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perniciosa and Moniliophthora roreri, Two of the Major Pathogens
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Abstract Moniliophthora perniciosa and Moniliophthora
roreri are phytopathogenic basidiomycete species that
infect cacao causing two important diseases in this crop:
“Witches’ Broom” and “Frosty Pod Rot”, respectively.
The ability of species from this genus (Moniliophthora) to
cause disease is exceptional in the family Marasmiaceae.
Species in closely related genera including, Marasmius,
Crinipellis, and Chaetocalathus, are mainly saprotrophs
and are not known to cause disease. In this study, the
possibility that this phytopathogenic lifestyle has been
acquired by horizontal gene transfer (HGT) was investi-
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gated. A stringent genome comparison pipeline was used to
identify potential genes that have been obtained by Mo-
niliophthora through HGT. This search led to the identifi-
cation of three genes: a metallo-dependent hydrolase
(MDH), a mannitol phosphate dehydrogenase (MPDH),
and a family of necrosis-inducing proteins (NEPs). Phy-
logenetic analysis of these genes suggests that Monilioph-
thora acquired NEPs from oomycetes, MDH from
actinobacteria and MPDH from firmicutes. Based on the
known gene functions and on previous studies of M. per-
niciosa infection and development, a correlation between
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gene acquisition and the evolution of the phytopathogenic
genus Moniliophthora can be postulated.

Keywords Moniliophthora perniciosa -
Moniliophthora roreri - Witches’ broom disease -
Frosty pod rot - Cacao - Horizontal gene transfer

Introduction

Moniliophthora perniciosa (Stahel), Aime & Phillips-Mora
and Moniliophthora roreri H. C. Evans, Stalpers, Samson
& Benny are phytopathogenic fungi of the order Agaricales
(Basidiomycete) that infect cacao (Theobroma cacao L.).
M. perniciosa is a hemibiotrophic species that causes
Witches’ broom disease (WBD), which has severely
impacted cacao production in Brazil after its introduction
into the southern region of Bahia, the main cacao-pro-
ducing region in the country (Pereira et al. 1996; Meinhardt
et al. 2008). WBD of cacao affects all cacao-growing
regions of South America (Meinhardt et al. 2008).
M. roreri causes frosty pod rot (FPR) disease. This fungus
is extremely harmful to cacao production in countries of
northwestern South America, such as Colombia, Peru,
Ecuador and Venezuela, as well as in Central America and
the Caribbean (Phillips-Mora 2003).

The spores of M. perniciosa and M. roreri are able to
infect cacao fruits, first inducing parthenocarpy and then
necrosis during the late stages of infection. However, only
the spores of M. perniciosa are able to infect meristems,
first causing hyperplasy and hypertrophy (the so called
green brooms). During this stage of the disease, the fungus
exists as monokaryotic mycelia, developing inside the
apoplast and displaying a biotrophic lifestyle. Eight to
twelve weeks after the initial infection, this homothallic
fungus becomes dikaryotic, with mycelia showing clamp
connections and displaying a saprotrophic lifestyle. The
dikaryotic hyphae spread through the broom causing
necrosis and death of the infected tissues. These necrotic
hypertrophic branches are known as “dry brooms”. Fol-
lowing alternating wet and dry periods, the dikaryotic
hyphae produce basidiomes that release spores, thus com-
pleting the M. perniciosa life cycle (Almeida et al. 1997).

On the other hand, M. roreri does not produce basidiomes.
Its spores are produced inside conidia-like structures that
cover cacao fruits forming a thick white layer. When
released, the spores form dense clouds of white aerial spores
that drift with the air currents. Apparently, M. roreri does not
form clamp connections and presents only monokaryotic
mycelia throughout its development (Griffith et al. 2003).

The phytopathogenic characteristics of M. perniciosa and
M. roreri are exceptions amongst related basiomycete spe-
cies, which belongs to the genera Marasmius, Crinipellis,
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and Chaetocalathus and are mainly saprotrophic litter fungi
(Aime and Phillips-Mora 2005). The phylogenetic analy-
ses showed that, despite their contrasting morphologies,
M. perniciosa and M. roreri are sister species, which suggest
that their phytopathogenicity has evolved only once, in a
common ancestor (Aime and Phillips-Mora 2005). It is also
proposed by these authors that the Section lopodinae within
the genus Crinipellis, which contains 11 of the 75 Crinipellis
species, and include all the other phytopathogens of this
genus, can be congeneric with the genus Moniliophthora.
Moniliophthora contains only M. perniciosa, M. roreri, and
an unnamed asymptomatic and presumably symbiotic
endophyte of grasses, isolated from New Mexico (Aime and
Phillips-Mora 2005).

