2 �l of cDNA sample on a Step OneTM Real-Time PCR
System (Applied Biosystems, USA), with the following program: 40
cycles of 95 ◦C for 30 s; 60 ◦C for 30 s; and 72 ◦C for 60 s with an ini-
tial denaturation at 95 ◦C for 10 min. Gene expression levels were
calculated by normalization relative to elongation factor 1-alpha
mRNA level (GenBank accession: XM 002282094), as it displayed
the most stable transcription in the samples when compared to
a beta-actin and two  tubuline transcript levels (data not shown).
Primer sequences are listed in Supplementary Table 1.

Statistical analysis

For studies on the effects of chemical treatments and powdery
mildew infection, each leaf sample was  pooled from shoots of 5
different cuttings per time point. When studying organ specific
expression, each sample was  pooled from 5 different individual
plants. Data presented as bar graphs show one representative of
3 biological replicates of chemical treatments and organ-specific
expression analysis, and one representative of 2 biological repli-
cates (per cultivar) of powdery mildew disease responses. Samples
were measured in triplicate and relative quantification was per-
formed with the ��CT method using Step OneTM 2.0 Software
(Applied Biosystems). The efficiency values of the primers were
determined by establishing 5-fold dilution curves and calculated
as described by Pfaffl (2001).  According to the output format of the
software, results (RQ values) are given as means with 95% confi-
dence intervals (CIs). In Figs. 3–6,  bars represent means and error
bars correspond to CIs. In this graphical representation, two  means
with non-overlapping CIs were considered different at the p < 0.05
level of significance.

Cloning of PCR fragments

PCR products for cloning were generated with DreamTaqTM

DNA Polymerase (Fermentas) in a 23 �l reaction volume (2.3 �l
DreamTaqTM Buffer, 0.5 mM dNTP mix, 1.0 �M of forward
and reverse primers, 4 �l of gDNA or cDNA template 1.25 U
DreamTaqTM DNA Polymerase and 12.5 �l water). PCR products
were recovered from 1.5% agarose gels with the GeneJET Gel

Extraction Kit (Fermentas) following the supplier’s instructions.
Amplicons were blunted and cloned to the pJET1.2 vector using the
GeneJET PCR Cloning Kit (Fermentas). Escherichia coli DH5 alpha
competent cells were transformed as described by Sambrook et al.

http://www.phytozome.net/
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ig. 1. PRLIP gene clusters of three angiosperm species. Grey boxes stand for PRLIP h
nd  “d2”: pseudogenes within the Vitis PRLIP cluster) white boxes for non-coding
umbers are listed in Supplementary Table 2.

1989).  The recombinant clones were analyzed by colony PCR with
JET1.2 forward and reverse primers according to the manufac-
urer’s protocol. DNA samples were sequenced using the Big Dye
erminator Cycle Sequencing Kit (Applied Biosystems).

esults

lant PRLIPs can be divided to core and genome-specific homology
roups

Since the first characterization of the PRLIP gene family in
he model plant Arabidopsis thaliana, the genome of Arabidop-
is lyrata has also been sequenced, so we compared the PRLIP
ene cluster of these two closely related species. We  used the
OE-Joint Genome Institute database (http://www.jgi.doe.gov/) to
ompare PRLIP genes of the two Brassicaceae species. Constitutively
xpressed members (as demonstrated earlier in A. thaliana) PRLIP3,
RLIP8 and PRLIP9 are present in both genomes, located dispers-
dly in different regions (data not shown), while the remainder of
he PRLIP genes encoding the pathogen inducible members in A.
haliana occurred in one gene cluster in both species. The genes
re in a collinear position along the homolog chromosome seg-
ent, except for PRLIP2,  which is missing from the A. lyrata genome

Fig. 1). There are additional significant disparities between the
wo species. In A. lyrata, there is a short CDS between PRLIP1 and
RLIP4 encoding a putative GTP-binding protein, which could not

e located in A. thaliana. Another example of interspecific differ-
nces is the number of PRLIP4 copies. Orthologs of the PRLIP4 are in a
ollinear position in both regions compared, but there are two  addi-
ional paralogs of this gene that are present only in A. lyrata.  These
ogs, black boxes for other genes (“c”: encoding GTP binding protein homolog; “d1”
enes (“a”: At5g24205 and “b”: At5g24206). Orientations are indicated. Accession

show similarity to PRLIP4,  but the 5′ region is missing in both genes,
so they are likely the result of partial duplications rather than intact
genes. A missing 5′ coding region was also found in AlPRLIP1 and
AlPRLIP9 (when compared to A. thaliana orthologs). Finally, there
are two  non-coding RNA genes in the A. thaliana genome between
the PRLIP2 and PRLIP1 genes, which are yet not indicated in the A.
lyrata homolog segment but can be identified by a homology search
and are thus likely to be present in both genome clusters.

