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Abstract

Background: Most filamentous ascomycete fungi produce high affinity iron chelators called
siderophores, biosynthesized nonribosomally by multimodular adenylating enzymes called
nonribosomal peptide synthetases (NRPSs). While genes encoding the majority of NRPSs are
intermittently distributed across the fungal kingdom, those encoding ferrichrome synthetase
NRPSs, responsible for biosynthesis of ferrichrome siderophores, are conserved, which offers an
opportunity to trace their evolution and the genesis of their multimodular domain architecture.
Furthermore, since the chemistry of many ferrichromes is known, the biochemical and structural
'rules' guiding NRPS substrate choice can be addressed using protein structural modeling and
evolutionary approaches.

Results: A search of forty-nine complete fungal genome sequences revealed that, with the
exception of Schizosaccharomyces pombe, none of the yeast, chytrid, or zygomycete genomes
contained a candidate ferrichrome synthetase. In contrast, all filamentous ascomycetes queried
contained at least one, while presence and numbers in basidiomycetes varied. Genes encoding
ferrichrome synthetases were monophyletic when analyzed with other NRPSs. Phylogenetic
analyses provided support for an ancestral duplication event resulting in two main lineages. They
also supported the proposed hypothesis that ferrichrome synthetases derive from an ancestral
hexamodular gene, likely created by tandem duplication of complete NRPS modules. Recurrent
losses of individual domains or complete modules from this ancestral gene best explain the diversity
of extant domain architectures observed. Key residues and regions in the adenylation domain
pocket involved in substrate choice and for binding the amino and carboxy termini of the substrate
were identified.

Conclusion: Iron-chelating ferrichrome synthetases appear restricted to fission yeast, filamentous
ascomycetes, and basidiomycetes and fall into two main lineages. Phylogenetic analyses suggest that
loss of domains or modules led to evolution of iterative biosynthetic mechanisms that allow
flexibility in biosynthesis of the ferrichrome product. The 10 amino acid NRPS code, proposed
earlier, failed when we tried to infer substrate preference. Instead, our analyses point to several
regions of the binding pocket important in substrate choice and suggest that two positions of the
code are involved in substrate anchoring, not substrate choice.
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Background

Most filamentous ascomycete fungi produce high affinity
iron chelator siderophores for scavenging environmental
iron and for cellular sequestration of reactive iron [1]. All
known fungal siderophores are synthesized by nonribos-
omal peptide synthetases (NRPSs) [2], large, usually mul-
timodular enzymes that catalyze peptide bond formation
independent of ribosomes. NRPS modules consist of
three core domains, ordered 5'A-T-C 3": 1) an adenylation
(A) domain responsible for recognizing and activating a
substrate molecule via adenylation with ATP, 2) a thiola-
tion (T) domain which binds the substrate to the NRPS
protein and 3) a condensation (C) domain which joins
two substrates through a condensation reaction.

Although the number of NRPSs encoded by individual fil-
amentous fungi varies from 0 to > 20, most of these and
their corresponding metabolites are not conserved across
the fungal kingdom, making it difficult to trace the evolu-
tionary history of the corresponding genes. Various evolu-
tionary processes may account for this. The observation
that A-T-C modules from a single NRPS often group
together as a monophyletic clade suggests tandem dupli-
cation of modules as a possible mechanism by which
multimodular NRPSs arise [3]. It is clear, however, that
other mechanisms such as recombination and gene con-
version also operate [4]. Ferrichrome synthetases, which
biosynthesize  ferrichromes, fungal = hydroxamate
siderophores that function primarily in intracellular iron
storage, are among the most conserved NRPSs, offering an
opportunity to trace the evolutionary history of the corre-
sponding genes across fungi.

