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Abstract

Fungi from the genus Aspergillus are important saprophytes and opportunistic human fungal pathogens that contribute in these and other
diverse ways to human well-being. Part of their impact on human well-being stems from the production of small molecular weight secondary
metabolites, which may contribute to the ability of these fungi to cause invasive fungal infections and allergic diseases. In this study, we identified
one group of enzymes responsible for secondary metabolite production in five Aspergillus species, the non-ribosomal peptide synthetases (NRPS).
Hidden Markov models were used to search the genome databases of A. fumigatus, A. flavus, A. terreus, A. nidulans, and A. oryzae for domains
conserved in NRPS proteins. A genealogy of adenylation domains was utilized to identify orthologous and unique NRPS among the Aspergillus
species examined, as well as gain an understanding of the potential evolution of Aspergillus NRPS. mRNA abundance of the 14 NRPS identified
in the A. fumigatus genome was analyzed using real-time reverse transcriptase PCR in different environmental conditions to gain a preliminary
understanding of the possible functions of the NRPSs' peptide products. Our results suggest that Aspergillus species contain conserved and unique
NRPS genes with a complex evolutionary history. This result suggests that the genus Aspergillus produces a substantial diversity of non-
ribosomally synthesized peptides. Further analysis of these genes and their peptide products may identify important roles for secondary
metabolites produced by NRPS in Aspergillus physiology, ecology, and fungal pathogenicity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fungi play significant roles in the lives of human beings
providing humankind with many beneficial products, including
Abbreviations: NRPS, non-ribosomal peptide synthetase; NRPs, non-
ribosomal peptides; A domain, adenylation domain; T domain, peptidyl carrier
domain; C domain, condensation domain; TE, thioesterase domain; HMM,
hidden Markov model; NJ, neighbor-joining; DMEM, Dulbecco's modified
Eagle's medium; NRT, no reverse transcriptase; PKS, polyketide synthetase;
BLAST, basic local alignment search tool; Pfam, Protein family.
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life-saving antibiotics, food products such as cheese and wine,
and themselves as food. Many of these beneficial products are
important pharmaceuticals including the immunosuppressant
cyclosporine and the antibiotic penicillin. These natural products
are most often classified as secondary metabolites (Keller et al.,
2005). Secondary metabolites are distinguished from primary
metabolites since they are not typically required for in vitro
growth. Since many fungal secondary metabolites have antimi-
crobial activity, it has been hypothesized that they serve as a line
of defense against other microorganisms in the environment.

One class of fungal secondary metabolites is the non-
ribosomal peptides (NRPs), which are derived from proteino-
genic and non-proteinogenic amino acids. NRPs are synthe-
sized from large multidomain enzymes, the non-ribosomal
non-ribosomal peptide synthetases in the genus Aspergillus, Gene (2006),
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peptide synthetases (NRPS) (Marahiel, 1992; Weber and
Marahiel, 2001). NRPS contain modules that incorporate
amino acids into the final peptide product. Each module
contains a minimum of three domains, the adenylation domain
(A domain) which is responsible for substrate specificity and
activation, the peptidyl carrier domain (T domain) that
covalently binds the substrate to the enzyme via a thioester
linkage, and the condensation domain (C domain) that catalyzes
peptide bond formation between an aminoacyl bound and
peptidyl bound intermediate. Often with bacterial NRPS, the
final peptide product is released from the NRPS template by a
thioesterase domain (TE) found at the carboxy terminus of the
NRPS. However, to date, very few TE domains have been
identified in fungal NRPS.

Fungal NRPs have been found to have a wide range of
biological activities. Some, like HC-toxin from Cochliobolus
carbonum, are well known virulence factors in fungal–plant
interactions that cause substantial crop damage, yield losses, and
food supply contamination (Walton, 1987; Bennett, 1989; Pana-
ccione et al., 1992; Osbourn, 2001). A few, like gliotoxin from
Aspergillus fumigatus, are known to have deleterious effects on
the immune system of humans (Gardiner et al., 2004; Szekeres
et al., 2005). Yet, the role of NRPs and other fungal secondary
metabolites in fungal–human interactions has not been exten-
sively explored.

Recent evidence suggests that secondary metabolites pro-
duced by A. fumigatus may be important in the development of
aspergillosis (Bok et al., 2005; Cramer et al., 2006). However,
further studies are needed to address the hypothesis that NRPs
and other Aspergillus secondary metabolites are part of the
virulence composite for this opportunistic human fungal patho-
gen. In this study, we utilized a phylogenomics and functional
genomics approach to identify NRPS genes in five Aspergillus
species with whole genome sequences, A. fumigatus, A. nidu-
lans, A. flavus, A. oryzae, and A. terreus. We focus on NRPS
from A. fumigatus which causes the majority of invasive asper-
gillosis cases (Latge, 1999; Perfect et al., 2001).