Despite the close phylogenetic relatedness, 5 million years
of independent evolution (Lysak et al., 2006) were sufficient
to develop remarkable disparity between PRLIP gene assort-
ments of two  Arabidopsis species. Therefore, we screened the
proteome databases of the 25 plants available at Phytozome
(http://www.phytozome.net) to identify homologs of AtPRLIP pro-
teins and to estimate sequence-level similarity among them. After
critical revision of the BLAST matches, 135 sequences from 23 plant
species were considered to be indisputable PRLIP homologs. Our
aim was to identify potential functional groups of PRLIP proteins
(which might actually contribute to physiological processes) and
not to reconstruct the entire molecular evolution of the multi-
gene family. For this reason, genome loci with no intact coding
region assigned and truncated protein fragments were excluded
from the further analysis. The moss Physcomitrella possesses three
PRLIP sequences that were used as the outgroup in the analy-
sis. The ingroup on the phylogenic tree consisted of Tracheophyte
sequences (Fig. 2; for bootstrap supports, detailed tree topol-
ogy and accession numbers see Supplementary Fig. 1). Accessions

of Selaginella appeared as a sister in the basal position, while
angiosperm sequences form two  main clades, referred to as Clade I
and Clade II. A variety of Eudicot sequences appear in the terminal
branches in both of these clades: Clade I containing the homologs

http://www.jgi.doe.gov/
http://www.phytozome.net/
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Fig. 2. Phylogenetic relationships of the PRLIP protein sequences. Bold lines indicate genome-specific paralog groups. Note that specific groups in BEP grasses and PACCMAD
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f AtPRLIP8, and Clade II containing the homologs of AtPRLIP3 and
tPRLIP9. In addition, four paralogs for PRLIP8 and two for PRLIP3/9
re present in grasses, inferring a gene duplication event in one of
he common ancestors. All of the sequenced plants have of at least
ne copy of PRLIP8 and PRLIP3/9, so we term them core PRLIPs.

Interestingly, the rest of the subclades in Clade II consist mostly
f accessions from a single genome each. Unlike the core PRLIPs,
hese genome-specific paralog groups contain proteins encoded
n one gene cluster, with the exception of subclades of Mimulus
nd Glycine.  Altogether, such genome-specific subclades of PRLIPs
ould be established in 9 of the 23 analyzed species, and only
ne (including two Medicago accessions) is located within Clade
. Nevertheless, there are unique PRLIP sequences, dissimilar to
heir core PRLIPs, in Brachypodium,  Manihot, and Citrus (one in
ach species, forming polyphyletic clades with Oryza accessions
nd each other respectively – marked as “a” on Fig. 2). The pre-
iously described and characterized A. thaliana PRLIPs clustered on
hromosome 5 (including PRLIP1, PRLIP2, PRLIP4, PRLIP5, PRLIP6
nd PRLIP7; Jakab et al., 2003) all belong to one of these specific
aralog groups, and thus are singular in the Arabidopsis genus.
emarkably, PRLIP8 sequences of Mimulus, together with a unique
equence from Glycine (which is predicted to be a partial duplica-

ion), diverged from the other core eudicot PRLIP8 sequences and
ere excluded from the terminal node (marked as “b” on Fig. 2).
ost of the sequence data are predicted proteins assigned to hypo-

hetical coding regions and might include several pseudogenes.
f branches marked with “a” and “b”.