The chemical products of ferrichrome synthetases have
been characterized for at least one member of the majority
of Ascomycete and Basidiomycete orders [5,6]. This class
of siderophore includes compounds such as ferricrocin,
ferrichrome, ferrichrome A, ferrichrome C, and maloni-
chrome. Most ferrichrome siderophores are cyclic hexa-
peptides  [Fig. 1], with the exceptions of
tetraglycylferrichrome, a cyclic heptapeptide, and desdis-
erylglycerylferrirhodin (DDF) a linear tripeptide of orni-
thine residues [7]. The chemical structure of ferrichromes
is also conserved, consisting of six substrate molecules: a
core heme-binding unit consisting of three N5-acyl-N>-
hydroxy-L-ornithines (AHO) and a ring of three amino
acids (Fig. 1). One amino acid is always a glycine, while
the remaining two amino acids can be alanine, serine, or
glycine [5,7]. Ferrichrome has three glycines, ferrichrome
A has two serines and one glycine, ferrichrome C and
malonichrome have two glycines and one alanine, and
ferricrocin has two glycines and one serine [7]. Acyl
groups attached to AHO substrates can also vary (Fig. 1).
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Ferrichrome * R1 R2 R3

Ferrichrome H H H CH,
(GLY) (GLY) (GLY)

Ferrichrome A H CH,OH CH,OH Hs ©
(GLY) (SER) (SER) = OH

Ferrichrome C H H CH, CH,
(GLY) (GLY) (ALA)

Ferricrocin H H CH,OH CH,
(GLY) (GLY) (SER)

Malonichrome H H CH, \/ﬁ
(GLY) (GLY) (ALA) OH

Gray ovals = amino acids; gray rectangles or bold line = AHO;
R1, R2 = amino acid side chains (note * is constant);
R3 = AHO acyl group

Figure |

Ferrichrome structure. Chemical structure of five differ-
ent ferrichromes and the corresponding amino acid and
AHO acyl group constituents.

Substrate specificity of NRPSs is believed to be mediated
by the A domain [8-10] although some studies have sug-
gested a role for the C domain in selective acceptance of
substrates from the A domain [8,11]. A 10 amino acid
(AA) NRPS substrate specificity "code" consisting of sin-
gle, nonadjacent amino acid residues in the A domain has
been proposed, based primarily on examination of bacte-
rial NRPS A domains [9,12]. Few of these have been tested
experimentally and the extent to which this code is appli-
cable to fungal NRPS A domains remains unknown [13].
Since the chemical structure and composition of
siderophores produced by fungal ferrichrome synthetases
is largely conserved, phylogenetic and structural analyses
of these proteins provide an opportunity to correlate pro-
tein structure and candidate specificity residues of the A
domains with known chemical products.

Ferrichrome siderophores perform key functions in fungal
cells. Early work on Neurospora crassa suggested that ferri-
crocin aids in asexual spore germination by storing iron
reserves within spores [14,15]. This role in asexual devel-
opment has been confirmed for ferrichrome-type
siderophores of other fungal species such as Penicillium
chrysogenum [16] and Aspergillus nidulans [17]. In contrast,
Cochliobolus heterostrophus and Fusarium graminearum
intracellular siderophores have a major role in sexual
spore development, but no obvious role in asexual devel-
opment [18]. A role in sexual development has also been
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described for intracellular siderophores of A. nidulans
[19]. Intracellular siderophores are thought to buffer
against reactive oxygen species (ROS) generated by the
Haber-Weiss-Fenton reaction in the presence of unbound
iron, by sequestering cellular free iron [16]. Indeed, A. nid-
ulans mutants lacking ability to produce intracellular
siderophores show increased levels of intracellular free
iron [17] and a corresponding increase in sensitivity to
ROS [19]. C. heterostrophus mutants lacking ability to
make intracellular siderophores, however, are like wild-
type (WT) strains in terms of sensitivity to ROS, although
mutants lacking extracellular siderophores do show
increased sensitivity to ROS [20].

These subtle functional differences observed between
intracellular ferrichrome synthetase mutantsof C. heteros-
trophus and A. nidulans, as well as the presence of two or
more copies of the genes encoding ferrichrome syn-
thetases in some fungal species suggested the hypothesis
that more than one lineage of NPS genes may be respon-
sible for intracellular siderophore biosynthesis in fungi. In
this study, we sought to: 1) identify homologs of C. heter-
ostrophus and A. nidulans ferrichrome synthetases in a phy-
logenetically representative sample of fungal genomes, 2)
address the hypothesis of two distinct lineages of ferri-
chrome synthetases 3) analyze the structural evolution of
enzymatic domains encoded by these genes by phyloge-
netic analysis, and 4) investigate key positions in A
domains that may be involved in substrate specificity.

