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Abstract

Lateral gene transfer (LGT) can facilitate the acquisition of new functions in recipient lineages, which may enable them to colonize new
environments. Several recent publications have shown that gene transfer between prokaryotes and eukaryotes occurs with appreciable frequency.
Here we present a study of interdomain gene transfer of cutinases — well documented virulence factors in fungi — between eukaryotic plant
pathogens Phytophthora species and prokaryotic bacterial lineages. Two putative cutinase genes were cloned from Phytophthora brassicae and
Northern blotting experiments showed that these genes are expressed early during the infection of the host Arabidopsis thaliana and induced
during cyst germination of the pathogen. Analysis of the gene organisation of this gene family in Phytophthora ramorum and P. sojae showed
three and ten copies in tight succession within a region of 5 and 25 kb, respectively, probably indicating a recent expansion in Phytophthora
lineages by gene duplications. Bioinformatic analyses identified orthologues only in three genera of Actinobacteria, and in two distantly related
eukaryotic groups: oomycetes and fungi. Together with phylogenetic analyses this limited distribution of the gene in the tree of life strongly
support a scenario where cutinase genes originated after the origin of land plants in a microbial lineage living in proximity of plants and
subsequently were transferred between distantly related plant-degrading microbes. More precisely, a cutinase gene was likely acquired by an
ancestor of P. brassicae, P. sojae, P. infestans and P. ramorum, possibly from an actinobacterial source, suggesting that gene transfer might be an
important mechanism in the evolution of their virulence. These findings could indeed provide an interesting model system to study acquisition of
virulence factors in these important plant pathogens.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lateral (or horizontal) gene transfer (LGT) is well documented
in prokaryotes and can lead to the acquisition of genes conferring
virulence such as antibiotic resistance and pathogenicity islands
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(De la Cruz and Davies, 2000; Lawrence 2005). It is unclear how
important gene acquisition is in the evolution of virulence in
eukaryotes. However, a recent study indicates that a recent gene
transfer between two species of fungi has enabled the recipient to
rapidly acquire high virulence on the host species (Friesen et al.,
2006). This study highlights how a pathogen population with
significantly enhanced virulence can emerge, leading to the
emergence of a new damaging disease of host plants. It also brings
up the controversial issues of how LGT occurs and whether
recipient incompatibility barriers to gene flow are more “leaky
than was previously thought” (Sanders, 2006). Another study
focused on filamentous fungi and oomycetes showed that fungi-
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to-oomycete LGT has played a significant role in the evolution of
the osmotrophic, filamentous lifestyle on these two separate
branches of the eukaryotic tree (Richards et al., 2006). The
acquisition of these genes by oomycetes likely provided a
metabolic advantage which helped them to adapt to an
osmotrophic lifestyle which might have facilitated a lifestyle
allowing colonization of plants; the evolution of pathogenicity is
usually coupled with changes in the gene inventory (De la Cruz
and Davies, 2000; Lawrence 2005; Andersson, 2006a, b; Boucher
et al., 2003).

Metabolic adaptation via gene acquisition indeed appears to
be a common genome evolution mechanism in microbial
eukaryotes. Anaerobic protists have likely adapted to a life at
low oxygen concentrations at least partly via multiple gene
transfers from anaerobic prokaryotes (Andersson 2006a; Ricard
et al., 2006). Likewise, a prokaryote-to-cukaryote transfer of
dihydroorotate dehydrogenase Trypanosoma cruzi likely en-
abled the kinetoplastid to adapt to anaerobic conditions
(Annoura et al., 2005), and a gene for the same enzyme was
acquired by an ancestor of Saccharomyces cerevisiae and made
the yeast facultative anaerobic (Hall et al., 2005). These studies
with many others undoubtedly confirm that there is a
misconception that eukaryotes are immune to lateral gene
transfer; recent phylogenomic analyses indeed indicate signif-
icant prokaryote-to-cukaryote gene transfer affecting microbial
eukaryotes (Huang et al., 2004; Loftus et al., 2005; Ricard et al.,
2006; Andersson et al., 2007; Carlton et al., 2007).