Since 2001, when the WBD genome project was initi-
ated (http://www.lge.ibi.unicamp.br/vassoura), several
articles have analyzed possible pathogenicity and devel-
opmental mechanisms of M. perniciosa. For example, a
biochemical characterization of the interaction between
cacao and M. perniciosa revealed metabolic alterations in
infected plants, including the increase in malondialdehyde
and glycerol contents and the production of ethylene and
oxalate, a phytopathogenic factor that could scavenge
calcium ions that bind to pectin polymers, thus making
plant cell walls more accessible to fungal pectinases
(Scarpari et al. 2005; Rio et al. 2008). It was also found that
M. perniciosa produces proteins that induce necrosis in
cacao, such as necrosis and ethylene-producing proteins
(NEPs) and cerato-platanins (Garcia et al. 2007; Zaparoli
et al. 2009). Furthermore, Rincones et al. (2008) analyzed
the differential gene expression between biotrophic and
saprotrophic mycelia, indicating that the biotrophic fungus
expresses a series of proteins related to pathogenicity (i.e.,
glyoxal oxidase, chitin synthase class V, proteinases, and
lipases). Additionally, a genome survey of M. perniciosa
shows that this fungus has a myriad of cytochrome P450
monooxygenases, efflux transporters, and anti-oxidative
enzymes that could be important to detoxification during
the progression of WBD (Mondego et al. 2008). This
arsenal of plant cell wall degrading enzymes is similar to
that found in the hemibiotrophic ascomycetes Fusarium
graminearum and Magnaporthe grisea (Mondego et al.
2008). On the other hand, the majority of the studies per-
formed with M. roreri are descriptive, lacking the bio-
chemical basis needed to understand FPR. In view of these
data, a comparative genomic initiative was launched in
order to use the available information from M. perniciosa
and WBD to expand the knowledge base of M. roreri and
FPR (http://www.lge.ibi.unicamp.br/roreri). Large drafts of
both genomes are in final assembly and are currently being
used for functional analyses and evolutionary comparisons.

The genetic and biochemical characteristics of M. per-
niciosa found so far indicate that the evolution of their
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phytopathogenicity involved both changes in the functions
of individual enzymes (i.e., the use of cerato-platanins to
induce necrosis) as well as changes at the genomic level
(i.e., the expansion of the cytochrome P450 monooxyge-
nases, carboxyesterases, lipases, and deuterolysins protein
families). On the other hand, the rarity of phytopathoge-
nicity in species from genera related to Moniliophthora
suggests that the evolution of this trait in M. roreri and
M. perniciosa may have involved more than the adaptation
of ancestral genes and gene families. It is probable that new
genes related to phytopathogenicity were obtained by these
two species during evolution through horizontal gene
transfer (HGT). Many HGT events have been reported in
fungi, both influencing the evolution of the main lineages
resulting in changes to one or a few related species.
Pathogenicity is particularly important since it has been
reported that HGT events have been associated with its
evolution in several different fungi (Richards et al. 2006;
Wenzl et al. 2005; Sanders 2006; Stukenbrock and
McDonald 2008; Oliver and Solomon 2008, Khaldi et al.
2008).

This study reports the identification of three coding
genes possibly acquired by HGT in the genomes of
M. perniciosa and M. roreri. These genes are reported in
literature as being related to fungal phytopathogenicity,
leading us to suggest that HGT is involved in the evolution
of this trait in the Moniliophthora.

Materials and Methods
HGT Candidates Search

Gene candidates for HGT in M. perniciosa were identified
by screening the 14,501 coding genes predicted in a draft
of the genome sequence using the gene predictor program
Augustus (Stanke and Waack 2003), according to the
procedures described by Mondego et al. 2008. The genome
sequence has 43 million base pairs (Mbp) distributed in
10,216 contigs and was assembled with reads from Sanger
sequencing (1.1x coverage), GS-FLX 454 (5x coverage),
and Illumina/Solexa (44 x coverage) technologies.

The 14,501 M. perniciosa predicted genes were sub-
mitted to a local BLASTp search (Altschul et al. 1990)
against a protein database containing all basidiomycete
sequences available in the GenBank non-redundant protein
database (nr), except for those of M. perniciosa previously
published, that were manually excluded. Predicted genes
with e-values 516710 were removed from further analyses
and the remaining were submitted to local tBLASTn
searches against a database with DNA sequences from
basidiomycetes available from the GenBank nucleotide
database (nt). As in the previous BLASTp search, e-values

<le ' excluded those genes from the list of potential

HGT candidates. These two BLAST searches were used to
find and remove M. perniciosa predicted genes with
homology to basidiomycetes. The M. perniciosa predicted
genes without homology to basidiomycetes were submitted
to a local BLASTp search against the GenBank nr data-
base. Those with the first hit against a fungi sequence (with
an e-value < le_lo) and those without hits were also
excluded as HGT candidates. These search parameters left
only the predicted genes that had no homology to basidi-
omycetes and those with the highest homology to non-
fungal species for consideration as HGT candidates, and
these were submitted to phylogenetic analysis. The exclu-
ded basidiomycete protein and DNA sequences included
the genomes of Coprinus cinereus, Cryptococcus neofor-
mans (Loftus et al. 2005), Laccaria bicolor (Martin et al.
2008), Ustilago maydis (Kamper et al. 2006), and Phan-
erochaete chrysosporium (Martinez et al. 2004); all with
more than 10x coverage. All the sequences used from
GenBank were downloaded in October 2008.

Phylogenetic Analysis of HGT Candidates

Protein sequence alignments of HGT candidates and their
homologous sequences available at GenBank nr database
were made using ClustalX (Thompson et al. 1997), with
default options, and manually edited to remove large gaps
and regions that could not be reliably aligned. Bayesian
phylogenies were constructed using MRBAYES 3.1.2
(Ronquist and Huelsenbeck 2003) and Maximum Likeli-
hood phylogenies were estimated using PHYML 3.0.1
(Guindon and Gascuel 2003). Both phylogenic analyses
were implemented using a WAG model (Whelan and
Goldman 2001) and a gamma distribution with four rate
categories. The proportion of invariant sites was estimated
by maximizing the likelihood of the phylogeny. For
Bayesian phylogenies, two independent Metropolis-cou-
pled Monte Carlo Markov Chain (MCMCMC) runs, each
with one cold and three heated chains (heat parame-
ter = 0.2), were analyzed for one million generations. Ten
thousand trees were saved in each run (every 100th tree
was saved) and the phylogenetic trees were summarized
using 15,000 samples (burning parameter = 2,500), after
confirmation that these samples were in the plateau phase
of the run. For Maximum Likelihood phylogenies, 1,000
bootstraps were performed to achieve branch support val-
ues. To be considered as an indicative of a potential HGT
event, the branch grouping Moniliophthora sequences with
a distant related group must have Bayesian posterior
probability >90% and ML bootstrap support >80%.