Methods

Genomes surveyed for ferrichrome-associated
nonribosomal peptide synthetases

Candidate homologs of C. heterostrophus NPS2 [3,18] and
A. nidulans SidC [19] were identified through blastp and
tblastn searches using individual A domains from both
NPS2 and SidC proteins as a query set. Fungal genome
datasets interrogated included those at the Broad Institute
http://www.broad.mitedu/ (A. nidulans, Aspergillus ter-
reus, Batrachochytrium dendrobatis, Botrytis cinerea, Candida
albicans, Candida guilliermondii, Candida lusitaniae, Chaeto-
mium globosum, Coccidioides immitis, Coprinus cinereus,
Cryptococcus neoformans, F. graminearum, Histoplasma cap-
sulatum, Magnaporthe grisea, N. crassa, Rhizopus oryzae,
Sclerotinia sclerotiorum, Stagonospora nodorum, Uncinocar-
pus reesii, and Ustilago maydis), the Sanger Institute
(Schizosaccharomyces pombe, Aspergillus fumigatus), the
Joint Genome Institute http://www.jgi.doe.gov/ (Laccaria
bicolor, Aspergillus niger, Trichoderma reesii, Phanerochaete
chrysosporium, and Phycomyces blakesleeanus), the DOGAN
database http://www.bio.nite.go.jp/ngac/e/rib40-e.html
(Aspergillus oryzae), and the raw genome sequence of Alter-
naria brassicicola, available at Washington University

http://genome.wustl.edu. The all fungal blast portal at the
Saccharomyces Genome Database http://seq.yeastge
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nome.org/cgi-bin/blast-fungal.pl was used to survey the

Saccharomyces cerevisiae genome and those of a number of
other wild yeast species (Saccharomyces bayanus, Saccharo-
myces castellii, Saccharomyces kluyveri, Saccharomyces kudri-
avzevii, Saccharomyces mikatae, Saccharomyces paradoxicus,
Saccharomyces servizzii, Saccharomyces unisporus, Ashbya-
gossypii, Candida glabrata, Candida parapsilopsis, Candida
tropicalis, Kluveromyces delphensis, Kluveromyces lactis, Klu-
veromyces marxianus, Kluveromyces thermotolerans, Kluvero-
myces waltii, Lodderomyces elongisporus, and Yarrowia
Iypolitica).

All hits with an e value less than e-10 were extracted and an
initial phylogenetic analysis used to identify a putative set
of ferrichrome NRPSs. The individual A domains of all
candidate ferrichrome synthetase NRPSs were aligned
with Tcoffee and a phylogeny constructed using the WAG
model plus gamma with 100 bootstrap replicates in
PhyML [21]. A domains of 12 additional NRPSs found in
C. heterostrophus, representative of the diverse clades of
fungal NRPSs [3], as well as the top bacterial hit (NCBI
Accession YP_049592) to both NPS2 and SidC, were used
as outgroups in this initial analysis and in further analyses
of the complete dataset [3]. A monophyletic clade with
bootstrap support > 85% containing all known ferri-
chrome synthetase NRPSs was identified and all members
of this clade were considered in further analyses (see Addi-
tional file 1). Two additional known ferrichrome
siderophores, one from Aureobasidium  pullulans
(AADO00581) [6] and one from Omphalotus olearius (fsol,
AAX49356) [22] were included. Several NRPSs identified
previously as putative siderophore metabolite producers
(designated the SidE clade) [23], which fell in a clade just
outside the major clade of known ferrichrome syn-
thetases, were also included.

Annotation of candidate ferrichrome synthetases
Candidate ferrichrome synthetases were annotated by 1)
using the candidate NRPS proteins as queries against the
PFAM database and 2) utilizing NRPS specific HMM mod-
els built using HMMER [24] from a larger dataset of fungal
NRPS A and C domains (KE Bushley and BG Turgeon,
manuscript in preparation). Discrepancies between the
two methods and with published domain architectures
were resolved by manual inspection and adjustment. Indi-
vidual A domains were extracted using a customized Perl
script (available upon request) and the limits of the A
domain were defined as in Lee et al [3], spanning from
~33 residues upstream of the A1 core motif to three resi-
dues downstream of the A10 core motif [12].