Economically important eukaryotic plant pathogens are
found among the oomycetes. Phytophthora plant pathogens
(oomycetes) attack a wide range of agriculturally and orna-
mentally important plants (Erwin and Ribeiro, 1996). Late
blight of potato caused by Phytophthora infestans resulted in
the Irish potato famine in the 19th century. A newly emerged
Phytophthora species, Phytophthora ramorum, is responsible
for a disease called sudden oak death that affects not only the
live oaks that are the keystone species of the ecosystem but also
a large variety of woody shrubs that inhabit the oak ecosys-
tems, such as bay laurel and viburnum (Rizzo et al., 2005).
Phytophthora brassicae is a pathogen of Brassica plants, it
have been reported from Brassica oleracea and Brassica
chinensis (Man in’t Veld et al., 2002).

Phytophthora plant pathogens deploy an array of host cell
wall modifying enzymes during pathogenesis (Gotesson et al.,
2002). This is largely illustrated by secreted cutinases required
for hydrolyzing plant cuticular material. Cutinases are extra-
cellular enzymes found in fungi, oomycetes and several
bacterial lineages that hydrolyze cutin, an insoluble lipid-
polyester that forms a major component of the plant cuticle
(Kolattukudy et al., 1985; Ettinger et al., 1987). Cutinases are
serine esterases and contain the classical catalytic triad of Asp,
Ser, and His, with the active serine in the consensus sequence
Gly—His/Tyr—Ser—X—Gly, and an oxyanion hole formed in part
by GIn and Ser residues (Martinez et al., 1994). The sequence
around the catalytic domain is highly conserved and provides a
signature pattern for cutinases (Kolattukudy et al., 1985). A
critical role for fungal cutinases in the penetration of
unwounded host tissues was demonstrated for some fungi by

the use of antibodies, inhibitors and by using cutinase deficient
fungal mutants (Dickman and Patil, 1986; Dickman et al., 1983;
Maiti and Kolattukudy, 1979; Shaykh et al., 1977). In addition,
recent gene disruption studies on the cutinase gene of Pyreno-
peziza brassicae, an ascomycete, showed molecular evidence
that cutinase activity is required for pathogenicity (Li et al.,
2003). Besides fungal penetration of the cuticular layer during
initial stages of infection, cutinases have been suggested to have
a role in spore attachment (Deising et al., 1992) and in carbon
acquisition for saprophytic growth (Kéller and Parker, 1989).
Cutinases secreted by the fungus may partially break down the
plant cuticle to produce cutin monomers, which have been
shown not only to induce the expression of cutinase (Lin and
Kolattukudy, 1978) but to trigger conidial germination and
differentiation of appressoria (Gilbert et al., 1996; Hegde and
Kolattukudy, 1997). Thus, cutinases may have a role in surface
signalling that is crucial for the differentiation of essential
infection structure and expression of pathogenicity factors.
Here we identify Phytophthora genes with sequence
homology to functionally identified fungal cutinases, as well
as putative bacterial homologs. The P brassicae genes are
shown to have an expression pattern suggestive of a role in
virulence. Bioinformatic analyses of the cutinase gene family
identified LGT as an important mechanism for the distribution
of the gene between distantly related organismal groups with a
putative bacterial origin of the Phytophthora homologs.

2. Materials and methods
2.1. Cultures of Arabidopsis and Phytophthora spp.

All Phytophthora cultures were grown and maintained as
previously described (Roetschi et al., 2001). Arabidopsis
accession Landsberg erecta (Ler) was grown as previously
described (Roetschi et al., 2001).

2.2. DNA and RNA extraction

DNA and RNA were purified from mycelia with the use of
the DNA-Easy Plant Mini kit and the RNeasy plant minikit,
respectively (Qiagen, Basel, Switzerland), according to manu-
facturer’s specifications. RNA from Arabidopsis has been also
obtained using the RNeasy plant minikit (Qiagen, Basel,
Switzerland). Quality was checked by visualization under UV
light following electrophoretic separation with a molecular
mass standard (1Kb DNA Ladder, Invitrogen, Switzerland) in
1% agarose (Sigma-Aldrich, Buchs, Switzerland) gel in 1x
TBE, subjected to 100 V for 1 h and stained with ethidium
bromide (0.5 mg/ml™'). Concentrations were assayed in a
S2100 Diode Array spectrophotometer (WPA Biowave, Cam-
bridge, UK). Blotting and hybridization were done according to
standard protocols (Ausubel et al., 1987).