Core and genome-specific PRLIP genes have different expression
patterns in grapevine

Arabidopsis PRLIPs show a characteristic expression pattern
depending on whether they belong to the core or genome-specific
groups (Jakab et al., 2003; Szalontai and Jakab, 2010). In our
additional experiments, we  analyzed the PRLIP gene assortment
of grapevine (VvPRLIPs) to demonstrate this correlation between
sequence-level similarities and functional differentiation in a dis-
tantly related plant species. As gene predictions of the Genoscope
grapevine genome database (http://www.genoscope.cns.fr/spip/)
seemed to be poor for the VvPRLIPs, we used annotations of the NCBI
Map  Viewer (http://www.ncbi.nlm.nih.gov/projects/mapview/) for
further analyses. A single copy for both core PRLIPs (desig-
nated as VvPRLIP8 and VvPRLIP3/9) can be identified within the
Vitis genome. In addition, a gene cluster containing duplicated
genes of the Vitis-specific PRLIPs is located on chromosome 16
(Fig. 1). Altogether, seven homolog gene loci in this region dis-
played homology to AtPRLIP genes (termed as VvPRLIPE, VvPRLIPA,
VvPRLIPF, VvPRLIPC, VvPRLIPG, VvPRLIPD and VvPRLIPB to distinguish
them from Arabidopsis-specific PRLIP genes). The locus VvPRLIPG is
apparently a gene fragment. Manual revision of the exon–intron

junctions was  needed to improve homology to other VvPRLIPs for
VvPRLPC and VvPRLIPF (for protein alignment, see Supplementary
Fig. 2; accession numbers are listed in Supplementary Table 2; for
manually curated, sequences see Supplementary Table 3).

http://www.genoscope.cns.fr/spip/
http://www.ncbi.nlm.nih.gov/projects/mapview/
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First, we identified genes that actually appear at the transcript
evel. By exploiting the high level of sequence similarity among
he clustered VvPRLIPs, we designed a universal primer pair (VvU-
IV) able to amplify all of the predicted specific VvPRLIP loci.
his capacity of the primers first was tested on Vitis genomic
NA. Sequence analyses confirmed that amplicons of all seven
omolog loci from the grapevine PRLIP cluster could be obtained.
ext, VvPRLIP fragments from cDNA samples of both infected and
ninfected grapevine leaves and all the other examined tissues
ere amplified. These fragments were cloned and sequenced as
escribed in ‘Materials and methods’ section. At least 30 clones
epresenting each sample were analyzed and our results indicated
hat only two paralogs (VvPRLIPA and VvPRLIPC) were detectable at
he mRNA level in the grapevine organs tested (data not shown).
otably, it is possible that other members of the gene cluster are
lso transcribed in certain cell types or tissues, or under special
onditions. Furthermore, competition between the different tem-
lates for the universal primer might also occur, favoring VvPRLIPA
nd VvPRLIPC transcripts.

To determine potential defense-related characteristics of the
ene family, we also studied the expression profiles of the Vitis
RLIP orthologs. In untreated grapevine plants (cultivar Pinot Noir),
ore PRLIPs displayed only small differences in expression among
he compared tissues (Fig. 3C and D), with only 2.5-fold at the max-
mum.  Conversely, specific PRLIPs VvPRLIPA and VvPRLIPC showed
ery high levels of expression in leaves (Fig. 3A and B) compared to
ther organs.

We  also studied expression changes of these genes in response

o different stress regimens. Comparing Vitis leaves under differ-
nt rates of powdery mildew infection revealed significant changes
n the mRNA levels of VvPRLIPA and VvPRLIPC (Fig. 4A and B).
ow levels of infection caused 25-fold (Pinot Noir) or 80-fold
 the Pinot Noir cultivar. R, root; S, stem; L, leaf; F, flower. Error bars correspond to

(Cabernet Sauvignon) upregulation in VvPRLIPA transcript lev-
els, while VvPRLIPC displayed 500-fold and more than 125-fold
increases in the same infected leaves of the two cultivars,
respectively. In contrast, a severe infection markedly decreased
expression levels of grapevine-specific PRLIP genes. For the core
VvPRLIPs, only minor differences were detected (Fig. 4C and D):
VvPRLIP8 showed 0.5-fold downregulation in moderately infected
leaves of Pinot Noir, whereas VvPRLIP3/9 displayed only a weak
induction, with a maximum of 2-fold increase in both cultivars.