Several proteins identified appeared to be incomplete or
incorrectly annotated in the databases. The gene corre-
sponding to B. cinerea BC1G15494 (see Additional file 1)
is on the end of supercontig 180; we assumed it is incom-
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plete, as it encodes only a single A-T-C module. We rean-
notated the genes corresponding to HCAG07428 and
HCAGO07429 as a single gene. The sequence correspond-
ing to H. capsulatum HCAG07428 spanning the first C and
second A domains is of low quality; the second A domain
and the second and sixth C domains are missing from our
analyses. Similarly, U. reesii UREGO00890 and
UREGO00891 appear to correspond to a single gene. C. cin-
erea CC1G04210 is unusual in that it contains only a sin-
gle A-T-C module followed by a T-C repeat. Inspection of
sequences flanking this gene did not reveal additional A,
T, or C domains.

Phylogenetic analyses

Complete set of A domains

A domain protein sequences were aligned to the crystal
structure of the A domain of Gramicidin synthetase
(GrsA) [25] using 3D-Coffee with the Blosum 62 substitu-
tion matrix and default gap opening and extension
parameters [26]. Because the alignment of these highly
divergent proteins contained regions of ambiguous align-
ment, we performed a sensitivity analysis to assess the
effect of the alignment on the final phylogeny obtained.
Starting with the final manually adjusted alignment of A
domains, we created and analyzed three different align-
ments, using maximum likelihood (ML): 1) an alignment
retaining the majority of divergent regions, 2) a semi-con-
servative alignment omitting the most divergent regions
(i.e., those with more than 70% gaps per column in the
alignment), and 3) a highly conservative alignment with
all divergent regions with more than 50% gaps per col-
umn removed. The WAG substitution matrix with rate var-
iation described by a gamma distribution with 4 rate
categories was identified as the best protein substitution
model for this dataset according to the AIC criterion using
Protest [27]. ML analyses using the WAG model plus
gamma in PhyML showed that the three alignments pro-
duced identical topologies for the major clades with only
slight differences in groupings of taxa within each clade
(available upon request). We used the semi conservative
alignment for all further analyses. Phylogenetic analyses
were conducted with PhyML using the WAG amino acid
substitution model and gamma distribution with 4 rate
categories and estimated alpha parameter and 500 boot-
strap replicates [21] and with Mr. Bayes using 5 million
MCMC generations sampled every 100 generations with a
mixed AA prior [28].

The program Genetree [29] was used to reconcile the ML
tree to a species tree (see Additionals file 2 and 6) to infer
a history of A domain duplications using both duplication
and loss as the optimality criterion. The species tree was
based on three recent phylogenetic studies of the fungal
kingdom [30-32]. These studies agree on placement of all
taxa included in this study except the Dothideomycetes
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whose placement remains unstable. In different types of
analyses they have grouped with Eurotiomycetes [31], as
more closely related to Sordariomycetes and Leotiomyc-
etes [31], or as basal to all three of these classes [30,31].
We chose to place the Dothideomycetes as sister to other
filamentous ascomycetes in the subphylum Pezizomy-
cotina as they are placed in this position in phylogenies
with larger taxon sampling [30] and this placement agrees
with another recent phylogenomic study [33] (see Addi-
tional file 2 and 6). A. pullulans was shown to have
diverged earlier than our other sampled Dothideomycete
taxa in a recent class wide phylogeny of Dothideomycetes
and is thus placed at the base of the Dothideomycete clade
[34].

Individual lineage analyses

To analyze mechanisms of evolution of the genes encod-
ing ferrichrome synthetase proteins in more detail, those
enzymes grouping with C. heterostrophus NPS2 and those
grouping with A. nidulans SidC in phylogenetic analyses
of the complete A domain dataset (see above) were exam-
ined separately. For each group, A and C domains were
extracted using the Perl script described above. T domains
were excluded, as they are significantly shorter (66 amino
acids versus 300 amino acids) and resulted in highly unre-
solved phylogenies. The limits of the A domain were
defined as described above while the C domain was
delimited  according to the PFAM  model
(PFAMO00668)http://www.sanger.ac.uk/Software/Pfam/
and extends from four residues before the C1 motif to four
residues after the C5 motif. Each domain was aligned sep-
arately with TCOFFEE using default parameters and phyl-
ogenetic analyses were conducted with PhyML and Mr.
Bayes using the same parameters described above for the
larger dataset. We used A and C domains from the first
complete A-T-C module of the SidE group as an outgroup
as this module grouped directly outside the major clade of
ferrichrome synthetases in both the ML and Bayesian trees
while the second module grouped consistently with other
types of fungal NRPSs represented by the other C. heteros-
trophus NRPSs.