Each phylogeny suggestive of HGT was compared with
another one of the same sequences constructed with the
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imposition of a sister group relationship among Monili-
ophthora and ascomycetes sequences. This constrained
phylogeny was constructed by MRBAYES 3.1.2 using the
same model described above. The comparison between the
ancestral and the constrained phylogeny was done using
the Bayes Factors (Kass and Raftery 1995). Twice the
difference in the harmonic mean of log-likelihoods from
each MCMCMC run (the Bayes Factor) was used to
determine relative support for alternative hypotheses.
Values for the Bayes Factors of >10 indicate a strong
support for the less constrained tree over the a priori
imposed constraint (Kass and Raftery, 1995).

Gene Loss and Duplication

The evaluation of gene loss and duplication in eukaryotes
under the hypothesis of no HGT were made using a sim-
plified topology of the eukaryotes phylogeny with the
following ten lines: Moniliophthora (1), the five basidio-
mycete species with complete genome sequences men-
tioned above (II-VI); ascomycetes (VII); animals (VIII),
land plants and green and red algae (IX, named as viridi-
plantae), and alveolates, kinetoplastids, and oomycetes (X,
named as stramenopiles and alveolates). This phylogeny
was manually obtained by merging relevant branches of the
eukaryotes phylogeny proposed by Van de Peer et al.
(2000) and from the fungi phylogeny proposed by James
et al. (2006). The presence and absence of each putative
horizontally transferred gene in each of these eukaryote
lines were manually inferred from the results of BLASTDp.

Further Analyses

Sequences with significant homologies to the putative
horizontally transferred genes of M. perniciosa were found
in the M. roreri genome draft sequence using tBLASTn.
This draft was produced with reads obtained by Illumina/
Solexa (33x coverage) and GS-FLX 454 single ends (15x
coverage) technologies and comprise 53 Mbp assembled
into 8,256 contigs (unpublished data). Similar sequences to
these genes were also found in a M. perniciosa EST
database containing 1.4 Mbp in 2,474 sequences, including
contigs and singlets, which can be used to check for gene
expression of the putative HGT genes.

GC contents of M. perniciosa putative horizontally
transferred genes were compared with those of other pre-
dicted coding genes from the same species, to find extreme
values of GC that may indicate a horizontal origin for the
gene. GC contents of M. perniciosa predicted coding genes
were obtained using a PERL script. The rank and the
average GC content were obtained using Microsoft
Excel™.

@ Springer

Results
HGT Candidates Search

This study used a pipeline with two filters to search for
M. perniciosa predicted coding genes that are candidates
obtained by HGT as summarized in Fig. 1. In the first filter,
the 14,501 predicted coding genes of M. perniciosa were
compared with basidiomycete sequences available in Gen-
Bank, which excluded 10,612 genes as possible HGT can-
didates since they have homologs in this group (Fig. 1a).
This filter used BLASTp and tBLASTn to detect homolo-
gies with both annotated and non-annotated proteins.

In the second filter, the 3,889 predicted genes without
homologous sequences in basidiomycetes (Fig. 1b) were
submitted to a BLASTp search against nr database, pro-
ducing three categories of results. The first category con-
sists of 3,654 no-hit genes, which can be either unknown
genes, some of which may be exclusive to M. perniciosa,
or closely related basidiomycetes, or erroneous predictions
(Fig. 1c). The second category had 198 genes whose first-
hit are fungal sequences (all of them from ascomycetes,
Fig. 1d). These two categories were excluded as HGT
candidates. The third category comprised the remaining 37
predicted genes with high homology to non-fungal species
and only these genes were considered reliable HGT can-
didates (Fig. le). Nine out of these 37 HGT candidates
have only one hit in nr (Fig. 1f). Among these, 2 have their
highest homology to animal sequences, one to protozoan
sequences and six to bacterial sequences (Table 1). These
nine candidates are considered possible HGT genes, but the

14,501 NON HGT CANDIDATES

predicted coding genes

1° filter: BLAST against A 10,612
basidiomycetes hits
B 3,889 c 3,654
no-hits no-hits
2° filter: BLAST D 198
against nr first hit against a fungi
E 37
first hit against a non fungi =
HGT CANDIDATES 9
only one hitin nr
POSSIBLE HGT GENES
Phylogenetic
analysis
G 3 H 25
indicate HGT do not indicate HGT
PUTATIVE HGT GENES NON HGT GENES

Fig. 1 Overview of the methodology used to search for HGT genes
in Moniliophthora and of the results of each search step
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Table 1 Predicted genes of M. perniciosa without homologs in basidiomycetes and with only one hit in the GenBank nr database

Gene Hit organism Hit accession number Hit definition E value
1 Nitrosomonas eutropha C91 YP_743769.1 Hypothetical protein Te™>?
2 5e!
3 Enterobacter sp. 638 YP_001176630.1 Hypothetical protein 2e7%6
4 3e7?!
5 Ralstonia eutropha JMP134 YP_294602.1 Twin-arginine translocation 5e!8
pathway signal
6 Gloeobacter violaceus NP_924911.1 WD-repeat protein le !
7 Homo sapiens XP_001130133.2 Hypothetical protein 5e!!
8 Caenorhabditis briggsae CAP21100.1 Hypothetical protein 9e!!
9 Tetrahymena thermophila SB210 XP_001028914.1 DDE superfamily endonuclease le '°

containing protein

Genes 1 and 2 have the same hit, and the same with genes 3 and 4

limited number of similar sequences hindered further
phylogenetic analysis to validate this hypothesis.