We also analyzed vine stocks of the cultivar Pinot Noir treated
with the stress inducers BTH and ET. Increasing expression of
both VvPRLIPA and VvPRLIPC genes were observed in response to
the SA analog BTH treatment (Fig. 5A and B), while transcription
of core PRLIPs was  almost unaffected (Fig. 5C and D). ET treat-
ment repressed transcription of all the VvPRLIPs (Fig. 6), especially
VvPRLIPA, to a yield of 0.1-fold after 48 h and VvPRLIPC, which was
practically undetectable at the transcript level after 2 days of inoc-
ulation (Fig. 6A and B). The efficiency of the chemical treatments
was verified by marker genes VvHSR1 and VvPR1 according to Chong
et al. (2008); see Supplementary Fig. 3.

Discussion

The PRLIP family is a yet unclassified group of inducible defense
related genes resembling induction characteristics of genes encod-
ing typical PR proteins. It consists of 9 paralogs in A. thaliana.
The primary description of the genes stressed the inducibility of

PRLIP1 and PRLIP2 in response to SA treatment and Pseudomonas
infection and an upregulation of PRLIP6 to MeJA treatment (Jakab
et al., 2003). In contrast, other family members (namely PRLIP3,
PRLIP8 and PRLIP9 genes) show constitutive expression with only
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Fig. 5. Effect of BTH treatment on grapevine PRLIP transcription levels in the Pinot Noir cultivar. Time points indicate the hours the plants were sampled after the treatment.
Error  bars correspond to technical replicates.
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ig. 6. Transcriptional changes of VvPRLIPs followed by ET treatment in the cultivar
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inor differences under stress conditions. In the present stud-
es, we screened sequenced plant genome databases to collect
RLIP protein homologs. A phylogenetic tree constructed from
hese proteins indicates that angiosperm PRLIP homologs form two
ister clades. Clade I is a large group of sequences, all display-
ng homology to the Arabidopsis PRLIP8 sequence, while Clade II
s comprised by homologs of the Arabidopsis PRLIP3 and PRLIP9
nd several additional subclades of taxon-specific PRLIP paralogs.
ach of these subclades originates from a defined plant genome
nd the genes encoding these taxon-specific proteins are gener-
lly tightly clustered. The AtPRLIP1, AtPRLIP2 and AtPRLIP6 genes
howing defense-related characteristics all belong to one of these
pecific paralog groups, and are thus unique for the Arabidopsis
enome. Altogether, we termed these proteins genome-specific
RLIPs. To test our hypothesis that these specific PRLIPs evolved
o serve plant–pathogen responses, we also analyzed expression
atterns of the genome-specific PRLIP paralogs of grapevine. The
xpression ratio of the two VvPRLIP genes VvPRLIPA and VvPRLIPC
ncreased strongly upon powdery mildew infection in both Pinot
oir and Cabernet Sauvignon cultivars. Treatment with BTH also

ncreased the expression of these Vitis-specific PRLIP genes, but to
 much lesser extent than upon powdery mildew infection. Inter-
stingly, although specific PRLIP genes of these species possibly
volved independently (likely as a result of tandem gene dupli-
ation), both AtPRLIP1 and AtPRLIP2 genes of Arabidopsis, just as
vPRLIPA and VvPRLIPC genes of grapevine, are all upregulated by
TH and by the SAR-inducing pathogens P. syringae or Erysiphe
ecator, respectively. On the other hand, dissimilarities can also
e established among specific paralogs. Elevated transcription of
tPRLIP1 could be observed in ET-treated plants, while the same

reatment greatly decreased mRNA levels of all VvPRLIPs, especially
vPRLIPC and VvPRLIPA transcription.

Recent tandem duplication events contributing to plant defense
eem to be a plausible explanation for the high level of
 Noir. Time points indicate the hours the plants were sampled after the treatment.

homology among clustered PRLIP genes within a certain genome,
but the possibility of concerted evolution might be also consid-
ered (Liao, 1999), as was  demonstrated for the PR-10 family (Lebel
et al., 2010). However, the presence of non-functional paralogs in
both Vitis and Arabidopsis refers to independent evolution of dupli-
cated genes undergoing purifying selection as proposed by Nei and
Rooney (2005).