2. Materials and methods

2.1. Non-ribosomal peptide synthetase identification

A multi-faceted bioinformatics approach was used to iden-
tify NRPS genes in the genomes of A. fumigatus, A. nidulans,
A. flavus, A. oryzae and A. terreus. Profile hidden Markov
Models (HMMs) of the 3 main NRPS domains (A, T, and C)
were used to search protein sequence databases of the available
genomes with HMMER (Sean Eddy, http://hmmer.wustl.edu/)
(Eddy, 1996). Proteins with at least 1 A, T, and C domain were
annotated as NRPS. Putative NRPS amino acid sequences ob-
tained from the HMMER search were used as queries in
BLASTP searches with default parameters of the Aspergillus
species genomes to obtain all possible NRPS-like sequences
(E value cutoff 1e−10). Finally, using the putative NRPS A
domain sequences from these analyses (a total of 190),
hmmbuild and hmmcalibrate were used to create an HMM
profile for the Aspergillus A domain amino acid sequences.
Please cite this article as: Robert A. Cramer et al., Phylogenomic analysis of
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This profile was then used to search the Aspergillus proteomes
with hmmsearch using an expected value cutoff of 1e−05
(Table 1).

The protein sequence databases used for each Aspergillus
species are available at: A. fumigatus (http://www.cadre.man.
ac.uk/), A. nidulans (http://www.broad.mit.edu/annotati0on/
fungi/aspergillus/), A. flavus (http://www.aspergillusflavus.org/
genomics/), A. oryzae (http://www.bio.nite.go.jp/ngac/e/rib40-e.
html), and A. terreus (http://fungal.genome.duke.edu/). The un-
annotated A. terreus genome sequence was obtained from the
Fungal Genome Initiative at the Broad Institute (http://www.
broad.mit.edu/annotation/fungi/aspergillus_terreus/). Automat-
ed protein coding gene annotation of A. terreus was performed
using a combination of ab initio (SNAP, Genezilla, AUGUS-
TUS), and protein alignment based gene prediction methods
(Exonerate), and combined into a single gene prediction set
using the tool GLEAN (Mackey et al. personal communication)
(Korf, 2004; Majoros et al., 2004; Stanke and Waack, 2003;
Slater and Birney, 2005).

Domain and module organization of predicted NRPS amino
acid sequences was annotated using HMMER results from a
search using NRPS amino acid sequences as queries against a
locally installed Pfam database (E value cutoff 1e−03) (Finn
et al., 2006). In addition, NRPS amino acid sequences were
used as queries against the database of non-ribosomal peptide
synthetases (http://203.90.127.50/~zeeshan/webpages/nrpsall.
html) (Ansari et al., 2004). Discrepancies between the two
prediction algorithms were resolved by manual inspection of the
amino acid sequences of the disputed domain. When modules
appeared to be missing specific domains, further manual anno-
tation was performed to identify domains potentially missed by
the prediction algorithms.

2.2. Phylogenomic and sequence analysis of Aspergillus NRPS
proteins

A multiple alignment of Aspergillus A domains plus addi-
tional A domains from known fungal NRPS proteins acquired
from GenBank was created using CLUSTALX and the
BLOSUM62 scoring matrix (Thompson et al., 1997). A do-
mains were defined with HMMER and their amino acid
sequences extracted with a Perl script utilizing BioPerl (Stajich
et al., 2002). The multiple alignment was edited manually to
include the 6 known A domain motifs found in fungal NRPS A
domains, this alignment was used to create unrooted neighbor-
joining (NJ) and parsimonious trees using PFAAT and PHYLIP
(http://evolution.genetics.washington.edu/phylip.html) packages
respectively (Johnson et al., 2003). Due to the large size of the
alignment, a portion of the alignment containing adenylation
domains from putative NRPS predicted to make ETP toxins is
presented (Fig. 3). Columns in the multiple alignment with
N50% gaps were excluded from the NJ tree. Bootstrapping with
100 replications was performed with the unrooted NJ tree.