The 28 HGT candidates with more than one hit in nr
database produced 25 phylogenies that did not support the
HGT hypothesis (Fig. 1h). The remaining three candidates
fulfilled three criteria used here as indicative of HGT: (1)
grouping with sequences from a non-related t group with
the gene on a well-supported branch; (2) when the can-
didate gene is included as a sister group of the sequences
from the closest gene group (i.e., ascomycetes for all of
them) produces a significantly less supported phylogeny;
and (3) the alternative hypothesis of gene evolution by
loss and duplication produces a large number of these
events. These three candidates are analyzed in detail, as
follows.

Metallo-Dependent Hydrolase

The first putative horizontally transferred gene found in
M. perniciosa is a metallo-dependent hydrolase (MDH)
similar to imidazolonepropionase and other related ami-
dohydrolases (COG1228, e-value 4¢=*° at CDD search).
M. perniciosa MDH GC content is 52.98 and 7.5% of the
predicted genes of this species have GC content higher
than this value. An MDH homolog was also found in the
M. roreri genome.

Figure 2a shows the phylogeny of MDH. Some of its
internal branches have low posterior probabilities and there
are bacterial groups divided by these branches. In addition,
some distinct bacterial lines were grouped together into
well-supported branches. Ascomycete sequences are split
into two well-supported groups, both related with proteo-
bacteria. Most ascomycete species have only one paralog,
but Penicillium marneffei and Neurospora crassa have
both, and the same occurs with some proteobacteria (i.e.,

Sphingomonas sp. and Caulobacter sp.). The M. perniciosa
MDH groups with actinobacteria from the genera Salinis-
pora and Mycobacterium in another well-supported branch.
The comparison between this phylogeny and the other with
ascomycetes sequences constrained as a sister group of
M. perniciosa produced a Bayes factor of 1,118.24, which
constitutes very strong evidence in favor of the original
unconstrained phylogeny (Table 2).

The other major eukaryotic lines do not have homologs
to the MDH gene. The hypothesis suggesting that presence
or absence of MDH paralogs in eukaryotes was caused by
gene loss and duplication rather than HGT requires a
minimum of 17 independent events, which is an improb-
able recurrence (Fig. 2b). An explanation using HGT
would require only one event of transference to Monili-
ophthora (from actinobacteria) and eight gene losses in
eukaryotes (Fig. 2c) or, alternatively, three independent
HGT: one for Moniliophthora (from actinobacteria) and
two for ascomycetes (both from proteobacteria).

Necrosis-Inducing Proteins (NEPs)

M. perniciosa NEPs (pfam05630, e-value 4¢~** from CDD
search) were also found as having been acquired by HGT.
M. perniciosa has three copies of this gene, while M. roreri
has two. M. perniciosa NEPs GC contents are 54.26% for
NEP1, 55.16% for NEP2, and 56.57% for NEP3. Only 3,
1.6, and 0.7% of the predicted genes of M. perniciosa have
higher GC contents than those three NEP genes,
respectively.

Figure 3a shows the NEPs phylogeny. M. perniciosa
sequences are grouped with oomycete; while ascomycete
sequences are split into two groups, one related to actino-
bacteria and the other to firmicutes and proteobacteria.
Many ascomycetes from the genera Botrytis, Botryotinia,

@ Springer
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A Ascomycetes
Proteobacteria
Proteobacteria f10p
Proteobacteria
Proteobacteria
Acidobacteria
< i Ascomycetes
Actinobacteria
Proteobacteria
Firmicutes and
Proteobacteria
Proteobacteria Actinobacteria
Moniliophthora perniciosa
Moniliophthora roreri
0.2 '
100 [85]
Actinobacteria
and Firmicutes
B Moniliophthora c - Moniliophthora
' : 3 Actinobacteria gt > ;
‘X - Coprinus cinereus iy o Coprinus cinereus
*-)--- Laccaria bicolor ; Laccaria bicolor
57 X------ Phanerochaete chrysosporium Phanerochaete chrysosporium
Vi N-------- Cryptococcus neoformans Cryptococcus neoformans
SEEES  GRECEEEEEE Ustilago maydis . Ustilago maydis
Three paralogous T Ascomycetas Twoparalogous =i Ascomycetes
of MDH present —_xﬁ y of MDH present  : — Y
in the ancestral Animals in the ancestral .--5 Fi.... L7 (. Animals
of eukariotes of eukariotes  + =
anniifliceaes B Viridiplantae and related groups|
et
feeeeee )¢ COREEE LR Stramenopiles and Alveolates

Fig. 2 a Phylogeny of metallo-dependent hydrolase (MDH). Values
near internal branches (or linked to them by dotted lines) are posterior
probabilities. Bootstrap values are shown in brackets for branches
discussed in the text. The width of each triangle is proportional to the
number of sequences included in the group and their vertices are
positioned at the root of the group. Groups with names in bold face
are eukaryotes. All other groups are bacteria. Two alternative
hypotheses to explain the evolution of MDH in eukaryotes are shown
in (b) and (c). b Evolution of eukaryotic MDH by only gene loss and
duplication. Homologous forms of MPDH present in Moniliophthora
and in ascomycetes are represented over the topology of the

and Aspergillus have the two forms of NEPs. The com-
parison between this phylogeny and the other with asco-
mycetes sequences constrained as a sister group of M.
perniciosa produced a Bayes factor of 779.74, which
constitutes very strong evidence in favor of the original
unconstrained phylogeny (Table 2).

