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ABSTRACT

Motivation: The hypersensitive response (HR) is a process activ-
ated by plants after microbial infection. Its main phenotypic effects
are both a programmed death of the plant cells near the infection site
and a reduction of the microbial proliferation. Although many resist-
ance genes (R genes) associated to HR have been identified, very
little is known about the molecular mechanisms activated after their
expression.

Results: The analysis of the product of one of the R genes, the Hinl
protein, led to the identification of a novel domain, which we named
WHYy because it is detectable in proteins involved in Water stress
and Hypersensitive response. The expression of this domain during
both biotic infection and response to desiccation points to a molecu-
lar machinery common to these two stress conditions. Moreover, its
presence in a restricted number of bacteria suggests a possible use
for marking plant pathogenicity.

Contact: francesca.ciccarelli@embl.de

Supplementary information: Supplementary data (Figures S1 and
S2 and Table S1) and the alignment in clustal format are available at
http://www.bork.embl.de/~ciccarel/WHy_add_data.html

INTRODUCTION

Other components of HR are poorly characterized, among them
the Hinl genes, which have been isolated during a screen of genes
induced after bacterial infection (Gopaletral., 1996). Hinl seems
to take part in a non-specific pathway activated as a general response
of plants to pathogenic infection (Gopaletral., 1996). Differently
from otherR genes, Hinl does not share significant sequence simil-
arity to any functionally characterized eukaryotic protein family and
its function is unknown.

Here we report the identification of a novel domain that links the
Hinl proteins to the plant family LEA-14, which is expressed under
water stress conditions and during late embryogenesis and to a variety
of uncharacterized bacterial and archaeal proteins. We named this
module WHYy for Water stress and Hbersensitive response domain.

The detection of a common domain in two families of proteins
both expressed during the plant response to external stresses indic-
ates a common molecular mechanism, involving the activation of
similar proteins. Interestingly, the domain is also found in bacteria
and archaea, which suggests a possible similar pathway for the stress
response, maybe acquired by horizontal transfer.

METHODS

The protein sequence dficotiana tabacum Hinl (P93353) was used as a

Plants react to microbial infections through a process known aguery for standalone PSI-Blast (Altschetl al., 1997) against the protein
hypersensitive response (HR). The main effects of its activation ar@r-databa}se_. After three |terat|on_s, Whlch‘retneved only homologs_ of the
a rapid programmed cell death (PCD) of the cells near the infectiorll'"nl f_amﬂy in several plants, the first protein from the ba_ctt_erlaastonla
site, and a reduction of bacterial growth and spread. The molecP®@!iduranswas detected (ZP_00273651 = 0.0003). This is an unchar-

. . . . acterized protein whose homolo ith the plant Hin1 almost covers the
lar machinery through which the HR acts is still largely unknown. 1zed pro‘ein W gy wi P ! v

. . L %egtire sequence. The search converged at the 6th iteration, although the grey
However, it has been shown that this defense response is initiat ne just after thé-value threshold of 0.001 was clearly enriched in false

by the secretion of bacterial molecules which are able to induce thﬁegatives’ such as some plant sequences (Q9C573, Q7XB\0,0.006)
expression of plant resistance genisgenes) in a process called and one protein from the bacteritBorkholderia pseudomallei (CAH37099,
‘gene-for-gene response’ (Hueck, 1998; Cornelis and Van Gijsegeng = 0.009). Indeed, using these sequences as queries for PSI-Blast, both the
2000). According to the currently accepted view, bacteria start theiHin1 family and the bacterial sequences were retrieved. The three sequences
aggression translocating specific proteins into the plant cell via thavere then manually added to the alignment and the resulting profile was used
Hrp pathway (reviewed in Cornelis and Van Gijsegem, 2000). The® gontinue the PSI-Blast search. More bacter.ial sequences were retrieved
presence of these proteins in the plant cytosol stimulates the expre42til the search converged again at the 9th iteration. A hidden Markov
sion of the plantR genes, which in turn initiate the HR. Several model (HMM) profile was built using non-redundant representatives of all

famili fR gene products have been isolated me of which sh rthe sequences detected with PSI-Blast (segi80%). The borders of the
amilies of i gene proaucts have been 1solated, Some o chs aghared region were defined according to the PSI-Blast pairwise alignments.