The NJ tree was virtually identical to the tree created with
parsimony analysis. Due to the large size of the genealogy, the
most well resolved portion of the tree is presented (Fig. 4). The
full tree can be viewed online as Supplemental Fig. 1.
non-ribosomal peptide synthetases in the genus Aspergillus, Gene (2006),

http:////hmmer.wustl.edu/
http:////www.cadre.man.ac.uk/
http:////www.cadre.man.ac.uk/
http:////www.broad.mit.edu/annotati0on/fungi/aspergillus/
http:////www.broad.mit.edu/annotati0on/fungi/aspergillus/
http:////www.aspergillusflavus.org/genomics/
http:////www.aspergillusflavus.org/genomics/
http:////www.bio.nite.go.jp/ngac/e/rib40.html
http:////www.bio.nite.go.jp/ngac/e/rib40.html
http:////fungal.genome.duke.edu/
http:////www.broad.mit.edu/annotation/fungi/aspergillus_terreus/
http:////www.broad.mit.edu/annotation/fungi/aspergillus_terreus/
http:////203.90.127.50/~zeeshan/webpages/nrpsall.html
http:////203.90.127.50/~zeeshan/webpages/nrpsall.html
http:////evolution.genetics.washington.edu/phylip.html
http://dx.doi.org/10.1016/j.gene.2006.07.008


Table 1
Putative and known non-ribosomal peptide synthetases identified in this study

NRPS name in
this study

Other
names a

Database ID b Predicted product/
function

Aspergillus fumigatus
NRPS1 Afu1g10380
NRPS2 sidC Afu1g17200 Ferrichrome siderophore
NRPS3 sidE Afu3g03350 Putative unknown

siderophore c

NRPS4 nps6,
sidD

Afu3g03420 Oxidative stress/siderophore c

NRPS5 Afu3g12920 Putative unknown ETP toxin c

NRPS6 Afu3g13730
NRPS7 Afu3g15270 Putative unknown

siderophore
NRPS8 Afu5g12730
NRPS9 Afu6g09610
NRPS10 gliP Afu6g09660 Gliotoxin biosynthesis
NRPS11 Afu6g12050
NRPS12 Afu6g12080
NRPS13 ftmPS Afu8g00170 Fumitremorgin B or

derivatives
NRPS14 Afu8g00540 PKS/NRPS hybrid c

Aspergillus nidulans
NRPS15 AN0016.2
NRPS16 sidC AN0607.2 Ferricrocin siderophore
NRPS17 AN1242.2
NRPS18 AN2545.2
NRPS19 acvA AN2621.2 Penicillin biosynthesis
NRPS20 AN3495.2
NRPS21 AN3496.2
NRPS22 AN4641.2
NRPS23 AN6236.2 Oxidative stress/siderophore c

NRPS24 AN7884.2
NRPS25 AN8412.2 PKS/NRPS hybrid c

NRPS26 AN8504.2
NRPS27 AN9226.2 Putative N-methylated

product c

NRPS28 AN9244.2

Aspergillus oryzae
NRPS29 AO090001000009
NRPS30 AO090001000043
NRPS31 AO090001000262
NRPS32 AO090001000277 PKS/NRPS hybrid c

NRPS33 AO090005000993
NRPS34 AO090011000043
NRPS35 AO090020000380 Putative N-methylated

product c

NRPS36 sid2 AO090023000528 Ferrichrome siderophore
NRPS37 AO090026000378
NRPS38 AO090038000390
NRPS39 AO090038000543 Penicillin biosynthesis c

NRPS40 AO090102000338
NRPS41 AO090102000465
NRPS42 AO090103000167 Oxidative stress/siderophore c

NRPS43 AO090103000223
NRPS44 AO090103000224 PKS/NRPS hybrid c

NRPS45 AO090103000355
NRPS46 AO090120000024

Aspergillus flavus
NRPS47 39.m05322
NRPS48 40.m03083
NRPS49 77.m03839
NRPS50 77.m04289

(continued on next page)

Table 1 (continued )

NRPS name in
this study

Other
names a

Database ID b Predicted product/
function

Aspergillus flavus
NRPS51 77.m04350 PKS/NRPS hybrid c

NRPS52 80.m03224 Penicillin biosynthesis c

NRPS53 80.m03392
NRPS54 80.m03659 PKS/NRPS hybrid c

NRPS55 80.m03675
NRPS56 80.m03907
NRPS57 92.m03107
NRPS58 93.m03019
NRPS59 93.m03587
NRPS60 93.m03617
NRPS61 92.m03802
NRPS62 103.m02081
NRPS63 103.m02216
NRPS64 103.m02217
NRPS65 103.m02275 Putative N-methylated

product c

NRPS66 103.m02282 Oxidative stress/siderophore c

Aspergillus terreus
NRPS67 ater_glean07417
NRPS68 ater_glean03455
NRPS69 ater_glean10081
NRPS70 ater_glean02592
NRPS71 ater_glean04710 Ferrichrome siderophore c