To explain the absence of NEPs in the other eukaryotes
lines, the separation of ascomycete sequences into two
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eukaryotic phylogeny (dotted tree) by the black, dark, and light gray
continuous lines, respectively. Each gene loss is indicated by an X of
the same color for the lost paralogs. Since Moniliophthora sequences
do not group with ascomycetes sequences in phylogeny (a) and these
are spliced in two groups, three paralogs and a minimum of 17
independent gene losses are necessary to support this hypothesis. The
three paralogs must be present in a eukaryotic ancestor, since they
also exist in bacteria. ¢ Evolution of eukaryotic MDH by means of
only HGT. One event of HGT from actinobacteria to Moniliophthora
and eight gene losses are required to support this hypothesis. Colors
are as in (b)

groups and the absence of a direct relationship between
ascomycetes and Moniliophthora sequences without
invoking HGT, requires at least three ancestral gene forms
and 16 gene losses (Fig. 3b). An explanation for the
presence of these genes through HGT would require only
two events of this kind in eukaryotes, one from ascomy-
cetes to oomycetes and the other from oomycetes to
Moniliophthora (Fig. 3c).
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Table 2 Results of the Bayes Factor analyses of putative horizontally
transferred gene phylogenies

Gene  Log likelihood Bayes factor
Obtained phylogeny Constrained phylogeny

MPDH —50,648.84 —51,420.30 1,542.92

MDH  —148,788.30 —149,347.42 1,118.24

NEP —22,408.81 —22,798.68 779.74

The constrained phylogenies are those that are constructed with the
imposition of a sister group relationship among Moniliophthora and
ascomycetes sequences. The obtained phylogenies are the original
phylogenies obtained without any model-constrain. Bayes factor are
calculated as 2x (log-likelihood of obtained phylogeny — log-like-
lihood of constrained phylogeny). Values >10 are considered as very
strong evidence against model 1 (the original phylogeny, in this case)

Mannitol 1-Phosphate 5-Dehydrogenase

The third putative horizontally transferred gene found in
M. perniciosa encodes a mannitol 1-phosphate 5-dehy-
drogenase (MPDH; EC number 1.1.1.17; e-value 16_118),
an enzyme that converts fructose 6-phosphate to manni-
tol 1-phosphate in a reversible reaction. GC content of
M. perniciosa MPDH is 50%, very close to the average for
this species (49.85%). A homolog for this gene was found
in the genome of M. roreri.

Figure 4a shows the phylogeny of MPDH. The
M. perniciosa gene is grouped with genes from Clostridium
sp., a genus that belongs to the firmicutes bacterial group,
while the ascomycete sequences are grouped with actino-
bacteria sequences. The attempt to constrain M. perniciosa
sequence as a sister group from the ascomycetes produced
a phylogeny with a marginal log-likelihood of —51,420.30,
while the unconstrained phylogeny has a marginal log-
likelihood of —50,648.84. Twice the difference between
the marginal likelihoods of the two phylogenies (their
Bayes factor) amounts to 1,542.92, which constitutes very
strong evidence in favor of the unconstrained phylogeny
(Table 2).

The proteobacteria MPDH sequences are separated into
two groups, suggesting the existence of at least two para-
logs for this gene. The two most probable branches that
separate MPDH genes are indicated in Fig. 2a. Ascomy-
cetes and Moniliophthora do not share the same paralogs,
irrespective of the exact branch that separate them, and no
other eukaryote lines have any paralogs of this gene. The
hypothesis suggesting that this pattern of presence/absence
of MPDH genes in eukaryotes was generated only by gene
loss and duplication (without HGT) would require a min-
imum of 13 independent losses, which is an improbable
recurrence (Fig. 4b). On the other hand, an explanation
for the presence of this gene through HGT would require

only two independent HGT: one from firmicutes to Mo-
niliophthora and the other from actinobacteria to ascomy-
cetes (Fig. 4c).

Discussion

The Genus Moniliophthora Likely Contains More than
the Three Identified Horizontally Transferred Genes

HGT events are usually screened for by phylogenetic
analysis or by anomalous gene signatures. Methods based
on phylogenetic analysis are believed to be the most robust
if gene phylogenies can be reconstructed with reliability
(Poptsova and Gogarten 2007). However, it is necessary to
reduce the number of potential HGT candidates before
performing phylogenetic analysis since computing resour-
ces required to reconstruct the phylogeny of all genes
found in a complete genome is usually very extensive. In
this study, the detection of genes obtained by HGT was
done by means of phylogenetic analysis of candidates
selected from the predicted genes of M. perniciosa.