common sequence features (Hamr'nond.-Kolsack and Jones, 199%’rth the resulting profile a HMM search (Eddy, 1998) against the nr-database
The largest group bears a nucleotide binding motif (NBS) and gyas run. This search added two new families to the alignment: the family of
leucine-rich repeat (LRR), and its members are consequently knowplant LEA-14 (Late Embryogenesis Abundant) proteiis= 1.2 x 10-13

as NBS-LRR proteins (Ellis and Jones, 1998). at the 2nd iteration) and some archaeal sequences with a duplication of the
domain E = 3.2x 10~° at the 3rd iteration). The HMM search converged at
the 4th iteration. Two distinct Pfam family domains are detectable in the Hinl
and the LEA-14 proteins (Hinl and LEA_2, respectively). In both cases the
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Fig. 1. Multiple sequence alignment of representatives of WHy domain. The multiple alignment was built using T-coffee (No&tealar2@00) and refined
manually. The sequences are indicated using the database accession number followed by the species. The starting and the ending residuesfare eggbrted
after the corresponding sequence. The plant sequences are depicted in green, the bacteria in red and the archaea in blue. The consensus iné®éithe seq
reported below the alignment; h, |, p, c and a indicate hydrophobic, aliphatic, polar, charged and aromatic residues, respectively. Cajataiteiterserved
amino acids. Hydrophobic residues are highlighted in dark blue, aliphatic residues in cyan, polar residues in green, charged in pink, ardmatanuh yel
other conserved residues in red. Secondary structure predictions using three different methods are reported: for PHD (Rost, 1996) the entivealigged

as a seed for the prediction, with upper cases indicating predictions with expected average ac8R%@nd lower cases predictions with average accuracy
<82%. For Psipred (McGuffigt al., 2000) and sam t99 (Karplesal., 1998), independent predictions have been performed using representatives of the four
families (Hinl; LEA-14; bacterial and archaea proteins) and the consensus is reported as upper cases. Abbreviations: E, strands; HAnetiaesg| athus
fulgidus; At, Arabidopsisthaliana; Bc, Burkholderia cepacia; Bp, Burkholderia pseudomallei; Ca, Capsicum annuum; Cr, Craterostigma plantagineum; Dr,
Deinococcus radiodurans; Gh, Gossypium hirsutum; Gm, Geobacter metallireducens, Mm, Magnetospirillum magnetotacticum; Nt, Nicotiana tabacum; Os,

Oryza sativa; Pa,Pyrococcus abyssi; Pf, Pyrococcus furiosus; Ph,Pyrococcus horikoshii; Pm,Prunus armeniaca; Pp, Pseudomonas putida; Ps,Pseudomonas
syringae; Rg, Rubrivivax gelatinosus; Rm, Ralstonia metallidurans.

domains span the whole protein length and extend, as their names suggestructural folds could be assigned using the metaserver 3D-Jury
only to members of the two families. (Ginalski et al., 2003). The modular nature of the WHy domain
The secondary structure predictions were assigned using PHD (Rosis supported by the fact that it is present in several protein families

1996), PsiPred (McGuffiat al., 2000) and SAM-T99 (Karplust al., 1998). yith different domain architectures and by its duplication in archaea
The phylogeny was reconstructed using the non-redundant alignment ig. 2A)

44 protein sequences and both minimum evolution (ME) and Bayesian A . . .
inferences implemented in MEGA (Kuma al., 2001) and MrBayes For two of the families bearing the WHy domain, namely the Hin1