NRPS72 ater_glean10041
NRPS73 ater_glean10362
NRPS74 ater_glean06954 Putative unknown ETP toxin c

NRPS75 ater_glean11197
NRPS76 ater_glean07040 PKS/NRPS hybrid c

NRPS77 ater_glean07366 PKS/NRPS hybrid c

NRPS78 ater_glean05849
NRPS79 ater_glean09472 Oxidative stress/siderophore c

NRPS80 ater_glean09076
NRPS81 ater_glean10104
NRPS82 ater_glean10674 Putative unknown

siderophore c

NRPS83 ater_glean06968 Putative unknown
siderophore c

NRPS84 ater_glean10403
NRPS85 ater_glean05764
NRPS86 ater_glean07057
NRPS87 ater_glean10082
NRPS88 ater_glean10800

Other NRPS d

Tolypocladium
inflatum

simA CAA82227 Cyclosporine biosynthesis

Fusarium equiseti esyn1 CAA79245 Enniatin biosynthesis
Leptosphaeria
maculans

sirP AAS92545 Sirodesmin biosynthesis

Penicillium
chrysogenum

pcbaB P19787 Penicillin biosynthesis

Ustilago maydis sid2 AAB93493 Ferrichrome siderophore
Claviceps
purpurea

ps2 CAD28788 D-lysergyl peptide
synthetase

Claviceps
purpurea

ps1 CAB39315 D-lysergyl peptide
synthetase

Cochliobolus
heterostrophus

nps6 AAX09988 Oxidative stress/unknown
siderophore

a Other gene names published for respective NRPS.
b Accession numbers from genome databases where sequences were identified.
c Product/function predicted based on phylogenomic analysis in this study.
d GenBank accession numbers listed.
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Table 2
Non-ribosomal peptide synthetases found in 5 species of Aspergillus

Species Total
NRPS

Monomodular Multimodular PKS/NRPS
hybrid

Total A
domains

Aspergillus
fumigatus

14 3 10 1 31

Aspergillus
terreus

22 5 15 2 43

Aspergillus
nidulans

14 1 12 1 36

Aspergillus
flavus

20 5 13 2 40

Aspergillus
oryzae

18 4 12 2 40
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2.3. mRNA abundance of A. fumigatus NRPS genes

NRPS gene transcription levels were measured in A.
fumigatus strain AF293 grown under five different environmental
conditions. In the first condition, ungerminated conidia were
harvested from glucose minimal media (1% (w/v) glucose, 5% (v/
v) 20× nitrate salts, 0.05% (v/v) trace elements) plates grown for
four days at 37 °C. In the second condition, 5:1 solutions of
spores:J774A.1 cells (American Type Culture Collection TIB-67)
(1.25×106 spores/well, 2.5×105 macrophages/well) were incu-
bated at 37 °C for eight hours under a 5% CO2 atmosphere in
Dulbecco's modified Eagle's media (DMEM) supplemented with
10% heat killed fetal calf serum (Gibco, Invitrogen Corporation,
Carlsbad, CA). In the last three conditions spores were grown in
liquid media and harvested as mycelia. Flasks with 50 mL of
Czapek's Dox broth (Difco Laboratories, Sparks, MD), Sabour-
aud's dextrose broth (Difco Laboratories, Sparks, MD), or RPMI-
1640 (Sigma Aldrich, St. Louis, MO) (three replicate flasks per
broth) were inoculated with spores to give a final concentration of
1×107 spores/mL broth. After growing for 48 h in a shaking
incubator at 37 °C, the mycelia in each flask were harvested. The
fungal material collected from each of the five growth conditions
was lyophilized overnight.

Total RNAwas extracted from the lyophilized samples using
the RNAqueous total RNA isolation kit (Ambion, Austin, Tex.).
For the liquid media conditions (Czapek's Sabouraud's, RPMI)
separate RNA extractions were performed on the mycelia col-
lected from three replicate flasks. Equal amounts (1 μg) of RNA
extracted from each of the three replicate flasks were pooled.
Possible genomic DNA contamination was removed by treating
the RNA samples with DNaseI using the TURBO DNA-free kit
(Ambion, Austin, Tex.). First-strand cDNA was created from
the five conditions using 500 ng of DNaseI treated total RNA
with the SuperScript III First-Strand Synthesis System for RT-
PCR (Invitrogen, Carlbad, CA).