As the majority of NRPS genes are multimodular, tandem
duplication represents a plausible hypothesis for the gen-
eration of a multimodular gene from a single A-T-C unit.
To evaluate this hypothesis, we constructed phylogenies
in PhyML of a representative ferrichrome synthetase from
each lineage, i.e., C. heterostrophus NPS2 and A. nidulans
SidC for the NPS2 and NPS1/SidC lineages, respectively.
These trees were evaluated using the Possible Duplication
History (PDH) algorithm developed to determine if a
phylogeny is consistent with a history of tandem duplica-
tion [35].
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Substrate specificity

Structural modeling

Three-dimensional models of A domains were generated
by using template-based modeling techniques. Blast
searches [36,37] of the Protein Data Bank (PDB) database
[38]http://www.rcsb.org/pdb/home/home.do, using a
subset of A domain sequences from C. heterostrophus NPS2
(AAX09984), F. graminearum NPS2 (FG05372), F.
graminearum NPS1 (FG11026), A. nidulans SidC
(AN0607), U. maydis sid2 (UM05165), U. maydis fer3
(UMO01434), and S. pombe Sib1 (CAB72227) as queries,
indicated a high level of similarity with the phenylalanine
activating A domain of the NRPS for gramicidin (GrsA),
PDB code: 1AMU; [25]. Using the Combinatorial Exten-
sion method [39] and the 1AMU_A (ie.,, monomer A of
1AMU) structure as input, other structurally similar pro-
teins with associated crystal structures were identified. The
structures of the monomers of 1AMU_A, 1PG3_A,
1ULT_A, 1LC_I, 1T5D_X and 1MD9_A were superim-
posed and a structural alignment of these was produced
manually with the help of graphic tools included in the
commercial programs ICM (MOLSOFT Inc) and DS-Mod-
eling (Accelrys Inc.). The objective of having a structural
alignment of multiple proteins is to better define the
regions of the fold that are conserved and understand
where structural variability can occur.

The subset of our NRPS A domain sequences (described
above) were selected for structural modeling and added to
the structural alignment. The alignment was corrected
manually by adjusting the positions of insertions and
deletions that were incompatible with the secondary-
structure elements observed in the 3-dimensional (3D)
structures of the templates. All residues forming the walls
of the binding pocket for the Phe substrate in 1AMU_A as
well as residues that bind the adenosine monophosphate
AMP moiety were identified. In addition, residues aligned
with the 10 amino acid positions (10AA code) predicted
to be involved in substrate specificity in the GrsA
sequence [9], as well as three additional residues identi-
fied by Schwecke et al. [6] to be important in binding the
AHO substrate (13AA code) were identified in the struc-
tural alignment. The Cartesian coordinates of the tem-
plate structures were retrieved from the PDB [38], and the
final multiple alignment of the experimental and tem-
plate structures were used as input data for MODELLER
[40-43]. During the process of model generation, MOD-
ELLER minimizes the violations of distance and dihedral-
angle restraints derived from the templates. For each
sequence a set of 3D models were generated and those
that best satisfied the set of restraints were kept. More than
one template structure was used during the model gener-
ation process in order to assess the variability of the differ-
ent regions of the A domain structures.

http://www.biomedcentral.com/1471-2148/8/328

Evolutionary approaches to identify specificity residues

We utilized several amino acid based methods to detect
residues with a potential role in specificity. These included
the specificity-determining positions (SDPpred) algo-
rithm [44] and server http://math.genebee.msu.ru/~psn/
and Type I and Type II functional divergence, two likeli-
hood based methods in the DIVERGE 2 package to detect
functional residues [45,46]. Type I functional divergence
detects changes in evolutionary rates between clusters
indicative of changes in constraint or selective pressure,
while both the SDP algorithm and Type II functional
divergence aim to identify residues that are conserved
within a cluster but show a change in amino acid proper-
ties between clusters. For these analyses, we used the
major groups identified in our ML analysis of all A
domains as individual clusters. The second A domain of S.
pombe sib1 and the third A domain of O. olearius fso1 were
omitted because both are highly divergent from other A
domains and likely degenerate as they lack several core
functional motifs [6,9]. The Dothideomycete module 3 A
domain was grouped with the cluster for the second A.
nidulans SidC A domain, as all methods used require clus-
ters of greater than three taxa and our data suggested that
all of these domains code for the same amino acid.