2.3. Cloning and sequencing of P. brassicae cutinase genes

A search of EST collection from P. brassicae (Belbahri and
Mauch, Unpublished data) identified several ESTs with strong
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homology to bacterial cutinases. A P. brassicae HH-strain
(Roetschi et al., 2001) genomic library in the vector Lambda-
EMBL3 (Promega) was used to clone the cutinase genes CutA
(AY244552) and CutB (4Y244553) using the cutinase ESTs as
probes.

2.4. Assembly of cutinase datasets

We used the PhyloGenie package (Frickey and Lupas, 2004)
to assemble an initial dataset using the P. brassicae CutA as a
probe [gi: 29838408]. The program performs similarity
searches (BLAST) against the non-redundant protein database
downloaded from the National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/) and then
builds a Hidden Markov Model profile using HMMER (http://
hmmer.wustl.edu) from the alignment of the BLAST hits with
E values below e °. The profile is then used to search all full-
length BLAST hits; sequences scoring better than the threshold
(e”?) are included in the dataset.

Although PHYLOGENIE previously has successfully identi-
fied gene families (Andersson et al., 2007), we complemented this
automatic approach with additional similarity searches. Putative
additional cutinase sequences were identified using BLAST
searches against a variety of databases with three putative cutinase
sequences as query sequences (P. brassicae [gi: 29838408], Co-
prinopsis cinerea [gi: 116503541], Kineococcus radiotolerans
[gi: 152968054]). A dozen actinobacterial sequences with weak
similarity were identified for which the consensus sequence
around the cutinase catalytic active serine (Gly—His/Tyr—Ser—X—
Gly) (Martinez et al., 1994) were present; the automatic approach
excluded these. Although these potentially encode divergent
actinobacterial cutinases, they were excluded from further
analysis since their large divergence made them meaningless for
phylogenetic analysis. Very weak homologies to a few other
esterase sequences were also found; these were excluded since the
consensus cutinase sequence was absent.

In order to make the phylogenetic representation in the dataset
as broad as possible also unpublished eukaryotic and prokaryotic
sequences were searched at NCBI using the “other eukaryotes”
and “microbial genomes” BLAST services in their genomic
BLAST pages. However, only cutinase sequences from phylo-
genetic groups already represented in the dataset were found, and
therefore no additional sequences were retrieved from these
databases. Similarly, the available genome sequence data from
ongoing genome projects on the microbial eukaryotes Monosiga
brevicollis (choanoflagellate), P. ramorum (oomycete), Phy-
tophthora sojae (oomycete), Thalassiosira pseudonana (diatom),
Phaeodactylum tricornutum (diatom), Chlamydomonas rein-
hardtii (green algae), Naegleria gruberi (excavata) were searched
using the BLAST service at the DOE-Joint Genome Institute
(http://www.jgi.doe.gov/). Four and sixteen homologs were
retrieved from P. ramorum, Phytophthora sojae genomes,
respectively; the other genomes did not produce any significant
matches. This procedure, which were performed in December
2006, resulted in a dataset with 153 putative cutinase homologs,
which were aligned using CLUSTALW, version 1.83 (Thompson
et al., 1994). 134 unambiguously aligned positions were

identified and used in the phylogenetic analyses. Accession
numbers for all included sequences and alignments are available
from the authors on request.