The first filter used to reduce the number of HGT can-
didates in M. perniciosa genome was to discard genes with
homologs in other basidiomycetes, to remove those
obtained by vertical inheritance. Although this filter cor-
rectly removed the vertically inherited genes, it could have
also removed three classes of horizontally transferred
genes: (I) those from ancestral HGT events that occurred in
basidiomycetes; (II) those that are transferred to other
basidiomycetes in independent events (multiple HGT); and
(III) those from gene replacements (the substitution in
Moniliophthora of a gene that is also present in other
basidiomycetes by a homologous transfer from a more
distant related species). This latter type of exclusion may
have a significant effect in this study, since a previous
study (Mondego et al. 2008) suggests that some gene
families are expanded in Moniliophthora, and gene
replacement could be included in this expansion.

In the second filter used for HGT candidate selection,
the predicted genes of M. perniciosa without homologs in
basidiomycetes were used to search the GenBank nr data-
base, and those showing highest similarity to that of
ascomycete species were excluded (Fig. 1d). This filter
removes genes present at the root of the fungal phylogeny
but not in the five completely sequenced species of
basidiomycete. However, this filter could also remove
genes transferred from ascomycetes to Moniliophthora.
The failure to detect HGT from ascomycetes could be an
important limitation in this study, especially since another
cacao pathogen, Ceratocystis cacaofunesta, belongs to this
group, and could be a potential gene donor. This limitation
could be avoided with the construction of comparative
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Fig. 3 a Phylogeny of necrosis ethylene-inducing protein (NEP).
Values near internal branches are posterior probability. Bootstrap
values are shown in brackets for some relevant branches discussed in
the text. The width of each triangle is proportional to the number of
sequences included in the group and their vertices are positioned in
the root of the group. Groups with names in bold face are eukaryotes.
All other groups are bacteria. Two alternative hypotheses to explain
the evolution of NEP in eukaryotes are shown in (b) and (c). b
Evolution of eukaryotic NEP by only gene loss and duplication.
Homologous forms of NEP present in Moniliophthora/oomycetes and
in ascomycetes are represented over the topology of the eukaryotic
phylogeny (dotted tree) by the black, dark, and light gray continuous
lines, respectively. Each gene loss is indicated by an X of the same

phylogenies for all the genes with similarity to ascomy-
cetes. Unfortunately the computational requirements nee-
ded to implement all these phylogenies are too great at this
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color for the lost paralogs. Since Moniliophthora sequences do not
group with ascomycetes sequences in phylogeny (a) and these are
spliced into two groups, three paralogs and a minimum of 16
independent gene losses are necessary to support this hypothesis. The
three paralogs must be present in a eukaryotic ancestor, since two of
them also exist in bacteria (those from ascomycetes) and one of them
(that from Moniliophthora and oomycetes) has no direct relationship
with any other. ¢ Evolution of eukaryotic MDH by means of only
HGT. One event of HGT from oomycetes to Moniliophthora and
another from ascomycetes to oomycetes are required to support this
hypothesis. Colors are as in (b). In this hypothesis, the sequences of
oomycetes can be related to one of the paralogs of ascomycetes

time, at least for Bayesian or ML approaches, since there
are at least 170 genes within the M. perniciosa genome
with more than one hit in the nr.
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Fig. 4 a Phylogeny of mannitol phosphate dehydrogenase (MPDH).
Values near internal branches (or linked to them by dotted lines) are
posterior probabilities. Bootstrap values are shown in brackets for
some relevant branches discussed in the text. The width of each
triangle is proportional to the number of sequences from the group
and their vertices are positioned at the root of the group. Solid circles
mark the two most probable branches that could separate paralog
forms of MPDH. Groups with names in bold face are eukaryotes. All
other groups are bacteria. Two alternative hypotheses to explain the
evolution of MPDH in eukaryotes are shown in (b) and (c). b
Evolution of eukaryotic MPDH by only gene loss and duplication.
Homologous forms of MPDH present in Moniliophthora and in

The Origins of Horizontally Transferred Genes in
Moniliophthora Are Consistent with Their Evolution
from a Saprophytic Ancestor

Phylogenetic analysis indicates that two out of the three
horizontally transferred genes found in Moniliophthora
have originated from bacteria. MDH and MPDH from
Moniliophthora are related with those from actinobacteria
and firmicutes, respectively, and these two groups are
common in soil and decomposed organic material (Youssef
and Elshahed 2009). The occurrence of soil bacteria among

ascomycetes are represented over the topology of the eukaryotic
phylogeny (dotted tree) by the black and the gray continuous lines,
respectively. Each gene loss is indicated by an X of the same color for
the lost paralogs. Since Moniliophthora sequences do not group with
ascomycetes sequences in phylogeny (a) and the other lines of
eukaryotes do not have this gene, two paralogs and a minimum of 13
independent gene losses are necessary to support this hypothesis.
Both paralogs must be present in a eukaryotic ancestor, since they
also exist in bacteria. ¢ Evolution of eukaryotic MPDH by means of
only HGT. Two independent events of HGT are required to support
this hypothesis, one from firmicutes to Moniliophthora and other from
actinobacteria to an ancestral ascomycete. Colors are as in (b)