Results

Distribution of ferrichrome synthetases in fungi

With the exception of S. pombe none of the yeast, chytrid,
or zygomycete genomes surveyed contained a candidate
ferrichrome synthetase NRPS. In contrast, all filamentous
ascomycete genomes queried contained at least one and
many had two (Table 1). B. cinerea appears to have three.
For the five basidiomycete genomes examined, two
known NRPSs (sid2 and fer3) were found in U. maydis,
one undescribed ferrichrome synthetase was identified in
C. cinerea while P. chrysosporium, L. bicolor, and C. neofor-
mans lacked genes encoding these enzymes. As noted ear-
lier, the ferrichrome synthetase fsol is known from the
basidiomycete O. olearius [22].

Domain architecture of ferrichrome synthetases

Ferrichrome NRPSs show a diversity of domain architec-
tures (Fig. 2). These have been designated 'types' [6] and
we use this terminology here. We found six types, includ-
ing five previously identified. All are modular (except
Type VI), consisting of three to four complete A-T-C mod-
ules usually followed by a T-C repeat. C. heterostrophus
NPS2, as described previously [3,20], has four complete
A-T-C modules and a terminal T-C repeat (Type V). This
structure is conserved in NPS2 homologs from the other
Dothideomycetes examined (A. brassicicola and S. nodo-
rum). In contrast, most other ferrichrome synthetases
examined (Types I - IV) have only three complete A-T-C
modules and a terminal T-C repeat. U. maydis sid2 (Type
I) is an exception, with a single terminal T-C unit. S. pombe
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Table I: Fungal genomes and number of ferrichrome synthetases identified

Species Number of Ferrichrome NRPSs

Species Number of Ferrichrome NRPSs

Hemiascomycetes

Ascomycetes

Ashbya gossypii

Candida albicans

Candida glabrata

Candida parapsilopsis
Candida tropicalis
Kluveromyces delphensis
Kluveromyces lactis
Kluveromyces marxianus
Kluveromyces thermotolerans
Kluveromyces waltii
Lodderomyces elongisporus
Saccharomyces bayanus
Saccharomyces castelli
Saccharomyces cerevisiae
Saccharomyces kluyveri
Saccharomyces kudriavzevii
Saccharomyces mikatae
Saccharomyces paradoxus
Saccharomyces servazzii
Saccharomyces unisporus
Yarrowia lypolitica

OO O0OO0OO0OO0ODO0ODO0OO0ODO0ODO0OO0ODO0ODO0OO0OO0OOO0OOOOO

Chytridiomycota

Batrachochytrium dendrobatis 0
Zygomycota

Phycomyces blakesleeanus 0
Rhizopus oryzae 0

Alternaria brassicicola
Aspergillus fumigatus
Aspergillus nidulans
Aspergillus niger
Aspergillus oryzae
Aspergillus terreus
Botrytis cinerea
Chaetomium globosum
Coccidioides immitis
Fusarium graminearum
Histoplasma capsulatum
Magnaporthe grisea
Neurospora crassa
Sclerotinia sclerotiorum
Stagonospora nodorum
Trichoderma reesii
Uncinocarpus reesii Ib

W o o — —_— - -

—_—_N =N =N
=

Schizosaccharomycetes
Schizosaccharomyces pombe |

Basidiomycetes
Coprinus cinerea

Cryptococcus neoformans
Laccaria bicolor
Phanaerochaete chrysoporium
Ustilago maydis

N O OO —

2 The genes, BC1G15494 and HCAGO07428/HCAG07429 are partial (see text).
bHCAG07428 and HCAGO07429 and UREG00890 and UREG0089 | reannotated as single genes.

sibl (Type III) is the only representative of its class; the
second complete modulehas a degenerate A domain in
which many of the signature motifs are missing [6] and an
internal T-C unit after the first complete A-T-C module.
Similarly, all Type IV NPS2 homologs (e.g., F. gramine-
arum NPS2) have an internal T-C after the second com-
plete A-T-C module. The only representative of Type VI, C.
cinerea CC1G04210), has a singleA-T-C module followed
by a T-C repeat.