2.5. Phylogenetic analyses

The optimal amino acid or nucleotide substitution model for
each dataset was selected using the program MODELGENERA-
TOR (Keane et al., 2006). A preliminary protein maximum
likelihood (ML) phylogeny was inferred for the 153 taxa dataset
with the program PHYML, version 2.4.4 (Guindon and Gascuel,
2003) with the optimal substitution model (WAG+1+G). Based
on this phylogeny, a second dataset were constructed where 14
oomycete, 26 mycobacterial, and 45 fungal sequences were
removed to reduce the computational burden of the phylogenetic
reconstructions, while a broad taxonomic sampling was retained.
A ML phylogeny was inferred together with a bootstrap analysis
with 500 replicates from this 68-taxa dataset using PHYML with
the optimal substitution model (WAG+1+G).

A separate dataset was constructed including the 20 unique
Phytophthora cutinase sequences. 176 unambiguously aligned
positions were identified in this dataset and the protein ML
phylogenetic tree together with a bootstrap analysis with 500
replicates was inferred using PHYML with the optimal sub-
stitution model (WAG+G). For comparison, the corresponding
nucleotide sequences were retrieved and a nucleotide alignment
was constructed based on the amino acid alignment using
MEGA, version 3.1 (Kumar et al., 2004). A nucleotide ML
phylogenetic tree based on all three codon positions was inferred
using PHYML, version 2.4.4. (Guindon and Gascuel, 2003)
with the optimal nucleotide substitution models (TN+G+1I),
and a bootstrap analysis with 500 replicates with the same
parameters was performed.

3. Results
3.1. P, brassicae encodes and expresses putative cutinase genes

Putative sequence homologs of cutinases were identified
from an EST sequence collection of the oomycete P. brassicae
(Belbahri, unpublished data). Two genes (CutA and CutB)
putatively encoding cutinases were cloned from a genomic
library constructed from genomic DNA of P. brassicae using
the identified EST sequences with homology to bacterial and
fungal cutinases as probes. To determine whether these putative
P, brassicae cutinase genes, which were found to have identical
nucleotide sequences, are expressed during the life cycle of P,
brassicae, we conducted experiments using Northern blotting
with a cutinase EST probe in vitro, and in presence of Arabi-
dopsis seedlings. Expression of the genes was observed on total
RNA extracted from germinating cysts (Fig. 1A) and 4 h after
mycelia incubation with Arabidopsis seedlings (Fig. 1B).

3.2. A large family of putative cutinase genes in Phytophthora

Putative cutinase genes are not unique to P. brassicae within
the genus; sequence analysis of P sojae and P. ramorum
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Fig. 1. Expression study of the cutinase genes from P. brassicae. A. Cutinase
gene expression during in vitro growth of P. brassicae. Left side: Northern
blotting study of the expression of cutinases in zoospores, cysts, germinating
cysts and mycelia (Z, C, GC and M). B. CutA gene expression during interaction
with Arabidopsis thaliana: Northern blotting study of the expression of
cutinases during incubation with seedlings of the host Arabidopsis thaliana at 0,
2 and 4 h post-incubation.

genomes revealed the presence of genes with strong similarity to
P, brassicae CutA in high copy number; 16 predicted cutinase
copies (sCutA—sCutP) were identified in P. sojae, P. ramorum
had four (rCutA—rCutD) copies, while two copies each could be
identified from the partial genomes of P. brassicae and

P infestans (Fig. 2). In P. sojae, ten copies were located in a
large cluster spanning a region of approximately 25 kb, and three
genes are found in the same region of the P. ramorum genome
(Figs. 2A and 3B). Thus, P. sojae has seven additional copies in
this genomic region relative to P. ramorum, probably due to
gene duplication in the lineage leading to P. sojae, or gene loss in
the P ramorum lineage (Figs. 2A and 3B). Three of the
remaining six P. sojae genes are found in the proximity of a
pectate lyase gene, and, again, a single putative cutinase gene is
found in the same region in P. ramorum, suggesting gene losses
or duplication in the two lineages (Figs. 2B and 3B). The
remaining three P. sojae genes are distributed on two different
scaffolds (Fig. 2C). A pattern of clustering of cell wall degrading
enzyme-encoding genes was previously reported for a poly-
galacturonase gene family from Phytophthora cinnamoni
(Gotesson et al., 2002) and endoglucanases of Phytophthora
spp. (Costanzo et al., 2006), suggesting a general pattern of
clustering of plant cell wall modifying enzymes in Phytophthora
genomes. The phylogenetic analyses of the putative oomycete
cutinases indicate that the large cutinase gene cluster on scaffold
3 of P. sojae has a mixed origin, some are likely recent gene
duplications (or possibly gene conversions) as exemplified by
100% identity between some of the paralogues (Fig. 3B).
Similarly, the identity at the nucleic acid sequence level of the
two putative cutinase sequences of P. brassicae is nearly 100%
in the coding, promoter and terminator regions of the genes,
suggesting a recent duplication event. Thus, analyses of four
Phytophthora species indicate a large gene family which most
likely was present in their common ancestor.