(Huelsenbeck and Ronquist, 2001), respectively. For the ME estimation, thglnd th_e LEA'14_ proteins, some functhnal information is ava”able'_
bootstrap test of phylogeny was set to 1000 replicates, and the initial tred '& Hinl proteins are expressed during the response to bacterial
was calculated using the Neighbor-Joining algorithm. In the Bayesian analnfection and play an uncharacterized role during HR. The LEA-
lysis, the TTJ model for amino acid substitution (Joees., 1992) was used 14 proteins are expressed in late embryogenesis but also as part of
and each run was set for 1@enerations, with three heated and one cold the plant response to desiccation (Gastal., 1993). These pro-
chains. Convergence was assessed by repeating the analysis for four rumgins do not share any sequence similarity with other members of

Comparable tree topologies were obtained using both methods. the large LEA family (Maitra and Cushman, 1994). The identific-
ation of a common domain between proteins expressed in HR and
RESULTS AND DISCUSSION during desiccation suggests a shared mechanism in plant response

The WHy domain is an~100 amino acid long module, with an to these two stress conditions. Many different observations support
alternation of hydrophilic and hydrophobic residues and an almosthis hypothesis. First, genes involved in the response to both biotic
invariable NPN motif at its N-terminus (Fig. 1). The predicted and abiotic stresses partly share the same signal transduction pathway
secondary structure is mostly composed of beta strands with @Xingetal.,2001). Second, a directlink between HR and water stress
C-terminala-helix (Fig. 1). No similarity with any of the known has been recently postulated (Wright and Beattie, 2004). It has been
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Fig. 2. (A) Domain architecture of the WHy containing proteins. The domain compositions and organizations were obtained using the SMAR®& @letunic
2004) and Pfam (Batemaat al., 2004) resources. NB-ARC, LRR and TIR are domains frequently found in proteins expressed duri®) RRylogenetic
relationships between the different WHy domains. The tree reports the common topology obtained using Minimum Evolution and Bayesian algahthms. Fo
actual trees see Supplementary Figure B) Species distribution of the WHy domain. The coloured lines refer to branches bearing the domain (red, bacteria;
blue, archaea; green, plants). The black lines indicate absence of the domain in the corresponding branch. The species distribution was lastéEged by b
one representative for each family against the non-redundant protein database. For both archaea and bacteria, additional blast searcheswegaipestio

the NCBI set of prokaryotic genomes. Note that within the proteobacteria only some species contain the domain, mainly plant pathogens or syrabionts. F
complete list of species containing the WHy domain see Supplementary Table S1.

observed that the water potential in the bacterial cell reduces duringupport this scenario. First, the HR process had an early origin in
HR, becoming sufficiently low to prevent cell division in many cells plants (Meyerstal., 1999). Indeed, we could find a hitfor Hinlinthe
of the bacterial colony (Wright and Beattie, 2004). Although exper-ancient green alg&hlamydomonas reinhardtii (AV395132), but no
imental proofs to this hypothesis are required, such a link suggeststats for LEA. The fact that th€.reinhardtii genome is not complete
role of the Hinl family in the desiccation-like process taking placedoes not allow for a final statement, but this result at least confirms the
during the HR and leading to the microbial death. early origin of Hinl in the plant kingdom. Second, the domain distri-
The WHy domain is widespread among plants, but it is absent irbution among bacteria seems to be restricted to plant pathogens or at
fungi and animals. Interestingly, it is also detectable in prokaryotedeast symbionts (Supplementary Table S1). The only bacterial species
such as some proteobacteriaginococcus radiodurans and few  not belonging to proteobacterialsradiodurans, which is known to
euryarchaeota (Fig. 2B and Supplementary Table S1). This patchlye prone to horizontal transfers (Makar@tal., 2001). Indeed, the
distribution can be explained either by a selective retention of theosition of theD.radioduranssequence in the WHy domain tree does
domain, and the function it accomplishes during evolution or by itsnot reflect the usual phylogenetic relationships within bacteria (Sup-
lateral transfer from plant to prokaryotes. This latter case would be aplementary Figure S2). Finally, horizontal transfer among domains
example of capture of plant defense genes by bacteria either to integf life as a mechanism for the acquisition of novel functions has been
rate them in their own defense system or to interfere with the hosteported in several cases (Koomnal., 2001; Pontinget al., 1999;
signal pathway. The tree topology obtained most frequently seemSchultz, 2004). While the horizontal transfer of WHy from plants to
to support this interpretation, pointing to an early appearance of theymbiotic or pathogenic bacteria can be seen as the acquisition of a
WHy module in plants followed by horizontal transfers from plant to function putatively related to the cell defense, the lateral acquisition
bacteria and archaea (Fig. 2C). A first lateral transfer probably tooky euryarchaeota is more difficult to explain. In general, horizontal
place between plants and proteobacteria and a second one betwdesnsfer of domains from eukaryotes to archaea does not seem to
plants and archaea after the duplication of the plant domain and thige a frequent event (Pontireg al., 1999). In addition to that, the
divergence between Hinl and LEA (Fig. 2C). Several observationsifestyle of hyperthermophilic euryarchaeota does not allow an easy
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interpretation of the domain acquisition, except in the context of aHammond-Kosack,K.E. and Jones,J.D. (1997) Plant disease resistancé\ganeRev.
general response to stress conditions. Indeed, these organisms livePlant Physiol. Plant Mol. Biol., 48, 575-607.