Real-time RT-PCR was conducted with 20 μl reaction vol-
umes with the iQ SYBR green supermix (Biorad Laboratories,
Hercules, CA), 2 μl of a 1:6 dilution of first-strand cDNA, and
0.4 μl of each 10 μM primer stock. Real-time PCR primers for
the 14 predicted A. fumigatus NRPS genes and A. fumigatus
actin gene were designed with Primer3 (http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi) (Supplemental Table 1).
Since oligo dT primer was used to prime the cDNA synthesis,
and due to the large sequence length of NRPS genes, primers
were all designed within 500 base pairs of the NRPS sequence's
poly A+ tail.

No reverse transcriptase (NRT) controls were used to confirm
elimination of contaminating genomic DNA. Real-time PCR was
performed using an iQ Cycler Real-Time PCR detection system
(Biorad Laboratories, Hercules, CA). PCRs for each gene were
done in triplicate and data were analyzedwith the gene expression
software included with the iQ Cycler system. Melt curve analysis
was performed after the PCR reaction was complete to confirm
the absence of non-specific amplification products. The average
cycle threshold of actin (Ct-actin) under each condition was used to
normalize the average cycle threshold for each NRPS gene
(Ct-NRPS) and calculate the relative abundance of the NRPS
Please cite this article as: Robert A. Cramer et al., Phylogenomic analysis of
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transcripts. The relative abundance of each NRPS gene
compared to actin was calculated as: Relative Abundance=
(2−ΔCt)×100%, where ΔCt=Ct-actin−Ct-NRPS (Lee et al., 2005).

3. Results

3.1. Non-ribosomal peptide synthetase identification

To identify the number of NRPS in available Aspergil-
lus species genomes, bioinformatic analyses were utilized.
HMMER and BLAST analyses identified multiple NRPS se-
quences in each Aspergillus genome, indicating that non-
ribosomally produced peptides are abundant in the genus As-
pergillus. All 5 Aspergillus species examined contained
multiple NRPS genes, suggesting that Aspergillus species are
capable of synthesizing a diverse range of non-ribosomally
synthesized peptides (Table 2). A. terreus contained the highest
number of NRPS with 22 followed by A. flavus with 20. A.
fumigatus, A. nidulans, and A. oryzae contained 14, 14, and 18
NRPS, respectively as recently reported (Nierman et al., 2005).
Only 3 NRPS among the 5 species were found to contain a
thioesterase domain (TE), which is involved in cleaving the
peptide product from the NRPS template. A. flavus, A. nidulans,
and A. oryzae each contained 1 NRPS with a TE domain. These
3 NRPS are predicted to encode an NRPS involved in penicillin
biosynthesis. All 5 species examined contained at least 1
polyketide synthetase (PKS)–NRPS hybrid protein (Silakowski
et al., 2001).

3.2. A. fumigatus non-ribosomal peptide synthetases

The genome sequence of A. fumigatus contained three
monomodular and ten multimodule NRPS in addition to one
PKS/NRPS hybrid. Interestingly, 9 of the 14 NRPS were found
on either chromosome three (n=5) or six (n=4). None of the A.
fumigatus NRPS had predicted thioesterase domains, which
function to release the synthesized peptide from the NRPS
template. However, 10 of the NRPS ended with a unique C
domain that may be involved in releasing the peptide from the
NRPS template. This result was also recently found with NRPS
from the plant pathogen Cochliobolus heterostrophus (Lee
et al., 2005). All A. fumigatus NRPS had a traditional initiation
module consisting of an A and T domain, and NRPS1 also
non-ribosomal peptide synthetases in the genus Aspergillus, Gene (2006),
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Fig. 1. Domain and module organization of Aspergillus fumigatus non-
ribosomal peptide synthetases. Numbers on right signify number of amino acids
in the NRPS protein. A = adenylation domain, T = thiolation domain, C =
condensation domain, E = epimerization domain, KS = ketoacyl synthase, AT =
acyl transferase, DH = dehydratase, KR = ketoreductase, N = NAD binding
domain.
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contained an epimerization domain immediately downstream of
the initiation module (Fig. 1). NRPS8, NRPS12, and NRPS14
also had epimerization domains. NRPS8 was the largest protein
containing 8515 amino acids (∼25 kb gene) that encoded 1
initiation module and 5 elongation modules. This NRPS would
be predicted to synthesize a peptide with 6 amino acid residues.
However, the non-linear nature of modules containing more
Fig. 2. mRNA abundance of Aspergillus fumigatus non-ribosomal peptide synthetase
liquid cultures: Sabouraud's broth (yellow), Czapek's Dox broth (blue), and RPMI-16
(red), and incubation with J774A.1 macrophage cells for 8 h (light green). Relative a
(For interpretation of the references to color in this figure legend, the reader is refer

Please cite this article as: Robert A. Cramer et al., Phylogenomic analysis of
doi:10.1016/j.gene.2006.07.008.
domains than the linear arrangement of a typical elongation
module (domain arrangement = CAT), may suggest repetitive or
non-traditional use of these modules. The smallest NRPS was
NRPS9 which contained 1135 amino acids that encoded a
monomodular NRPS. Ten out of the 14 NRPS sequences con-
tained introns with NRPS1 having the most with 6. NRPS6,
NRPS8, and NRPS13 did not contain introns.