P. sojae
ol 953 bp 1147 bp 7333 bp 1147 bp 385bp _ 1925 bp 1911 bp 870 bp 2320 bp 1114 bp
old — — = ———— —— S —
Kinesin ~ sCutA sCulB sCutC  sCutD sCutE sCutF sCutG  sCutH sCutl sCutJ
5700bp 654bp 654 bp 654 bp 654 bp 603 bp 646 bp 646bp 642 bp 657bp 683 bp
432bp  1345bp 1200 bp
P. ramorum scatfold 32 < — T
Kinesin  rCutA rCutB rCulC
5709 bp 645 bp 648 bp 709 bp
B 4239 bp 265bp 1175bp 62999 bp C 1057 bp
P. sojae scaffold 134 —H T —— - - - &
Peptidylpropyl isomerase sCutK sCutL Pectate lyase  sCutM sCutN sCutO sCutP
436 bp 654bp681bp 801 bp 611 bp 658 bp 650 bp 648 bp
2401 bp 630 bp 3200 bp scaffold 1154 scaffold 1931
P. ramorum  scaiold 11 am— —
Pectate lyase Pectate lyase rCutD Peptidylpropyl isomerase
759 bp 789 bp 654 bp 1315 bp

Fig. 2. Map of Phytophthora sojae and Phytophthora ramorum cutinase gene clusters. Conserved scaffold regions containing cutinase genes (blue) around the kinesin
(red) (A) and pectate lyase (red) and peptidylpropyl isomerase (green) (B) genes between the two Phytophthora spp. are shown. Three additional cutinase genes in
P, sojae are also shown (C). Relative distances of adjacent cutinase gene copies are indicated above the solid line representing a scaffold section. The ORF lengths are
reported below the individual cutinase copy name. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 3. Protein maximum likelihood trees of cutinase. A. Phylogenetic tree based on 134 unambiguously aligned positions of cutinase. The I"shape parameter, o, and
the fraction of invariable sites were estimated to 1.719 and 0.034, respectively. B. Phylogenetic tree based on 176 unambiguously aligned positions regions of 20
unique oomycete cutinases. Only one of pair-wise identical sequences are included as indicated by two different protein names on the same terminal node. The I"shape
parameter, o, was estimated to 0.380. Protein maximum likelihood bootstrap values are shown above the branches. Only values >50% for bipartitions are shown.
Nucleotide maximum likelihood bootstrap support values are shown below the branches in B. The trees are arbitrarily rooted.

3.3. The gene family most likely encode functional and secreted
cutinases

All members within the gene family putatively encoding
cutinases could be conceptually translated into proteins using
BioEdit (Hall, 1999). These varied in length from 210 to 294
amino acid residues (Fig. 2). The level of pair-wise amino acid
identity between these 24 oomycete cutinase sequences ranged
from 66 to 100% (Fig. 3B). Based on a combination of
prediction models implemented by the SignalP 3.0 server
(Bendtsen et al., 2004; Nielsen et al., 1997), a signal peptide

was predicted in all 24 cutinases amino acid sequences with a
cleavage site located between the 18th and 28th amino acid
residue, indicating that they are likely secreted from the cell, as
expected from a protein with cutinase activity. All sequences,
except P. sojae CutM protein, contain the classical catalytic
triad of Asp, Ser, and His; with the active serine in the
consensus sequence Gly—His/Tyr—Ser—X—Gly (Martinez et al.,
1994) providing the signature pattern for cutinases (Kolattu-
kudy et al., 1985). These observations suggest that all genes in
the identified gene family, with the possible exception of
sCutM, are functional cutinases and secreted. Intriguingly, these
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observations are in agreement with a role as a virulence factor
within these four plant pathogens.