SidE proteins, suggested by Cramer et al [23] to be puta-
tive ferrichrome synthetases have a different domain
organization from known ferrichrome synthetases. They
consist of only two complete modules and an additional
N-terminal C domain (5'C-A-T-C-A-T-C3'), except for A.
fumigatus Afu3g03350 and Afu3g15270 which lack the N-
terminal C domain(5'A-T-C-A-T-C3').

Thus, although at least one representative of each Type
(except Type VI) has been shown to produce the con-
served ferrichrome siderophore compound consisting of
six substrates (three amino acids and three AHO units)

(Fig. 1), the domain architectures of the ferrichrome syn-
thetases responsible for their biosynthesis vary considera-
bly.

Two distinct lineages of ferrichrome synthetases

Both methods of phylogenetic analysis of A domains from
the complete dataset showed a history of domain duplica-
tions that supports the hypothesis of at least two separate
lineages of fungal ferrichrome synthetases (Fig. 3, see
Additional files 3 and 6). For all A domains, we find two
clades whose members correspond to homologs of C. het-
erostrophus NPS2 or to A. nidulans SidC. For convenience,
we call the lineage represented by C. heterostrophus and F.
graminearum NPS2 (Types V and 1V, respectively, Fig. 2),
the NPS2 lineage. The other lineage, represented by A. nid-
ulans SidC, U. maydis fer3, F. graminearum NPS1, U. maydis
sid2 and C. cinerea CC1G04120 (Types I, Il and VI, Fig. 2),
we call the NPS1/SidC lineage. Some species, e.g., F.
graminearum, B. cinerea, C. globosum, S. sclerotiorum have
representatives in both lineages. Others, such has U. may-
dis and B. cinerea, have more than one representative
within the NPS1/SidC lineage.
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Figure 2

Six modular architectures for ferrichrome syn-
thetase NRPSs. Types lll, IV, and V are in the NPS2 lineage
while Types |, Il, and VI are in the NPS1/SidC lineage. A: ade-
nylation domain, T; thiolation domain, C; condensation
domain. dA; degenerate A domain. Bars above boxes indicate
complete modules. Circles indicate incomplete modules and/
or a T-C unit. Superscript 'a" indicates partial gene.

The reconciliation analysis clearly identified duplication
nodes giving rise to the first (N-terminal, node 1, red
boxes) and final (third or fourth) (C-terminal, node 2,
green boxes) A domains of both lineages (Fig. 3). This
analysis also provides support for a relationship at node 3
between the third A domain of NPS2 Type V of the
Dothideomycetes (D.3) and the second A domains of
NPS1/SidC Type II (Fig. 3, yellow boxes).

ML and Bayesian phylogenetic methods support the
duplication at node 1, giving rise to the N-terminal A
domains of both lineages (red boxes), with high Bayesian
posterior probability (pp = 1.00) but low ML bootstrap
support (bs < 50%) (Fig. 3, see Additional files 3 and 6).
The duplication at node 2, giving rise to the C-terminal A
domains of members of both lineages (Fig. 3, green
boxes), is weakly supported by both types of phylogenetic
analysis (bs < 50%), pp = .74) (Fig. 3, see Additional files
3 and 6). For the internal modules, both ML and Bayesian
analyses group the third

A domain (D.3) of NPS2 Type V and the second A domain
of the NPS1/SidC lineage together (yellow boxes), sup-
porting a duplication at node 3 inferred by the reconcilia-
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tion analysis (Fig. 3, see Additional files 3 and 2). The
Bayesian analysis provides higher support (pp = 1.00) for
this relationship than does the ML analysis (bs = 61%).
These clades (yellow boxes) group with the N-terminal
modules of both lineages (Fig. 3, red boxes), with higher
Bayesian (pp = 1.00) than ML (bs = 51%) support; a
duplication at node 4 was inferred by the reconciliation
analysis. Finally, the module 2 A domains of NPS2 Types
IV and V (pink boxes) group together and with the C-ter-
minal modu