In the A. fumigatus genome, BLAST searches identified 6
additional sequences with similarity to NRPS. Further analysis of
these sequences revealed that all 6 lacked the required C domain
to be considered true NRPS. Two of these sequences, however,
were found near genes considered to be involved in secondary
metabolism, and thus may be involved in the synthesis of some
unknown secondary metabolite. Sequence Afu4g1140 was found
near a polyketide synthetase, and Afu5g10120 was located near
multiple cytochrome P450 monooxygenases. The remaining 4
sequences were not found near genes typically thought to be
involved in secondary metabolism.

3.3. Real-time PCR analysis of A. fumigatus NRPS mRNA
abundance

To help gain insight into the possible functions of A.
fumigatus NRPS genes, we profiled NRPS mRNA abundance
from five unique environments. In all five environments, abun-
dance of actin was greater than any of the NRPS (Fig. 2).
NRPS4 had the highest mRNA abundance among the NRPS
genes examined when A. fumigatus conidia were incubated
with the macrophage cell line J774A.1. NRPS4, NRPS8, and
s. mRNA abundance was examined in 5 environmental conditions: 48 h at 37 °C
40 (gray/light blue), 4 day old ungerminated spores from glucose minimal media
bundance was calculated relative to changes in actin for each condition (2− ΔCt).
red to the web version of this article.)
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Fig. 3. Partial multiple alignment of adenylation domains created using ClustalX. Shown is the portion of the alignment containing the putative ETP toxins and
positions 100–150.
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NRPS12 were present in ungerminated conidia. In particular,
NRPS8 was highly abundant in ungerminated conidia com-
pared to its abundance in other conditions. NRPS11, NRPS12,
and NRPS14 had the highest levels of abundance in RPMI-1640
medium. For NRPS11, RPMI-1640 medium was the condition
in which its mRNA abundance was highest. NRPS14, the PKS/
NRPS hybrid was highly abundant in Sabouraud's and Cza-
pek's broth. In Czapek's broth, NRPS10, responsible for glio-
toxin production (Cramer et al., 2006), was the most abundant.
NRPS7 was the only NRPS that did not have significant abun-
dance detected in any of the environments examined (relative
abundancesb0.002).

3.4. Phylogenomic analysis of adenylation domains from
Aspergillus NRPS

To identify potential NRPS orthologs in the genus Aspergillus,
and examine potential mechanisms of NRPS evolution in this
genus, a genealogy based on themost conserved domain in fungal
NRPS, the A domain, was created. A total of 190 A domains from
88 Aspergillus NRPS were combined with 26 A domains from
fungal NRPS with functionally characterized peptide products to
create the genealogy (Fig. 4 and Supplemental Fig. 1). The
unrooted NJ tree depicts a complex evolutionary history for A
domains and their associated NRPS genes. A general trend found
throughout the tree was that A domains from single NRPS genes
are typically found in the same sub-clade. This allowed
phylogenomic analyses to predict the putative function and the
final peptide product made from these NRPS.

For example, the two A domains from the A. fumigatus
NRPS responsible for gliotoxin production, NRPS10, were
found in the same sub-clade, and all domains from the A.
nidulans ferricrocin siderophore NRPS (NRPS16, or sidC),
were found in a single sub-clade (Fig. 4). Based on these results,
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sub-clades were identified that contained NRPS with charac-
terized functions or products. When all A domains from a single
NRPS were grouped within one of these sub-clades, the cor-
responding NRPS genes in other Aspergillus species were hy-
pothesized to make similar products. However, only 6 of these
functionally characterized sub-clades were identified in the tree.