in extreme environments which make the contact with eUkaryOteg‘ueCk’C'J' (1998) Type Il protein secretion systems in bacterial pathogens of animals
and plantsMicrobiol. Mol. Biol. Rev., 62, 379-433.

difficult. Nevertheless, examples have beer_l_repc_)rted of ho”_zontq'I!uelsenbeck,J.P. and Ronquist,F. (2001) MRBAYES: Bayesian inference of phylogen-
transfer from eukaryotes to hyperthermophilic microbes, as in the etic treesBicinformatics, 17, 754-755.
case of the TrpRS gene (Waf al., 1999). Jones,D.T., Taylor,W.R. and Thornton,J.M. (1992) The rapid generation of mutation
Although horizontal transfer seems the most suitable explanation d?}ta ’Eat”BceS f;’g pfoge': Seg“eg‘ﬁ(eg%gﬁﬂfmﬁ'" E" 275—518?- o1 detecti

- - . . arplus,K., barret,C. an ughey,R. idden Markov models for detecting
we cannot excl_ude an a_Iter_natlve interpretation for the gvol_utlon 01 e mote protein homologieRioinformatics, 14, 846-856.
the WHy domam- It |mp||es |t5. appearance in the bacterial kKingdonkgonin £.v., Makarova K.S. and Aravind, L. (2001) Horizontal gene transfer in proka-
and a selective retention only in plants, some proteobacteria and few ryotes: quantification and classificatiofnnu. Rev. Microbiol., 55, 709-742.
euryarchaeota. This scenario requires several gene losses in bactefignar,S., Tamura,K., Jakobsen,|.B. and Nei,M. (2001) MEGA2: molecular evolution-

and in the common ancestor between animal and fungi (Fig. 2B), and 3 9enetics analysis softwatgioinformatics, 17, 1244-1245. .
Letunic,l., Copley,R.R., Schmidt,S., Ciccarelli,F.D., Doerks,T., Schultz,J., Ponting,C.P.

one horizontal gen_e trans_fer from archaea to plants (Fig. 2C). In this and Bork,P. (2004) SMART 4.0: towards genomic data integrafintleic Acids
case, the patchy distribution of the WHy domain would be the result Res, 32 (Database issue), D142-D144.
of a selective retention of defense mechanisms during evolution. Maitra,N. and Cushman,J.C. (1994) Isolation and characterization of a drought-induced

In either scenario, the actual presence of the domain in a restricted ;zyﬁefnlz'?s”& g”ggging a D95 family late-embryogenesis-abundant prtait.
. . . . ysiol., s —t .
number of bacteria makes it suitable as a marker for detecting plaq&akam\/a’K.S” Aravind.L.. WOIf Y., Tatusov.R.L., Minton.K.W.. Koonin.E.V. and

pathogenicity and to eventually develop new bactericidal strategies. pajy,m.J. (2001) Genome of the extremely radiation-resistant bacteDigimococ-
cus radiodurans viewed from the perspective of comparative genomiidirobiol.
Mol. Biol. Rev,, 65, 44—79.
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