gene donors is consistent with the presumed evolutionary
history of phytopathogenic Moniliophthora (Aime and
Phillips-Mora 2005). Most of the other known fungal
species related to Moniliophthora are saprotrophic and
soils are a common habitat for species with this lifestyle.
Thus, the common ancestor of M. roreri and M. perniciosa
could have obtained MDH and MPDH genes in this habitat
before evolving into a pathogen. Gene exchanges among
free-living soil microorganisms was proposed as being
important to HGT in bacteria living in the planktonic and
attached states (Massoudieh et al. 2007) and the same
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could also be true for soil fungal communities. The
enzymes released by saprophytic fungi favor the break-
down of cell walls and membranes that surround organ-
isms, with the consequential release of genetic material.
Continuous contact of the fungi with this material could
facilitate the uptake of DNA fragments containing com-
plete genes and other elements that could mediate their
incorporation in the acceptor’s DNA, such as transposons
or plasmids (Kempken 1995). HGT mechanisms appear to
be more suitable to fungi than others proposed for
eukaryotes, such as the establishment of symbiosis with
unicellular organisms or the mediation of gene acquisition
by the phagotrophic habit; the so called you are what you
eat hypothesis (Doolittle 1998). It is interesting to note that
ascomycetes apparently obtained their MPDH by HGT
from actinobacteria (Fig. 2a). The wide distribution of the
MPDH enzyme in ascomycetes and the monophylogeny of
their sequences suggest that, unlike Moniliophthora,
MPDH was transferred to this group at a basal point in their
evolution. Considering the variety of possible relationships
between the mannitol and the phytopathogenicity in fungi
(see discussion below) it is possible to hypothesize that
MPDH is important to a pathogenic lifestyle, and to further
extrapolate it may be suggested that this ancestral HGT is
one of the reasons that there are more phytopathogenic
species among ascomycetes than in the basidiomycetes.
Contrary to MDH and MPDH, the NEPs from Monili-
ophthora have homologs in another eukaryotic group, the
oomycetes. The most likely NEP donors are species of the
Phytophthora genus, which also infect cacao, such as
P. palmivora. The similarity between the GC content of the
NEPs from M. perniciosa and P. megakarya (approxi-
mately 56%) shows a good evidence of this origin (Garcia
et al. 2007). This transmission may have occurred in
necrotic tissues from stems, fruits, or leaves released by a
cacao plant infected by Phytophthora and invaded by a
saprotrophic ancestral species of Moniliophthora. The
contact between the living cells of the fungus and the dead
cells of oomycetes could have resulted in the transfer of
DNA fragments containing copies of the NEP genes from
the latter to the former species. Another possibility is that
the ancestral Moniliophthora acquired a phytopathogenic
lifestyle before acquiring the NEPs and this transference
has occurred in a cacao plant infected by both this ancestor
and by a Phytophthora. Double infections like this are
commonly seen in cacao plantations in Brazil, as reported
for P. palmivora and M. perniciosa by Flament et al.
(2001). Since cerato-platanins are present in the genome of
Moniliophthora and other basidiomycetes and can also
promote necrosis in cacao plants (Zaparoli et al. 2009), it is
possible that in the early stages of their evolutionary
change the ancestral Moniliophthora promoted necrosis
using only these proteins. In this scenario, NEPs would

@ Springer

have been the last horizontally transferred gene obtained by
the ancestor of Moniliophthora, a feature consistent with
the extreme GC content of these genes in M. perniciosa.
There is evidence that codon-usage and GC content could
be adaptive and that horizontally acquired genes tend to
adopt values close to the “normal” for the species after
some time (Goodarzi et al. 2008).

Ascomycetes have two different paralogs of NEPs, and
each one of them is present in a different group of bacteria.
Furthermore, unlike MDH and MPDH, NEPs are more
common among ascomycetes than in bacteria, and many
species among these fungi have both NEPs paralogs, while
bacteria, oomycetes, and Moniliophthora species have only
one. This scenario suggests that NEPs originated in asco-
mycetes, and were later horizontally transferred to bacteria
(in two different events, one for each paralog) and to
oomycetes, and from this group to Moniliophthora
(Fig. 4c).

The Horizontally Transferred Genes Found in
Moniliophthora Are Related to Phytopathogeny in
Fungi

The phylogenies and gene loss analysis of MPDH, MDH,
and NEPs indicate that these genes were obtained by HGT
in a common ancestor of pathogenic Moniliophthora.
Among these genes only NEPs were previously analyzed
(Garcia et al. 2007). In that article, the NEPs of M. per-
niciosa were concentrated in the apoplast and external
surfaces of cacao cell walls during WBD and were able to
induce necrosis of infected tissues. M. roreri NEPs have
not yet been studied, but their strong resemblance with M.
perniciosa sequences and the occurrence of necrosis in
FPR suggest that they are active proteins. NEPs are well
characterized in oomycetes, but are also common in phy-
topathogenic ascomycetes (Jenning et al. 2000; Gijzen and
Nurnberger 2006; Pemberton and Salmond 2004). Their
presence in Moniliophthora suggests that this fungus pro-
motes an infection that is more similar to that of ascomy-
cetes than to the other phytopathogenic basidiomycetes.
Metallo-dependent hydrolases are a large group of pro-
teins that show a conserved metal binding site. It is pro-
posed that the metal ion (or ions) deprotonates a water
molecule for a nucleophilic attack on the substrate. Some
amidohydrolases were found to be involved in the meta-
bolic reactions of amino acids and nitrogenated bases,
which acts on carbon—nitrogen bonds, and in many cases
releases ammonia, glutamate, or biurate (Holm and Sander
1997). MDHs from Moniliophthora are also similar to
those from bacteria that inhabit harsh environments such as
Salinispora arenicola (marine sediments), Natranaerobius
thermophilus (sediment of alkaline hypersaline lakes), and
Sphingomonas wittichii (highly contaminated natural
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environments with pesticides and polyhalogenated aro-
matic compounds) Based on the hydrolytic activity of
MDHs and on their presence in bacteria that thrive in
extreme conditions, the MDH from Moniliophthora may
function with hydrolytic detoxifying capacity and/or in
nitrogen metabolism, an hypothesis that could be experi-
mentally tested.