These six sub-clades included a clade containing A domains
from PKS/NRPS hybrids, a clade containing A domains known
to incorporate amino acids N-methylated after adenylation and
thiolation characterized by the presence of A domains from the
cyclosporine NRPS from Tolypocladuim inflatum, a clade con-
taining A domains from NRPS known to be involved in the
synthesis of epipolythiodioxopiperazine (ETP) toxins charac-
terized by the presence of gliotoxin and sirodesmin producing
NRPS, a clade containing A domains from NRPS involved in
the synthesis of β-lactam antibiotics characterized by the ACV
synthetase from Penicillium chysogenum, a clade containing A
domains from NRPS known to synthesize siderophores charac-
terized by the Ustilago maydis sid2 NRPS (Fig. 3), and a clade
characterized by the presence of an NRPS involved in oxidative
stress resistance, nps6, found in C. heterostrophus (Supple-
mental Fig. 1). Only the nps6 oxidative stress clade and a clade
of NRPS making an unknown product contained A domains and
the corresponding NRPS from all five Aspergillus species.
Based on these results, we conclude that very few NRPS are
common to all investigated Aspergillus species.

Examples of individual A domains from a single NRPS more
closely related to themselves rather than A domains from other
NRPS are also found in the tree. For example, most of the A
domains from A. fumigatus NRPS1 and NRPS8 were found
grouped together in the tree (Supplemental Fig. 1). However, A
domain 2 from A. fumigatus NRPS1 and A domain 6 from A.
fumigatus NRPS8 were found in different parts of the tree and
more closely related to A domains from other NRPS. Due to the
non-ribosomal peptide synthetases in the genus Aspergillus, Gene (2006),
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Fig. 4. Partial genealogy of Aspergillus adenylation (A) domains from non-ribosomal peptide synthetases (NRPS). Unrooted neighbor-joining tree created from
CLUSTALW multiple alignment of 216 A domains. Colored blocks mark sub-clades with NRPS predicted to synthesize similar final peptide products. Branch length
is indicative of number of amino acid changes. Numbers at nodes indicate bootstrap support, reported when≥70% for each clade performed with 100 replications. The
tree portion of the tree presented is the most unambiguous. The entire tree can be viewed as Supplemental Fig. 1.
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large sequence variation among A domains from the identified
NRPS amino acid sequences, many parts of the tree were
ambiguous. This result further strengthens the hypothesis that
Aspergillus species produce a diverse array of small molecular
weight peptides, many unique to individual Aspergillus species.

4. Discussion

Aspergillus species are important members of the ecological
community. They are important plant and animal pathogens,
and are also responsible for producing biologically active sec-
ondary metabolites that benefit humankind. The results of this
study revealed that the genus Aspergillus has the potential to
synthesize many unique non-ribosomal small molecular weight
peptides. Synthesis of these peptides occurs via NRPS that have
a complex evolutionary history in the genus Aspergillus as
indicated by our A domain genealogy (Fig. 4 and Supplemental
Fig. 1). Multiple evolutionary mechanisms appear to be respon-
sible for the diversity of NRPS and NRPS products seen in the
genus Aspergillus. This result is similar to previous findings
with fungal PKS genes (Kroken et al., 2003). These evolu-
tionary mechanisms may include a combination of A domain
duplication, domain and module rearrangements, gene loss, and
possible horizontal gene transfer.

Despite the suggested large diversity of NRPS genes in the A
domain genealogy, we did find conserved orthologous NRPS
present in Aspergillus species. The best example of this occur-
rence was found in a sub-clade of A domains from NRPS likely
orthologous to the ferricrocin NRPS sidC of A. nidulans (A.
nidulans NRPS16 in this study). Four of the 5 Aspergillus
species examined contained A domains related to A domains
from sidC (Fig. 4). The lone exception was Aspergillus flavus,
which apparently does not synthesize a ferricrocin-like side-
rophore. We concluded that these A domains are from ortho-
logous NRPS genes in other Aspergillus species. This
hypothesis was further supported by the identical module
arrangement (AT CAT ATC TCTCT) of the putative ortholo-
gous NRPS, and in the case of A. fumigatus NRPS2, previous
gene expression studies showing expression of this NRPS
(named AfsidC) under low iron conditions (Reiber et al., 2005).
All four orthologous NRPS C termini ended with the unique
domain arrangement of TCTC. This identical domain arrange-
ment is found at the C terminus of the U. maydis sid2 sidero-
phore synthesizing NRPS, and functions to close the nascent
tripeptide ring (Yuan et al., 2001). The occurrence of C and T
domains at the carboxy terminus also is indicative of an iterative
NRPS. C and T domains were often found at the C terminus of
the majority of Aspergillus NRPS examined in this study.