AtPRLIP8, AtPRLIP3 and its additional paralog (in Arabidopsis)
AtPRLIP9 were also studied in detail and were found to display
significant basal expression in all studied organs of Arabidopsis
(Szalontai and Jakab, 2010). As both PRLIP8 and PRLIP3/9 seem to
occur commonly in all plants, we  termed them core PRLIPs in the
present study. Both AtPRLIP3 and AtPRLIP9 were also inducible by
NaCl, and the former by JA as well, but these expression changes
were generally lower than stress responses of the genome-specific
Arabidopsis PRLIPs. AtPRLIP3 displayed only a brief transient induc-
tion in response to SA treatment in Arabidopsis. This was  also true
for the grapevine ortholog VvPRLIP3/9 expression, which was only
moderately affected by any of the stress conditions applied. How-
ever, neither AtPRLIP8 nor VvPRLIP8 is likely to be connected to any
stress response, as none of these genes displayed marked changes
in mRNA levels in response to pathogen infection or chemical
treatments. Ranges of organ-specific expression differences were
also generally low in core PRLIP homologs, especially in the case
of AtPRLIP8 in Arabidopsis and both VvPRLIP3/9 and VvPRLIP8 in
grapevine (Jakab et al., 2003; Szalontai and Jakab, 2010).

Taken together, we  suggest that, in addition to the core PRLIPs
that are present in all analyzed plant taxa, genome-specific groups,
which contain unique PRLIP paralog proteins usually encoded in
a gene cluster, can be observed in several plant taxa. These gene

clusters include PRLIP1, PRLIP2,  PRLIP4,  PRLIP5,  PRLIP6 and PRLIP7 in
Arabidopsis and VvPRLIPE, VvPRLIPA, VvPRLIPF, VvPRLIPC, VvPRLIPG,
VvPRLIPD and VvPRLIPB in Vitis vinifera. In contrast to genome-
specific PRLIPs, the core PRLIPs (PRLIP8 and PRLIP3/9 orthologs) are
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ound widely in plants and do not seem to be closely related to
lant–pathogen interactions. Thus, core PRLIPs should be inter-
reted as PR-like paralogs (PRLs) according to Van Loon’s original
omenclature (Van Loon et al., 2006) and might serve some other
iochemical function in healthy plants. A similar phenomenon was
escribed in the case of threonin deaminases of tomato, where the
ene of the original TD1 enzyme is involved in primary metabolism,
hile a duplicated paralog TD2 (which only appeared in closely

elated Solanum species) has evolved to protect plants from the
erbivore Lepidopteras (Gonzales-Vigil et al., 2011).

With respect to the genome-specific PRLIP genes, our findings
uggest that several characteristics share similarities with other
enes coding for different types of PR proteins. First, members of
he same PR family display extreme diversity in transcriptional
nducibility. For instance, there is only one Arabidopsis PR-1 para-
og gene showing upregulation via biotrophic pathogen attack or SA
reatment. Several other members, however, cannot be related to
tress responses (Van Loon et al., 2006). Conversely, rice PR-1 genes
re induced by different stress stimuli (Mitsuhara et al., 2008), each
aving a characteristic expression pattern. None of the apple PR-

 genes could yet be related to any stress responses (Bonasera
t al., 2006). As discussed above, the PRLIP family of Arabidopsis
nd grapevine can also be divided into members closely related
o plant–pathogen interactions (the genome specific PRLIPs) and
hose which are not (the core PRLIPs). Interestingly, the Arabidop-
is PRLIP1 gene is upregulated by antagonistic signaling pathways
ediated by ET and SA (Jakab et al., 2003) as it is the case for some
embers of rice PR-1 family, especially OsPR1a (Mitsuhara et al.,

008). By contrast, Vitis-specific PRLIPs are inducible by BTH but are
epressed by ET. Moreover, Arabidopsis-specific AtPRLIP6 (located in
he same cluster as PRLIP1 and PRLIP2)  is inducible by MeJA and ET
ut not by SA or BTH (Jakab et al., 2003).