3.4. Patchy phylogenetic distribution suggest a recent origin in
oomycetes within heterokonts

In order to study the evolution of cutinases in more detail, we
have performed bioinformatic and phylogenetic analyses on
available cutinase homologs. Our extensive database mining
only identified additional cutinase homologues within Actino-
bacteria and fungi, two phylogenetic groups distantly related to
oomycetes. According to the current view of eukaryotic phylog-
eny oomycetes belong to heterokonts within the supergroup
Chromalveolates, while fungi belong to Opisthokonts (Baldauf
2003; Simpson and Roger 2004; Adl et al., 2005). The absence
of cutinases in finished genomes of other heterokonts (i. e.
diatoms), as well as in ciliates and apicomplexa suggests a
recent origin of cutinase in oomycetes, rather than an ancient
presence in the common ancestor of chromalveolates. Similarly,
our searches failed to identify cutinase genes in any of the
metazoan or choanoflagellate genomes suggesting absence of
cutinase in the ancestral opisthokonts genome. Cutinase homo-
logues were found only in three actinobacterial genera and no
archaea, indicating a very narrow phylogenetic distribution
within prokaryotes and, again, suggesting a recent origin in
Actinobacteria. Thus, it appears unlikely that the common
ancestor of bacteria and eukaryotes encoded cutinase genes; a
recent origin followed by distribution via gene transfer seems
like a more likely evolutionary scenario to explain the presence
of cutinase genes only in these three distantly related phylo-
genetic groups.

3.5. Cutinase has been distributed via inter- and intra-domain
gene transfer

To further study the origin of the cutinase genes we
performed phylogenetic analyses on the cutinase homologues
(Fig. 3A). Two major groups were observed, one containing all
fungal sequences with two mycobacterial sequences, and
another with the rest of the actinobacterial sequences and the
oomycete sequences separated with a bootstrap support value of
91% for the bipartition. Thus, the phylogenetic analyses do not
support a common ancestry of eukaryotic cutinase, in
agreement with the narrow phylogenetic distribution of the
enzyme. However, the oomycete sequences are split from all
other sequences, strongly suggesting a common ancestry of
cutinase in these plant pathogens. These sequences are forming
an adjacent group with a Kineococcus sequence, which in turn
are adjacent to the large actinobacterial group consisting of
mycobacterial and a single Rhodococcus sequence (Fig. 3A).
Thus, the oomycete sequences are found nested with actino-
bacterial sequences, weakly suggesting an actinobacterial-to-
heterokont gene transfer event for which Kineococcus would be
the closest sequenced present-day relative to the putative donor
lineage. However, the absence of cutinase genes in relatives to
Kineococcus and Mycobacterium indicate that the genes could
have different origins in these lineages. Obviously, further taxon

sampling is needed to determine the donor and recipient
lineages of the gene transfer in more detail. Interestingly, the
phylogenetic analyses indicate additional transfer of cutinase
genes. The Rhodococcus sequence is nested within Mycobac-
terium sequences suggesting a recent acquisition of cutinase in
the Rhodococcus lineage from a mycobacterial source
(Fig. 3A). More surprisingly, mycobacterial sequences are
found in two positions within fungi. Unfortunately, the
bootstrap support for the exact positions within fungi is poor,
making it impossible to identify putative donor lineages, or to
determine the direction of transfer.