Within this clade of ferrichrome siderophore synthesizing
NRPS, a sub-clade containing the A domains from the second
module of two A. fumigatus and two A. terreus NRPS was
present. A domains from the first module were also found
grouped together above this larger siderophore clade, suggesting
that NRPS3 from A. fumigatus and NRPS82 from A. terreus, and
A. fumigatus NRPS7 and A. terreus NRPS83 are two sets of
orthologous pairs. In addition, the presence of the second module
A domains within the siderophore clade may suggest these NRPS
Please cite this article as: Robert A. Cramer et al., Phylogenomic analysis of
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produce siderophore like metabolites. This is significant since
siderophores are well known virulence factors in bacterial patho-
genesis and have recently been shown to be important in the
development of invasive aspergillosis (Hissen et al., 2004, 2005).
The potential ability to synthesize additional siderophores could
contribute to the ability of A. fumigatus and A. terreus to survive
in the iron poor environment of patient serum and increase the
morbidity associated with invasive aspergillosis.

Only two sub-clades were found that contained orthologous
NRPS from all five species of Aspergillus. The first clade was
characterized by the presence of an NRPS known to be required
for fungal plant pathogenesis and involved in oxidative stress
tolerance, nps6 from C. heterostrophus (Supplemental Fig. 1).
The second clade did not contain a NRPS with a characterized
product, and the final peptide product produced by these pro-
bable orthologs is unknown. To date, orthologs of nps6 have
been found in every ascomycete examined (Lee et al., 2005).
The A. fumigatus ortholog is a strong candidate to be involved
in invasive aspergillosis. It is well established that phagocytes
use oxidative stress to kill conidia and hyphae of A. fumigatus
(Levitz et al., 1986; Waldorf, 1989; Nessa et al., 1997; Marr
et al., 2001). In our study, the nps6 ortholog in A. fumigatus,
NRPS4, was the NRPS expressed most in co-culture with the
macrophage like cell line J774A.1 (Fig. 2). Gene replacement
studies are currently underway to directly address the role of A.
fumigatus NRPS4 in invasive aspergillosis.

The observation that all A domains from a single NRPS gene
occurred in the same clade strongly suggests that domain du-
plication has played an important role in NRPS evolution. This
finding further strengthens the hypothesis that A domain dupli-
cation and subsequent mutations that affect the specificity of
substrate selection have helped give rise to the diversity of non-
ribosomally synthesized peptides in the genus Aspergillus. In
addition, there were examples of A domains from a single
NRPS more similar to each other rather than to A domains from
other NRPS, which may indicate that this NRPS was acquired
after the Aspergillus species diverged. One example is NRPS8
from A. fumigatus (Supplemental Fig. 1).

It is tempting to hypothesize that species specific NRPS,
such as NRPS8 and the gliotoxin biosynthesis NRPS10 from A.
fumigatus, were acquired via horizontal gene transfer. Hori-
zontal gene transfer has been hypothesized to account for the
large diversity of secondary metabolites seen in filamentous
fungi (Walton, 2000). However, gene duplication and gene loss
are alternative hypotheses that can also explain the results in the
genealogy. As more fungal genomes are sequenced, and more
orthologous NRPS genes identified, this hypothesis may be-
come more testable. Still, NRPS8 from A. fumigatus is a unique
NRPS that warrants further study. NRPS8 transcripts were
abundant in ungerminated spores suggesting that the small
peptide produced is important in the early stages of fungal
development (Fig. 2). A. fumigatus NRPS8 was the largest
NRPS identified in this study, predicted to encode a small
peptide with six amino acid residues. However, the presence of
three epimerization domains and multiple C domains is
inconsistent with traditional NRPS module organization, and
may suggest that a more complex final product is synthesized.
non-ribosomal peptide synthetases in the genus Aspergillus, Gene (2006),
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Further studies to identify this peptide product may uncover
why this NRPS is unique to A. fumigatus and not the other
Aspergillus species examined in this study.

In summary, this study reports the characterization of the
non-ribosomal biosynthetic capabilities of five Aspergillus
species. Identifying and understanding the biological activities
of these important small peptides is critical to gain a better
understanding of the full impact of the aspergilli on humankind.
Our phylogenomic analysis of A domains from Aspergillus
NRPS suggests a complex evolutionary history for these multi-
modular enzymes including gene duplications, modular rear-
rangements, and potential gene loss and/or horizontal gene
transfer. The differential gene expression profiles seen with A.
fumigatus NRPS and forthcoming analysis of NRPS mutants
may in the near future help link specific metabolites with their
corresponding NRPS. These links will be crucial for a fuller
understanding of the diversification, maintenance, and evolu-
tion of NRPS genes within the genus Aspergillus, and possibly
shed more light on their role in nature.
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