Another aspect of gene expression variation is the organ-specific
nd developmentally regulated transcription in untreated plants.
his has also been observed in typical PR families like the thaumatin
uperfamily, in addition to inducibility by several environmental
tresses (Liu et al., 2010). Differential accumulation of lipid transfer
rotein (LTP) transcripts in response to pathogen attack, as well as
rgan-specific transcription patterns, have also been described in
epper (Jung et al., 2003). Thionin variants of the cereals wheat and
ice were also reported to be regulated in a tissue specific manner
Stec, 2006), just like PRLIP genes in healthy organs of Arabidop-
is and grapevine including root – (PRLIP6, PRLIP3,  PRLIP4), silique

 (PRLIP2, PRLIP9)  or leaf – (PRLIP1, VvPRLIPA, VvPRLIPC)-specific
embers.
Another notable analogy between PRLIPs and some other PR

amilies is the gene organization. We  show that the genome-
pecific PRLIP groups of different plants mostly occur in one single
ene cluster each. Similarly, ortholog groups of tandemly repeated
enes (displaying differential expression) encoding germin-like
roteins were also described from barley (Zimmermann et al.,
006), as well as PR-1 genes of grapevine, from which 14 genes
ut of 21 form one cluster (Li et al., 2011). Tandem arrays of PR-1
enes are present in the Arabidopsis and Oryza genome, includ-
ng genes more homologous to each other than to other paralogs
Van Loon et al., 2006). These clusters often contain pseudogenes
s well. This suggests small-scale duplication events during evolu-
ion as described by Lebel et al. (2010) in the characterization of
he grapevine PR-10 family.

Comparison of clusters containing the specific PRLIP genes of
wo closely related Arabidopsis species indicated small scale evolu-
ionary events resulting in differences including the inequality in

opy number of PRLIP4 like genes. This is, however, open to debate,
ince a comparative study between A. thaliana and A. lyrata revealed
hat many of the transposed genes were flanked by repeated gene
equences (Woodhouse et al., 2010). A previous report on the
ysiology 169 (2012) 1767– 1775

analysis of the maize chitinase genes suggested that the strength
of selection can be highly variable even between closely related
species and among proteins sharing similar biological functions
(Tiffin, 2004) and therefore, capable of generating such interspe-
cific differences. Another report showed that tandem duplicated
genes show increased variation in gene expression when compared
to segmentally duplicated or unique genes (Kliebenstein, 2008).
Divergence in regulation of transcription after gene amplification
could occur especially in the Arabidopsis-specific PRLIP cluster,
where each of the genes has a characteristic basal expression pat-
tern and differential inducibility by various kinds of stress stimuli
(Jakab et al., 2003). This might well provide a mechanism of fine
tuning stress responses.

The third interesting common feature among PRLIPs and some
other PR genes is the appearance of genome-specific groups, which
occurred in different plant lineages. Rice- or monocot-specific
groups of class III peroxidases were shown to be encoded by large
numbers of paralog groups mostly located in gene clusters (Passardi
et al., 2004), similar to taxon-specific endoglucanases clustered in
the Arabidopsis genome (Libertini et al., 2004). Gene clusters encod-
ing LTPs were also proposed as being independently expanded in
different plant phyla (Vignols et al., 1997). When comparing PR-
1 genes of Arabidopsis and rice, it is striking that only one of the
numerous paralogs is likely to be present in both species (and con-
sidered to be an ortholog pair of genes), and the other genes have
evolved after the divergence of the monocot/eudicot lineages (Van
Loon et al., 2006). Similarly to the specific PRLIPs, genes of defensin
like proteins also occur in gene clusters – the results of local dupli-
cation events – and can be classified into taxon- or tissue-specific
subgroups in higher plants (Silverstein et al., 2005). Our analyses
suggest that similar diversification of PRLIPs resulted in specific
paralog groups conferring defense. It is also important to note that
not all of the studied plant genomes posses an individual genome-
specific PRLIP group, so this mechanism is likely to occur only
occasionally. However, this is not unusual, as not all families of
inducible defense-related proteins seem to be present in all plant
species (Van Loon et al., 2006). For instance, Bowman–Birk type
proteinase inhibitors can only be found in the Poaceae and Fabaceae
families (Mello et al., 2003). In conclusion, the present analysis of
the grapevine PRLIP gene family entirely supports the former results
obtained from Arabidopsis. The emerging picture shows a novel
family encoding inducible defense-related proteins with regard to
pathogen inducibility and differential basal gene expression. Taken
together, our data provide important clues for further experiments,
and especially for protein level characterization – essential to verify
PR candidacy and physiological roles of the gene family.
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