In contrast to MDH, MPDH is strongly related with
phytopathogeny in fungi and is part of the ascomycete
mannitol cycle. In this cycle, fructose is phosphorylated to
fructose 6-phosphate by hexokinase (EC 2.7.1.1). Then
fructose 6-phosphate is converted to mannitol 1-phosphate
by MPDH (EC 1.1.1.17). The posterior removal of the
phosphate group by a phosphatase (EC 3.1.3.22) produces
inorganic phosphate and mannitol. The cycle is closed by
MADH (EC 1.1.1.138), which catalyzes the reversible
conversion of mannitol to fructose. According to Di-
jksterhuis and De Vries (2006), mannitol (a polyol or sugar
alcohol) is one of the compatible solutes used by fungi in
response to a variety of stress conditions. Polyols are
considered transport and storage forms of carbon that are
less accessible to cellular metabolism than glucose, and can
be accumulated in high amounts without interfering with
normal cellular proteins (Noiraud et al. 2001). Mannitol
has been linked to thermotolerance in the entomopatho-
genic fungus Beauveria bassiana (Liu et al. 2008), to
sporulation in the necrotrophic fungus Stagonospora
nodorum (Solomon et al. 2006) and to carbohydrate storage
and as a reactive oxygen species (ROS) scavenger in Ur-
omyces fabae, a biotrophic basidiomycete pathogen of
Vicia faba (Voegele et al. 2005). Mutation of the MPDH
gene in Alternaria alternata produced mutants that were
less virulent on tobacco than the wild-type fungus, whereas
MADH mutants have little effect on virulence (Véléz et al.
2008). Interestingly, the double mutant had the most severe
decrease in virulence (Véléz et al. 2008).

MPDH seems to be absent from most basidiomycetes
(Hult et al. 1980), indicating that they do not have a
mannitol cycle and produce mannitol only by direct
reduction of fructose, which is catalyzed by MADH. In U.
fabae, a large increase in the concentration of mannitol
during the biotrophic phase of infection was reported and
the mannitol produced at this stage is used as a carbohy-
drate source in spores (Voegele et al. 2005). Curiously, a
tBLASTn search did not detect a gene similar to MADHs
of U. fabae or Agaricus bisporus in M. perniciosa or M.
roreri genomes or the M. perniciosa ESTs sequences. The
presence of MPDH and the absence of MADH in their
genome indicate that these two species may have a man-
nitol metabolism more similar to that of ascomycetes than
to basidiomycetes. Even though the ability of M. pernici-
osa and M. roreri to use mannitol is unknown, the data
cited above allow the creation of functional hypotheses

about the role of MPDH during WBD and FPR that can be
tested with the analysis of the mannitol content in green
and dry brooms and infected cacao fruits, differential
expression of MPDH during the life cycle of both species
and, possibly, immunolocalization assays of the MPDH
enzyme.

Final Considerations

In summary, this study indicates that some genes present in
Moniliophthora species could have been acquired by hor-
izontal transfer. It is remarkable that two of them—MPDH
and NEPs—have been previously reported as involved in
phytopathogenicity. Taken together, these results suggest
that the ability of these fungal species to cause disease in
cacao could have been acquired, or at least improved, by
HGT.

Many other genes and gene families from the M. per-
niciosa genome were described as related to the hemibio-
trophic and pathogenic lifestyle of M. perniciosa
(Mondego et al. 2008), but all these are ancestral genes and
many are present in other non-phytopathogenic basidio-
mycetes, suggesting that HGT has acted as an important
step in this evolutionary change. It should be stressed that
each one of the horizontally transferred genes came from a
different donor, including prokaryotes and eukaryotes. The
great biodiversity present in tropical forest habitats such as
the Amazon Basin (the suggested center of origin for both
Moniliophthora species) and Bahia Atlantic Rain Forest
(the most productive cacao growing region in Brazil)
increase the chance of interactions between microorgan-
isms and could consequently increase the probability of
HGT. The diversity of microorganisms in these habitats is
still poorly understood, and there is a high probability that
many “new genes” may be found there. Therefore, some of
the 3,654 predicted genes in M. perniciosa that do not have
homology in GenBank could have been acquired by HGT,
but the homologous sequences have not yet been found.

Due to their close evolutionary relationship, the same
horizontally transferred genes were found in both M. roreri
and M. perniciosa, which suggests that HGT happened
before speciation of this genus. The M. roreri lifecycle
during the disease process has not been completely
unraveled. While this fungus shows a biotrophic phase
during disease development, no identifiable fungal mor-
phological changes have yet been found. The presence of
the same horizontally transferred genes could help develop
hypotheses for understanding the hemibiotrophic life style
of M. roreri. Finally, the study of the role of HGT in
phytopathogenicity emergence could contribute to the
selection of possible interesting genes for further experi-
mental analysis focusing on acquiring a better under-
standing of the emergence of phytopathogenic mechanisms
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and of the lifestyles of these fungi, which could lead to the
development of new control strategies against these
pathogens.
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