4. Discussion

Cutin plays a key role in protection against the entry of
pathogens into plants, and its enzymatic degradation has proved
to be one of the first steps in the infection process for plant
pathogens. For example the invasion of plants by phytopath-
ogenic fungi is based on the secretion of an extracellular
cutinase (Li et al., 2003). In this study we demonstrate the
presence of multiple copies of putative cutinases in the
phytopathogen oomycete genus Phytophthora, with as much
as 16 copies in the genome of P. sojae (Figs. 2 and 3B). We
show that putative P. brassicae cutinases are expressed during
early stages of infection, induced by contact with the host, Ar-
abidopsis thaliana (Fig. 1). In addition, the signature pattern for
cutinases is present in the Phytophthora proteins, and they do
encode signal peptides for secretion from the oomycete cell.
These observations are in agreement with cutinase activity
expressed in response to contact with host cells. Furthermore,
the gene family is absent from sequenced non-pathogenic
heterokonts (i. e. diatoms), in agreement with a role as virulence
factors for the Phytophthora cutinases.

The oomycete cutinase genes most likely originated via gene
transfer, possibly from a bacterial lineage (Fig. 3A). Inter-
domain transfer of cutinase has indeed been suggested
previously based on similarity searches of a smaller dataset
(Gamieldien et al., 2002). An alternative scenario could be that
the gene was present in the last common ancestor of bacteria
and eukaryotes and subsequently was lost in the lineages that do
not encode the enzyme, as has been argued in the past (Kinsella
and Mclnerney, 2003). However, this possibility is dismissed
for two major reasons. Firstly, the absence of the gene in close
relatives of oomycetes and fungi and the polyphyly of the
eukaryotic sequences in the phylogenetic analyses makes a
differential gene loss scenario unlikely since a large number of
loss events have to be inferred to explain these observations.
Gene families with patchy distribution are indeed likely to be
spread between distantly related organisms with similar
lifestyles via gene transfer events (Andersson et al., 2006).
Secondly, to our knowledge, cutin is only made by plants and it
seems very unlikely that a protein with cutinase activity was
present in the common ancestor of eukaryotes since the
substrate for the enzyme almost certainly was unavailable at
the time. Therefore, a more recent origin of cutinase — after the
emergence of plants — followed by gene transfers appears like a
more reasonable evolutionary scenario.
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The phylogenetic tree of the cutinases is unrooted (Fig. 3A)
and the present taxonomic sampling of cutinases almost
certainly only represent a small fraction of the true sequence
diversity; more taxonomic groups will likely be shown to encode
cutinase homologs as the size of the sequence databases
increases. Accordingly, the directions of transfers between the
three represented groups are difficult to identify and the analysis
is inconclusive regarding which group the cutinase gene
originated. However, the sequence analysis identified a
relatively large diversity of cutinases within Phytophthora
(Fig. 3B) indicating an evolutionary history in the genera long
enough to expect native sequence patterns in the gene sequences.

The presence of genes encoding cutinases in the Actinobacter-
ial genera, such as Mycobacterium, not known to be plant
pathogens might be surprising. However, the presence of a
cutinase in a genome confers the ability to hydrolyze plant
cuticular material to the organism. This substrate could indeed be
used as carbon sources for non-pathogenic organism; mycobac-
terial species — including M. vanbaalenii and Mycobacterium
sp. KMS — are frequently isolated from soil environments where
dead plant matter should be present (Miller et al., 2004). The
mechanism by which the eukaryotes acquired the genes is not the
object of this study. Nevertheless, symbiotic relationships
between prokaryotes and eukaryotes and transfection by viruses,
are two mechanisms that could explain such transfers (Gogarten,
2003). Interestingly, recent data indicate that bacterial-type genes
are abundant in some viruses that infect eukaryotes suggesting
that they indeed could be vectors for inter-domain gene transfers
(Filée et al., 2006).

5. Conclusions

This work clearly demonstrates that a gene family most
likely encoding enzymes with cutinase activities, which are
strong candidate to be virulence factors, has been acquired by
Phytophthora spp. during evolution via LGT. Our findings
suggest that the acquisition of this gene likely was important for
oomycetes to be able to colonize host plants, presumably a new
ecological niche for these organisms. At any rate, our study
provides another example of metabolic adaptation via gene
acquisition in microbial eukaryotes. We predict that systematic
analyses of a much wider array of gene families will show that
LGT from various sources is an important evolutionary
mechanism in genome evolution among oomycetes.
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